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ARTICLE INFO ABSTRACT

Keywords: The composition-dependent thermal stability of (Cro.47+0.03Al0.53::0.03)2(OyN1.))1.; thin films (z = 0.475 4 0.015)
Oxynitride with O concentrations of y = 0, 0.15, and 0.40 is investigated up to 1200 °C and then compared to
Decomposition

(Tio.56Al0.44):(OyN1y)1.. X-ray diffraction reveals a thermal stability limit of 1150 °C independent of the O
concentration, as witnessed by the formation of decomposition products, namely h-CragN for
(Cro.50Al0.50)0.49No.51 and c-Cr for both (Cro.48Alo.52)0.48(00.15N0.85)0.52 and (Cro.44Alo.56)0.46(00.40N0.60)0.54-
Based on transmission electron microscopy and elastic recoil detection analysis data, the thermal stability limit is
extended to 1100 °C - 1150 °C for all films.

Chemical environment-dependent DFT calculations indicate that bond breaking limits the thermal stability. In
(Cr,ADN, N has the lowest activation energy for migration. Furthermore, the O vacancy formation energy is
highest in (Cr,A)(O,N). It has to be overcome to enable diffusion on the non-metal sublattice, which is necessary
for forming decomposition products like w-AIN or c-Cr. However, once Cr-N bonds break, decomposition into h-
CryN and subsequent c-Cr together with Ny is triggered. This results in N evaporation, generating sufficient non-
metal vacancies that greatly enhance diffusion and render the extensive vacancy formation energies for non-
metals irrelevant. This reduction of the activation energy for mass transport on the non-metal sublattice to
the migration barrier causes the similar thermal stability in (Cro.470.03Al0.53+0.03)2(OyN1.y)1.;. In contrast, Al
bonds break first without creating non-metal vacancies in (Ti,A1)(O,N). Thus, the high O vacancy formation
energy in (Ti,A)(O,N) significantly increases the thermal stability compared to (Ti,AN as well as the here
investigated films.

Hard coatings
Magnetron sputtering
Diffusion

Density functional theory

1. Introduction

Many metastable cubic transition metal aluminum nitride (c-(TM,Al)
N) coatings are known for their attractive and application-relevant
properties, including high wear resistance, hardness, and thermal sta-
bility [1-3]. Thermal stability is crucial for the performance of protec-
tive coatings in high-temperature environments, particularly during
cutting processes where temperatures can surpass 1000 °C on the rake
face at the cutting edge [4,5]. Compared to (Ti,Al)N, (Cr,Al)N shows a
10 at.% higher critical Al solubility before the wurtzite (w-)AIN phase
forms in reactive magnetron sputtered films with an applied bias
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potential of —90 V [3]. The positive mixing enthalpy AH,, acts as the
driving force for decomposition and is 200 % larger for TipsAlgs N
compared to CrgsAlg 5 N, resulting in w-AIN formation between 800 °C
to 900 °C, and 1100 °C to 1200 °C, respectively [3]. Thus, according to
Rovere et al. [3], CrosAlps N exhibits higher thermal stability than
Tig.sAlps N [3].

During annealing of ¢-(Cr,AI)N (space group Fm3m, NaCl prototype),
w-AIN (space group P6smc) is formed at grain boundaries and triple
junctions via nucleation and growth [6]. Hence, the remaining c-(Cr,Al)
N matrix becomes Cr-enriched, which destabilizes the Cr-N bonds [6].
Since the thermal stability of CrN is limited to 1050 °C at 10° Pa [7],
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these Cr-enrichments lead to the decomposition into c-Cr and gaseous Ny
via intermediate hexagonal (h-)CraoN [6]. This two-stage decomposition
process is accompanied by a mass loss of up to 14.1 wt. % corresponding
to 27 &+ 2 at.% N for (Cr0,5A10.5)N [3]

Mayrhofer et al. [8] studied the influence of Al on the thermal sta-
bility of Cr;4ALN from c-CrN to w-AlIN. The stability against N evapo-
ration is enhanced as the Al content increases until the solubility limit is
reached. At x = 0.71, small amounts of w-AIN form below the detection
threshold of X-ray diffraction (XRD), triggering decomposition and
promoting N evaporation, which causes the lowest observed thermal
stability [8]. At higher Al concentrations (x > 0.83), w-Cr;_,ALN forms,
exhibiting greater thermal stability than c-Cri.,ALN, as w-AIN encap-
sulates c-CrN domains, slowing down Cr-N bond dissociation and
enhancing overall thermal stability [8].

To further enhance properties such as thermal stability [9,10] or
wear resistance [11,12], incorporating O into the non-metal sublattice
to form (TM,Al)(O,N) is a promising approach. Therefore, the influence
of varied O content on the phase formation of (TM,Al)(O,N) (TM = Ti
[13], Cr [12]) has been studied experimentally. DFT calculations
considering the influence of O addition on the electronic structure
revealed that when N atoms (N3') are substituted by O atoms (02’), the
resulting charge imbalance is compensated by metal (e.g. Cr°") vacancy
formation [13,14]. Furthermore, the incorporation of O enhances the
ionic character of the bonding, resulting in longer and weaker TM-O and
Al-O bonds in comparison to TM-N and Al-N [15]. Both the presence of
metal vacancies and the weaker bonds contribute to a reduction in bulk
modulus as the O content increases [13-15].

It has been shown that the thermal stability of (Tig 55Al.45)N can be
significantly improved by adding O on the non-metal sublattice, forming
(Tio_56Alo_44)0_45(00.27N0.73)0_55 [9] While w-AIN solid solution was
formed in arc-deposited (Ti,ADN thin films after vacuum annealing at
1000 °C, the w-AIN formation was shifted to 1300 °C in (Ti,AD(O,N)
with 15 at.% O. The decomposition of (Ti,Al)(O,N) into w-AIN and c-TiN
solid solutions requires mobility not only on the metal sublattice, but
also on the non-metal sublattice, while for (Ti,Al)N decomposition the
activation of diffusion on the metal sublattice is sufficient [9]. Since the
formation energy for non-metal vacancies is significantly larger in (Ti,
AD(O,N) than in (Ti,ADN, higher temperatures are required to form
w-AlN solid solution in (Ti,Al)(O,N), and thus the thermal stability is
improved [9].

Delayed w-AIN formation from 900 °C to 1100 °C has also been re-
ported for (Tip42Alosg)N after adding O forming (Tig.41A-
10.59)0.47(00.18No.82)os3 [10]. However, the authors attributed the
higher thermal stability to the increased diffusion activation energy of Al
[10]. Additionally, c-Ti(O,N) was identified as a preferred decomposi-
tion product of (Ti,Al)(O,N) together with w-AIN. When the O content
exceeded the solubility limit in TiN, nano-sized AlyO3 particles were
found and suggested to cause a strengthening effect. It was argued that
the hardness of 31.7 + 0.8 GPa of as-deposited (Tip41A-
10.59)0.47(00.18N0.82)0.53 increases to 35.5 + 0.8 GPa after annealing at
1200 °C, which overcompensates for the decrease in hardness caused by
w-AIN formation [10].

Liu et al. [16] studied the influence of the O content on the thermal
stability of Cr;,ALN thin films. N-rich (Crg 77Alg.23)0.50N0.50, (Cro.76A-
10.24)0.49(00.08No.92)0.51, and (Cro.75Alo.25)0.48(00.21N0.79)0.52 films all
showed comparable exothermic and endothermic features in the signal
from differential scanning calorimetry (DSC). The two endothermic
peaks at ~1100 °C and ~1420 °C were interpreted as the two-step
decomposition of Cr-N bonds. First, from c-CrN to h-CroN and then to
c-Cr, accompanied by N release. These three (Cr,Al)(O,N) compositions
exhibited very similar mass change curves, where the final mass
reduction after annealing up to 1450 °C was ~18 % due to N release
upon decomposition. XRD data revealed that (Crg 77Alg 23)0.50No.50 be-
gins to decompose at 1000 °C into w-AIN and h-CryN, with the nitride
phase being completely consumed after annealing at 1200 °C, leading to
the formation of c-Cr. O addition slightly increased the temperature for
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w-AlN formation by a maximum of ~100 °C. However, their decom-
position into h-CraN and c-Cr appeared at identical temperatures of
1000 °C and 1200 °C, respectively, independent of the O content. For
(CI‘Q.75A10'25)0.48(00_21N()_79)0.52’ the C-(CI',AD(O,N) solid solution was
already consumed at 1100 °C, which is 100 °C lower than for the films
with lower O content. The hardness of these three films started to
decrease from ~25 GPa to ~20 GPa after annealing at 1000 °C due to
the formation of w-AIN. DSC, XRD, and hardness data all indicate that
the thermal Stability of (CI‘Q_77A10.23)0_50N0_50, (Cr0_76A—
10.24)0.49(00.08N0.92)0.51, and (Cro.75Al0.25)0.48(00.21N0.79)0.52 is compa-
rable and only minute differences can be observed. However, the
authors [16] do not provide a detailed explanation of the mechanism
limiting thermal stability.

Raab et al. [17] studied the thermal stability of arc-deposited (Cr,Al)
(O,N) coatings from an Al 7Cry 3 target at different N»/O gas flow ra-
tios. A marginal increase of thermal stability in He atmosphere has been
reported with increasing O concentration, where the decomposition of
CrN into h-CroN and subsequently c-Cr via Nj release can be delayed
from ~1090 °C to ~1150 °C. At N-contents below 10 at.%, CrN disso-
ciates in a one-step process to Cr and Ny without the intermediate for-
mation of CraN. (Crg.41Alg.50)0.47(00.30No.70)0.53 showed peak
temperatures in DSC at ~1150 °C and ~1180 °C, which correspond to
the dissociation of CrN to h-CryN and c-Cr via Ny release. The w-AIN
phase first appeared at ~1000 °C in XRD. At 1290 °C, Al,Os starts to
appear. Interestingly, films with 16.0, 25.5, and 35.0 at.% O all show the
same mass loss after annealing up to 1500 °C of around 8 %. However,
the w-AIN phase fraction increased from 1130 °C to 1190 °C and 1500
°C, respectively.

Here, we investigate the influence of O addition on the thermal
stability of (Cro.47:0.03A10.53:0.03)2(OyN1.y)1; thin films by experiments
and quantum mechanical calculations. Thereby we explain the TM
valence electron concentration-dependent differences between (Ti,Al)N
and (Cr,ADN as well as (Ti,ADD(O,N) and (Cr,Al)(O,N) on the thermal
stability. Atom probe tomography (APT) and transmission electron mi-
croscopy (TEM) data reveal the changes in the local chemical compo-
sition at the nanometer scale during vacuum annealing up to 1200 °C.
Combined with density functional theory (DFT) statistical envelope
calculations of the activation energies for migration, the mechanisms
limiting the thermal stability of (Cro.47+0.03Al0.53+0.03):(0yN1.))1.; are
identified and compared to (Tig.44Alp.56)0.45(00.27No.73)0.55 [9].

2. Experimental details

The (Cro.47i0403A10_53i0_03)z(0yN1_y)1_z thin films were deposited with
reactive high power pulsed magnetron sputtering (HPPMS) in a Ceme-
Con CC800/9 system using a Crg 4Alj ¢ target from Plansee Composite
Materials GmbH, which has a surface area of 8.8 x 50 cm?. Sapphire
(0001) substrates were positioned at a distance of 4.5 cm from the target
and heated to 420 °C. A reactive mixture of Ar/Ny/O, was utilized with
flow rates for Ar and Ny of 140 sccm, while the O, flow was adjusted
between 0 to 5 and 7.5 sccm to achieve different O concentrations,
leading to a total deposition pressure of 0.53 Pa. A Melec SIPP2000USB-
10-500-S power supply, operated with a time-average power output of 2
kW as well as pulse on- and off-times of 50 and 1950 ps in the HPPMS
mode, respectively. This resulted in a duty cycle of 2.5 % and a fre-
quency of 500 Hz, along with a peak power density of 0.4 kW cm™2. The
obtained film thicknesses ranged from 1.9 to 2.1 um after depositing for
40 min.

Subsequently, isothermal annealing was performed in a vacuum
furnace with a base pressure of 1 x 10~ Pa. The annealing temperature
was increased from 800 °C to 1200 °C with a holding time of 30 min. The
heating and cooling rates were set to 10 K/min.

For structural analysis, a Bruker AXS D8 Discover General Area De-
tector Diffraction System was employed using Cu Ka (A = 1.5406 A)X-
rays at a voltage of 40 kV and current of 40 mA in Bragg-Brentano
geometry.



P. Kiimmerl et al.

To determine the chemical composition, time-of-flight elastic recoil
detection analysis (ToF-ERDA) was performed at the Tandem Acceler-
ator Laboratory of Uppsala University [18]. Recoils were generated
using a primary beam of 36 MeV 12718+ jons with time-energy coinci-
dence spectra recorded in a detector telescope, equipped with thin
carbon foils for ToF measurement and a gas detector for energy
discrimination [19]. The measurement uncertainty of the O and N
concentration was 3 % relative of the deduced values with aliquot
fractions for Cr and Al

The mechanical properties of as-deposited and annealed films were
assessed using quasistatic nanoindentation with a Hysitron TI-900 Tri-
boIndenter. The indentation modulus and hardness were calculated
following the Oliver and Pharr method [20]. A diamond indenter with
Berkovich geometry, characterized by a Poisson’s ratio of 0.07 and an
elastic modulus of 1140 GPa was employed. Load-controlled measure-
ments at 10 mN were conducted, causing maximum contact depths of
120 nm for the as-deposited samples, which is <7 % of the film thick-
ness. Each sample underwent 25 indentations, and the indenter area
function was determined from measurements on fused silica. The
measured indentation modulus values were converted to elastic
modulus using a Poisson’s ratio of 0.22, derived from linear interpola-
tion between values of 0.154 for c-AIN [21] and 0.290 for c-CrN [22].

An FEI Helios NanoLab 600 dual-beam microscope with a Ga™*
focused ion beam (FIB) was employed for lamellae and APT specimen
preparation according to standard lift-out techniques [23]. The same
instrument was utilized for scanning transmission electron microscopy
(STEM) imaging at an acceleration voltage of 30 kV and a current setting
of 50 pA. The integrated EDAX Octane Elect energy dispersive X-ray
spectroscopy (EDX) detector was used for line scans at settings of 12 kV
and current levels reaching up to 1.6 nA.

The TEM investigations were performed in a Cs-corrected 200 kV
Themis (Thermo Fisher) microscope with 0.8 A resolution. Bright field
(BF) and dark field (DF) images were obtained, and selected area elec-
tron diffraction (SAED) was performed. Additionally, high angle annular
dark field (HAADF) images were captured in STEM mode, while
elemental maps were generated from EDX spectrum images.

Local chemical composition measurements at the nanometer scale
were conducted with laser-assisted APT using a CAMECA LEAP 4000X
HR, equipped with an ultraviolet laser featuring a pulse width of 10 ps.
The laser pulses were set to a frequency of 200 kHz and an energy of 10
pJ to enhance the measurement accuracy [24]. The base temperature
was 60 K and the detection rate 0.5 %.

3. Computational details

The vacancy formation energy (Ef) and diffusion migration energy
barrier (Ep) calculations presented in this work are based on statistical
envelope calculations [25-27]. To this end, the structure considered
here for the calculations was the fcc Bl structure (space group Fm3m,
NaCl prototype), a 2 x 2 x 2 supercell with metal and non-metal sub-
lattice, each comprising 32 atoms. To mimic the desired experimental
composition of nitride and oxynitride, the metal sublattice was popu-
lated with Cr, Al, and vacancies. Additionally, the non-metal sublattice
was populated with O and N for oxynitride. The random solid solution in
the single-crystal models of (Cr,Al)N and (Cr,Al)(O,N) was obtained by
distributing the metals and non-metals on the corresponding sublattice
by the special quasi-random structure (SQS) method [28]. Accordingly,
the composition Crg 24Alp 24No 52 is represented by a metal sublattice
containing 15 Al, 15 Cr atoms, and 2 vacancies, while the composition
Crg.20Alp.2600.22N0.32 is represented by a metal sublattice with 15 Al, 12
Cr atoms, and 5 vacancies as well as a non-metal sublattice with 13 O
and 19 N atoms.

To calculate E; and Ep, we used DFT as implemented in the Vienna Ab
initio Simulation Package (VASP) [29,30]. Generalized gradient
approximation (GGA) based on Perdew-Burke-Ernzerhof (PBE) [31]
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parametrization has been used to describe the electron-electron ex-
change and correlation interactions. The pseudo-potentials used for each
of the elements in the calculations treat any semi-core states as valence,
and the recommended potential is used as per the VASP website
recommendation. The ion-electron interactions were described using the
projector augmented wave method [32], with a plane-wave energy
cut-off of 500 eV. The corresponding Brillouin zone was sampled with 7
x 7 x 7 Monkhorst-Pack k-point mesh [33]. The Methfessel-Paxton
[34] smearing of 0.2 eV was applied. A convergence criterion of 107 eV
(per supercell) was used for the total energy during the electronic
self-consistency cycles and ionic relaxations during structural optimi-
zations, and the total energy convergence of 1074 ev (per supercell) was
applied. Magnetism was considered only for Cr atoms. The comparison
between starting magnetic moments of 1.0 y and 3.0 up led to the same
resultant magnetic moment after structure relaxations. The ferromag-
netic structure was considered with the lowest total energy after com-
parison among non-magnetic vs. antiferromagnetic and ferromagnetic,
with the starting moment set to 3.0 up. The considered ferromagnetic
structure differs from previous calculations using the coherent potential
approximation (CPA) to treat disorder, in which the antiferromagnetic
state is predicted to exhibit significantly lower energies [35]. This
discrepancy is likely due to the use of different approximations under-
lying the treatment of disorder.

At first, a vacancy was created at each of the sites, resulting in 62
atoms for Crg 0Alg.2500.22No.32 (30 metal atoms, 32 non-metal atoms)
and 59 atoms for Crg 20Alp.2600.22Ng.32 (27 metal atoms, 32 non-metal
atoms), and Er was calculated separately as Ef = E; — Eo + y;, where E;
and E, are the total energy of the supercell with and without the va-
cancy, respectively, and y; is the chemical potential of the species i. y;
was conventionally set equal to the energy-per-atom of the corre-
sponding element in its stable solid structure (antiferromagnetic-bcc-Cr,
fce-Al, Ny gas, Oq gas). The envelope approach, in which the predicted
variation in vacancy formation energies (Ef) and diffusion migration
energy barriers (E,) across atomic sites underscore their strong sensi-
tivity to the local chemical environment, is explained elsewhere
[25-27]. Subsequently, Ej, was calculated using the nudged elastic band
(NEB) method [36] implemented in VASP.

The average migration activation energy (E,;) is presented for each
species and composition considered, where E, = E;+ E,, with
E; denoting the average vacancy formation energy and E, the corre-
sponding average migration barrier [25-27].

4. Results and discussion

The chemical composition of the as-deposited (Crg.47+0.03Al0.53
+0.03)2(0yN1,)1., films determined by ToF-ERDA is provided in Table 1.
By increasing the O flow during the deposition from 0 to 5 and 7.5
sccm, O concentrations of < 1 (y = 0), 8 (y = 0.15), and 21 at.% (y =
0.40) were obtained. Simultaneously, the non-metal to metal ratio is
increased from 1.04 to 1.09 and 1.18 for (Crg.s50Alo.50)0.49No.51,
(Cro.48Al0.52)0.48(00.15No.85)0.52, and  (Cro.44Alo.56)0.46(00.40N0.60)0.54
due to the formation of metal vacancies for charge balancing [13,14],
which is in good agreement with literature reports [12,16,17].

Fig. 1 depicts the XRD patterns of the as-deposited films and after

Table 1
Chemical composition of as-deposited (Cro.47+0.03Al0.53::0.03)2(OyN1.y)1., films
determined by ToF-ERDA.

Cr [at.%] Al [at.%)] O [at.%] N [at.%] Notation

24.4 + 245 + 0.4+0.1 50.7 + (Cro.50Al0.50)0.49N0.51
0.8 0.8 1.5

22.8 + 25.0 + 80+02 442=x (Cro.48Al0.52)0.48(00.15N0.85)0.52
0.7 0.8 1.3

20.4 + 25.5 + 21.4 + 32.7 + (Cro.44Al0.56)0.46(00.40N0.60)0.54

0.7 0.9 0.6 1.0
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Fig. 1. XRD patterns of (a) (Cro.50Alo.50)0.49N0.51, (b) (Cro.48Al0.52)0.48(00.15No.85)0.52, and (¢) (Cro.44Alo.56)0.46(00.40N0.60)0.54 thin films after vacuum annealing for
30 min at temperatures up to 1200 °C. Reference lines are according to the following PDF cards: c-CrN (01-083-5612, purple square), c-AIN (00-025-1495, brown
pentagon), w-AIN (00-025-1133, blue rotated rectangle) h-Cr,N (00-035-0803, ochre triangle), and c-Cr (00-006-0694, green circle).

vacuum annealing up to 1200 °C. The diffraction peak at approximately
37.1° corresponds to the c-(Cr,Al)(O,N) (111) lattice plane and shifts
towards 37.3° and 37.7° with increasing O concentration. This evolution
is consistent with a reduction of the equilibrium volume due to the
above-mentioned formation of metal vacancies, induced by O incorpo-
ration [13,14]. Furthermore, an increase in the Al concentration with
rising O concentration is observed, which also results in a peak shift
towards the c-AIN peak position. However, the (111) peak in
(Cro.50Alp.50)0.49N0.51 is not between the c-CrN and c-AlN peak positions,
but shifted to lower angles, suggesting that residual stress is present in
the film. Furthermore, this peak shift might be explained by interstitial N
incorporation [37] and/or the formation of Frenkel pairs [38], which is
conceivable for the energetic deposition conditions using HPPMS. Based
on the diffraction data, it is evident that single-phase cubic metastable
(Cro.47+0.03Al0.53+0.03)2(0yN1.y)1.; solid solutions were formed for all
compositions in the as-deposited state with a strong (111) texture.

Up to 900 °C, the structure of the films seems unaffected, until peak
broadening and shoulder formation start to appear at 1000 °C. Upon
annealing, a peak shift to higher angles is observed until all films show
the c-(Cr,Al)(O,N) peak at around 37.6° at 1100 °C, possibly caused by
defect annihilation and stress relaxation [39]. Furthermore, spinodal
decomposition also causes peak broadening and is observed by APT,
especially in (Cr,Al)(O,N), and will be further analyzed after discussing
the APT results in Figures 5-7. At 1150 °C, the films start to decompose,

as indicated by the formation of decomposition products. While
(Cro.50Alp.50)0.49No.51 forms h-CroN, the oxynitrides directly show the
c-Cr peak, indicating that the N loss rate is significantly higher in oxy-
nitride films compared to the nitride. Based on former reports, it is ex-
pected that CrN-rich regions decompose into h-CroN and further into
c-Cr under Ny release [16]. Furthermore, in (Crg 50Alg.50)0.49No.51 and in
(Cro.48Al0.52)0.48(00.15N0.85)0.52 W-AIN has formed additionally. At 1200
°C, all films show c-Cr together with w-AlIN and a very small peak around
37.6° corresponding to the remaining matrix. The structural evolution
suggests that the thermal stability of the (Crg47+0.03Alo53
+0.03)z(OyN1.))1.; films up to an O concentration of y = 0.40 is limited to
1150 °C, where the emergence of N-deficient phases is observed in XRD.
The only difference is that the higher O concentration in (Crp 44A-
10.56)0.46(00.40N0.60)0.54 delays the w-AIN formation by 50 °C to 1200 °C
and thus leads to the formation of c-Cr before w-AIN. Liu et al. [16]
reported that N-rich (Cr0.76i0.01A10.24i0.01)z(0yN1-y)1-z films annealed in
Ar decompose into h-CryN at the same temperature as (Crg 77Alg.23)N,
however, the w-AIN formation is delayed by ~100 °C for (Crg76A-
10.24)0.49(00.08N0.92)0.51 and (Cro.75Al0.25)0.48(00.21N0.79)0.52 compared
to the nitride. This is in good agreement with our observations for
(Cro.44A10.56)0.46(00.40N0.60)0.54 but reported for films with higher Cr
and lower O concentration [16].

While O addition leads to faster c-Cr formation without the inter-
mediate h-CryN being detected in XRD, and the w-AIN formation is
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retarded by 50 °C for y = 0.40, the XRD results clearly exhibit that all
(Cro.47+0.03A10.53+0.03)2(0yN1.))1.; films have the same thermal stability
limit of 1150 °C when h-CroN or c-Cr is formed as a decomposition
product.

Fig. 2 shows the chemical composition measured by ToF-ERDA as a
function of the annealing temperature. The chemical composition is
constant within the measurement uncertainty until a significant drop in
N concentration is first observed in (Crg 48Alg.52)0.48(00.15N0.85)0.52 (¥ =
0.15) after annealing at 1100 °C, while the films with lower (y = 0) and
higher (y = 0.40) O concentration reveal a significant reduction of the N
concentration after annealing at 1150 °C. As observed in XRD, (Cr,Al)N
decomposes into h-CroN and further into c-Cr under N release due to
breaking of Cr-N bonds. Therefore, the decrease in N concentration is an
indicator for decomposition.

(Cro.48Al0.52)0.48(00.15N0.85)0.52 is slightly less stable, inferred from
the decrease in N concentration, and starts to decompose 50 °C earlier
than (Cro.50Alo.50)0.49No0.51 and (Cro 44Alo.56)0.46(00.40No0.60)0.54- There-
fore, consistent with XRD data, all films show a similar thermal stability
limit of 1100 °C - 1150 °C, independent of the O concentration. Inter-
estingly, the total mass loss after annealing at 1200 °C amounts to ~18
at.% N for all compositions. This comparable mass loss for N-rich (Cr,Al)
(O,N) is in good agreement with literature reports [16,17].

Mechanical properties as a function of the annealing temperature are
depicted in Fig. 3. While the hardness of as-deposited films is similar
with 33.3 &+ 1.6 GPa, the elastic modulus is decreasing with increasing O
concentration from 469 + 16, to 456 + 9, and 396 + 6 GPa, respec-
tively. While the decrease from (Crgs0Alps0)0.49Nos1 to (Cro.4gA-
10.52)0.48(00.15N0.85)0.52 is within the measurement uncertainty, the
higher O-containing (Crg.44Al0.56)0.46(00.40N0.60)0.54 film shows a 15 %
lower modulus than (Crgs0Alp50)0.49No51. This reduction can be
explained by the enhanced ionic character of the bonding through O
incorporation, resulting in longer and weaker Cr—O and Al-O bonds
[15] as well as the presence of metal vacancies [13,14].

A notable reduction in both hardness and elastic modulus is first
observed after annealing at 1050 °C for (Crg 48Alp.52)0.48(00.15N0.85)0.52-
While there is a decrease in hardness for (Crg50Alg.50)0.49No.51 at the
same temperature, this change is less pronounced and remains within
the measurement uncertainty for hardness characterization, only
becoming significant at 1150 °C. (Crg.44Alo.56)0.46(00.40N0.60)0.54 €X-
hibits a substantial decline in mechanical properties after annealing at
1150 °C.

The XRD data, obtained in Bragg-Brentano geometry, in Fig. 1 shows
that the c-(Cr,Al)(O,N) solid solution peaks are shifted to lower angles
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than expected based on the c-CrN and c-AlN peak positions, indicating a
compressive stress state of the as-deposited films. During annealing, a
peak shift to higher angles is observed, possibly indicating defect anni-
hilation and stress relaxation [39]. When compressive stress relaxation
occurs, a decrease in elastic modulus is expected [40]. Accordingly,
stress relaxation accounts for part of the observed modulus reduction.
Furthermore, a decrease in hardness is expected when w-AIN is formed
in (Cr,Al)N [41,42]. Even more severe might be the hardness decrease
when c-Cr is formed, since the hardness of a pure Cr coating is only
around ~2 GPa [43] to ~9 GPa [44]. For the formation of c-Cr, breaking
of Cr-N bonds is a prerequisite, which results in N release, which we
capture during ToF-ERDA measurements. ToF-ERDA indicates a signif-
icant decrease in N concentration in (Crg 48Alg.52)0.48(00.15No.85)0.52 for
the sample annealed already at 1100 °C, while XRD reveals the forma-
tion of c-Cr and w-AIN at 1150 °C. Therefore, the observed reduction in
hardness and elastic modulus in (Crg 48Alp.52)0.48(00.15N0.85)0.52 above
1050 °C is attributed to the formation of decomposition products and
compressive stress relaxation. Whereby compressive stress relaxation
might occur through defect annihilation as well as a reduction in molar
volume upon decomposition under N release. (Crg 50Alg.50)0.49No.51 and
(CI‘Q.44A10_56)0.46(00_40N0_60)0.54 films exhibit the reduction in mechani-
cal properties at 1150 °C, concurrently with a decrease in N concen-
tration and with the formation of CraN or c-Cr and w-AlN, respectively.
Therefore, this decrease is attributed to the formation of soft phases like
w-AlN and c-Cr and compressive stress relaxation upon decomposition
and defect annihilation. The evolution of the microstructure upon vac-
uum annealing is depicted in Fig. 4. All films show a dense, columnar
microstructure in the as-deposited state. A decreasing film thickness
with increasing O concentration is observed due to target poisoning of
the reactively sputtered Oy [45]. After annealing at 1000 °C, the films
maintain their dense columnar microstructure, exhibiting neither signs
of decomposition nor pore formation due to N evaporation. This
observation aligns very well with the corresponding ERDA data pre-
sented in Fig. 2, which show no evidence for N evaporation.

However, after annealing at 1050 °C, HAADF images of
(Cro.50Al0.50)0.49N0.51 reveal the formation of dark regions along grain
boundaries. In HAADF mode, dark contrast indicates areas with a lower
atomic number, suggesting the presence of Cr-deficient and thus Al-rich
regions that correspond to decomposed areas. However, only a slight
decrease in hardness is observed, remaining within the measurement
uncertainty. XRD analysis shows no signs of additional phases like w-
AIN or h-CrsN, apart from a minor shift of peaks to higher angles and
shoulder formation. In (Cro.48Alp.52)0.48(00.15N0.85)0.52, beginning from
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Fig. 2. Chemical composition measured by ToF-ERDA as a function of the annealing temperature of (a) (Cro.50Alp.50)0.49No.51, (b) (Cro.48Alo.52)0.48(00.15N0.85)0.52,
and (c) (Cro.44Al0.56)0.46(00.40N0.60)0.54 thin films after vacuum annealing for 30 min at temperatures up to 1200 °C. The black lines and arrows indicate the
temperature above which a significant reduction of the N concentration is observed.
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Fig. 4. Cross-sectional HAADF images in STEM mode showing the microstructure of (Crp 50Alp.50)0.49No.5s1 — ¥ = 0, (Cro.48Al0.52)0.48(00.15No.85)0.52 — ¥ = 0.15, and
(Cro.44A10.56)0.46(00.40N0.60)0.54 — ¥ = 0.40 after vacuum annealing for 30 min at various temperatures up to 1200 °C.

the surface, pores are formed at grain boundaries, indicating that
decomposition and N evaporation have already started due to the bond
breaking of Cr-N. These observations are in good agreement with the
reduction of mechanical properties observed at 1050 °C for (Crg 48A-
10.52)0.48(00.15N0.85)0.52- Also, ToF-ERDA data indicate a decrease in the

average N-content. However, this decrease is still within the measure-
ment uncertainty.

The (Crg.44Al0.56)0.46(00.40N0.60)0.54 film is still dense without any
signs of decomposition at 1050 °C. When the temperature is raised to
1100 °C, the signs of decomposition and N-evaporation in the surface-
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near region along grain boundaries get more pronounced in
(Cro.50Al0.50)0.40No.51  and  (Cro.48Alp.52)0.48(00.15No.85)0.52,  while
(Cro.44A10.56)0.46(00.40N0.60)0.54 still seems unaffected. As the tempera-
ture increases to 1150 °C, the decomposition process accelerates and
propagates throughout the entire film thickness. Based on XRD in Fig. 1,
(Cro.50Alp.50)0.49No.51 forms w-AIN as well as h-CryN, while w-AIN as
well as c-Cr are formed in (Crg48Alp.52)0.48(00.15No.85)0.52. Also in
(Cro.44Al0.56)0.46(00.40N0.60)0.54, significant decomposition and pore
formation through Nj release are observed for the first time at 1150 °C
and are in good agreement with XRD data showing c-Cr formation. This
decomposition clearly starts from the surface and evolves into the film,
indicating that this process is driven by N release at the surface near
region. At 1200 °C, all films are decomposed and only a small fraction of
the (Cr,Al)(O,N) matrix remains.

To analyze the decomposition process further, near-atomic scale
characterization was carried out by using APT and TEM, as presented in
Figs. 5-11. Cross-sectional three-dimensional APT characterization of
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(Cro.50Alp.50)0.49N0.51 is depicted in Fig. 5. The local chemical compo-
sition analysis reveals the homogeneous distribution of Cr, Al, and N
atoms at the nanometer scale in the as-deposited state (Fig. 5a and b),
with variations in composition within the count rate statistics. It has
been demonstrated that laser-assisted APT is a precise tool to quantify
the chemical composition of (Ti,Al)N and (Cr,AD)N thin films, but it lacks
accuracy [24,46]. Thereby, the difference between the overall chemical
composition of N measured by ERDA (51 at.%) and APT (45 at.%) can be
rationalized.

After annealing at 1100 °C, compositional modulations of Cr and Al
are mostly within the count rate statistics evident in Fig. 5d). Locally
larger variations in the Cr and Al contents are observed with maximum
variations between 24 at.% and 32 at.% Cr as well as 21 at.% and 31 at.
%. Al and an average modulation wavelength of 3 nm, but no significant
spinodal decomposition or separate phase formation is observed.

When the temperature is further increased to 1150 °C, decomposi-
tion is observed in Figs. 5e) and f). Alongside the remaining metastable
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cubic solid solution matrix, Cr-rich regions with up to 6 at.% Al and Al-
rich regions with <10 at.% Cr develop, exhibiting a chemical compo-
sition similar to CroN and AIN, respectively. The measured decrease in N
content within the Al-rich region compared to the solid solution may be
affected by both the electric field strength [47] as well as by Cr-N bond
breaking.

Evaporation of Al is characterized by a lower field, consequently, the
local electric field is weaker, which reduces the ionization of neutral N-
containing fragments and leads to underestimation [48]. However, Cr-N
bond breaking and N release may also contribute to the observed lower
N concentration in the AIN solid solution, which based on the XRD data
in Fig. 1, corresponds to w-AIN.

When O is added forming (Cro.48Alo.52)0.48(00.15No.85)0.52, @ homo-
geneous distribution of Cr, Al, O, and N atoms is observed in the as-
deposited state in Fig. 6a) and b). After annealing at 1100 °C, periodic
compositional modulations of Cr and Al are observed with maximum
variations between 22 at.% and 29 at.% as well as 24 at.% and 33 at.%

and a modulation wavelength of approximately 6 nm, respectively.
These compositional modulations are considerably larger than the count
rate statistics (approximately +1 at.%) and consistent with spinodal
decomposition together with the observed peak broadening in XRD data
above 1000 °C in Fig. 1.

At 1150 °C, decomposition has occurred, indicated by the Al- and Cr-
rich regions depicted in Fig. 6e) as isoconcentration surfaces in the
reconstruction with >40 at.% of Al or 60 at.% of Cr, respectively. The
composition profile in Fig. 6f) indicates that, in addition to the presence
of the solid solution, the formation of Al-rich regions with a similar
composition to the Al-rich regions in (Crg 50Alg 50)0.49No.51 (Fig. 5f) have
evolved and are identified as w-AIN by XRD as depicted in Fig. 1.
Furthermore, Cr-rich regions formed with up to 78 at.% Cr and 11 at.%
of Al and N. XRD data in Fig. 1 provide evidence that c-Cr is formed at
1150 °C without indications of h-CroN formation. Therefore, this Cr-rich
region might be a c-Cr solid solution. Interestingly, the O content in the
Cr-rich regions is much smaller than the O concentration in the Al-rich
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Fig. 7. Cross-sectional APT characterization of (a) as-deposited (Crg.44Alo.56)0.46(00.40N0.60)0.54, as well as after vacuum annealing for 30 min at (c) 1100 °C and (e)
1150 °C with (b,d,f) respective concentration profiles from the cylinder in (a,c,e). Isoconcentration surfaces of Cr > 35 at.% and Al > 43 at.% are highlighted for the

atomic positions of Cr and Al in (e).

regions and the metastable cubic solid solution, indicating a lower sol-
ubility of O in the Cr-rich phase compared to AIN.

For the as-deposited (Crg 44Alp.56)0.46(00.40N0.60)0.54 solid solution
shown in Fig. 7a) and b), variations in the Cr content are observed be-
tween 21 at.% and 27 at.% as well as 28 at.% and 34 at.% in Al and a
modulation wavelength of approximately 5 nm. After annealing at 1100
°C (Fig. 7c and d), the compositional modulations remain similar be-
tween 17 at.% and 24 at.% of Cr as well as 29 at.% and 36 at.% Al and
modulation wavelength of approximately 5 nm. This indicates that even
in the as-deposited state, the distribution of Cr and Al is not homoge-
neous, revealing surface diffusion initiated spinodal decomposition.
After annealing at 1100 °C, bulk diffusion mediated spinodal decom-
position is observed. As in the other films, Al- and Cr-rich regions have
evolved after annealing at 1150 °C. However, based on the composition
profile in Fig. 7f), no phase separation, but enhanced spinodal decom-
position is identified. APT data clearly support the notion that all three
(Cro‘47:&0.03A10,53i0‘03)z(0yN1.y)1_zﬁlmS exhibit a similar thermal

stability, where no significant decomposition occurs below 1150 °C.

TEM was employed for spatially-resolved characterization of the
nanostructure. A plan-view lamella of (Crg 50Alg 50)0.49No.51 annealed at
1100 °C for 30 min was investigated by HAADF-STEM, and corre-
sponding EDX maps are depicted in Fig. 8. The EDX maps indicate that
the majority of the (Crg 50Alo.50)0.49No 51 matrix remains homogeneous.
However, elemental separation occurs locally along grain boundaries
and triple junctions, resulting in the formation of Al-rich and Cr-
deficient grains. The presence of pure Al droplets can be ruled out, as
the EDX analysis clearly reveals significant N within these Al-rich re-
gions, as depicted in Fig. 8. The SAED in Fig. 8b) indicates a strongly
(111) textured fcc pattern, and no evidence of w-AlN solid solution
formation was observed in the TEM analysis, which aligns with the XRD
data presented in Fig. 1.

However, the fast Fourier transformation (FFT) of a high-resolution
image from the Al-rich region in Fig. 8d) is consistent with the forma-
tion of w-AlN, suggesting that the onset of decomposition occurs at 1100
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Fig. 8. Plan-view TEM characterization of (Crg 50Alo 50)0.49No.51 after vacuum annealing at 1100 °C for 30 min. (a) HAADF image. (b) SAED pattern. (d) FFT of a high
resolution image from the Al-rich region (c,e,f) EDX elemental maps of Cr, Al, and N.

Fig. 9. Plan-view TEM characterization of (Crg 4gAlo 52)0.48(00.15No.85)0.52 after vacuum annealing at 1100 °C for 30 min. (a) DF image taken with the diffraction of
2.67 A corresponding to w-AIN. (b) SAED pattern from a non-transformed area as marked with an orange circle in (a). (¢) SAED pattern from a transformed area as
marked with a green circle in (a). (d) HAADF image (enlarged area of the green circle) where the yellow arrow marks a c-Cr crystallite. (e)-(i) EDX elemental maps of
Cr, Al, O, and N.

°C at grain boundaries and triple junctions. vacuum annealing at 1100 °C for 30 min. In Fig. 9a), a DF image is
Fig. 9 shows the TEM results for (Crg 48Alg 52)0.48(00.15N0.85)0.52 after presented, and the orange circle marks a region where the SAED pattern

10
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Fig. 10. Plan-view TEM characterization of (Cr 44Alo.56)0.46(00.40N0.60)0.54 after vacuum annealing at 1100 °C for 30 min. (a) HAADF image. (b) SAED pattern. (c)-

(f) EDX elemental maps of Cr, Al, O, and N.
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Fig. 11. APT characterization of (Cro 44Alo.56)0.46(00.40N0.60)0.54 after vacuum annealing for 30 min at 1150 °C. (a) Cr, Al, N, and O atomic positions with iso-
concentration surfaces of Al > 63 at.%, Cr > 95 at.%, N > 33 at.%, and, O > 27 at.%. (b) Composition profile from the cylinder in (a).

(b) indicates only a strongly (111) textured fcc pattern. In the green area
(¢), in addition to the 1.44 A (220) and 0.84 A (422) diffractions of the
cubic (CrAl)(ON) solid solution, additional weak diffractions can be
observed at 2.67 A and 1.55 i\, corresponding to w-AlN, and at 2.04 10\,
corresponding to c-Cr, respectively. The weak diffraction at 1.18 Ais
consistent with either w-AIN or c-Cr. The DF image (Fig. 9a) taken with
the 2.67 A diffraction of w-AIN indicates that w-AIN has formed at grain
boundaries and triple junctions in the bright areas of the dark field
image. Fig. 9 (d-i) shows the region, which is highlighted with a green
circle in panel (a), at higher magnification and a c-Cr crystallite (marked
by the yellow arrow) as well as w-AlN precipitates are present. The grain
boundaries are O-rich, while Cr-enrichments surround the w-AlIN pre-
cipitates. This indicates that precipitate formation originates at grain
boundaries and triple junctions, while in the c-(Cr,Al)(O,N) solid solu-
tion the original (111) texture is preserved. W-AIN forms at grain
boundaries and triple junctions, which leads to the depletion of Al and
thus the formation of Cr-rich regions. This Cr-enrichment destabilizes
the bonds and leads to bond breaking, resulting in the decomposition
into c-Cr under N release.

Fig. 10 shows the TEM results of (Crg 44Alp 56)0.46(00.40N0.60)0.54-
The solid solution exhibits uniform elemental distribution and no
decomposition is observed. The SAED also indicates a strong (111)

11

texture in agreement with XRD. In the high magnification, composi-
tional modulations of Cr and Al are evident, consistent with spinodal
decomposition as observed also in the APT data in Fig. 7d).

The TEM investigations validate the findings from ERDA and nano-
indentation, indicating that (Cr0_48Alo_52)0.48(00.15N0.85)0_52 exhibits the
lowest thermal stability, followed by (Crg 50Alp.50)0.49No.51. In contrast,
(Cro.44Al9.56)0.46(00.40N0.60)0.54 shows no signs of c-Cr or w-AIN for-
mation at 1100 °C. However, after annealing at 1150 °C, all films form
N-deficient phases like h-CroN and c-Cr as discussed previously in Fig. 1,
which supports the observation of the thermal stability limit of 1100 °C —
1150 °C despite the significantly different O concentrations between the
here investigated films.

The decomposition products are presented with an APT reconstruc-
tion of (Crg.44Alp.56)0.46(00.40N0.60)0.54 after annealing at 1200 °C in
Fig. 11. Based on the composition, three distinct phases can be identi-
fied. One phase consists primarily of c-Cr, with minimal presence of
other elements. An Al-rich region has also developed, which can be
recognized as w-AlN containing up to ~7 at.% O, based on the previous
discussion and XRD analysis.

Additionally, the solid solution matrix remains locally, but is
enriched in Al and O while being depleted in Cr and N compared to the
as-deposited film illustrated in Fig. 7a). This O-rich solid solution might
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transform to AlyOs at higher temperatures and/or longer annealing
times as described in [16] as a decomposition product of (Cr,Al)(O,N).
The local compositional analysis at the nanometer scale also clearly
demonstrates that the O content in the Cr phase with a maximum con-
centration of 98 at.% Cr and below 1 at.% O is significantly lower than in
AIN with approximately 7 at.% O.

The experimental results are summarized in Fig. 12.

To investigate the mechanisms active during the thermal treatment,
DFT envelope calculations were conducted and are presented in Fig. 13.
Ti- and Cr-based (TM,AIN and (TM,AI)(O,N) are compared to explain
the differences in thermal stability that depend on the TM valence
electron concentration. Here, the envelopes capture the impact of
different chemical environments encountered in the ternary nitride and
quaternary oxynitride solid solutions during vacancy formation and
diffusion migration. It was already shown for (Ti,Al)N that O addition
significantly increases the thermal stability [9] and the chemical envi-
ronment has an impact on the activation energy for migration in (Ti,Al)
Ny with different N stoichiometries [27]. Therefore, we analyzed acti-
vation energy ranges (envelopes) instead of the energy for only one
selected migration pathway (single-point activation). The average acti-
vation energies consisting of the average vacancy formation energies
plus average diffusion migration barriers with their standard deviations
based on the different chemical environments of (Cr,AI)N and (Cr,Al)(O,
N) are depicted in Fig. 13(b) and (d) in comparison to (Ti,A)N (a) and
(Ti,AD)(O,N) (c). The presented values are calculated as the sum of the
average vacancy formation energy and the average diffusion migration
energy.

The results demonstrate that in (Tig50Alg.50)0.47No.53, Al exhibits the
lowest average activation energy for migration of 6.3 + 0.5 eV/atom.
Consequently, the Al bond breaks first, making Al the fastest diffusing
element and leading to the w-AIN formation observed experimentally
[9]. In contrast, in (Crg55Alp.45)0.46N0.54, Al has the highest average
activation energy for migration of 6.3 + 0.6 eV/atom, while N has the
lowest of 4.9 + 0.8 eV/atom followed by Cr with 5.1 + 0.5 eV/atom.
Thus, bond breaking of Cr-N occurs first in this case. Once bond breaking
of the Cr-N bond appears, decomposition into CroN and subsequently
into c-Cr under N5 release is triggered. This results in the experimentally
observed N evaporation.

Interestingly, a comparison between calculated values for vacancy
formation and diffusion activation energies in (Ti,AI)N reveals signifi-
cant differences between previous studies. For example, while reference
[9] reports a vacancy formation energy of 3.3 + 0.4 eV/atom, reference
[26] gives a significantly lower value of 1.9 + 0.5 eV/atom. These dif-
ferences are likely due to different pseudopotentials employed for Ti and
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are unusually large. However, the overall trend comparing nitrides with
oxynitrides remains consistent across both approaches conducted with
different pseudopotentials for Ti.

Comparing the phase diagrams of TiN [49] and CrN [50] reveals that
while c-TiN is stable up to ~42 at.% N before it starts to decompose into
tetragonal (t-)Ti2N, c-CrN exhibits a significantly smaller stability range
and decomposes into h-CroN when the N concentration is below
approximately 49 at.%. Furthermore, c-TiN is with a formation energy of
—1.9 eV/atom [51] significantly more stable than c-CrN (-0.7 eV/atom)
[52], supporting the notion that the Cr-N bond is weaker and therefore
breaks at lower temperatures compared to the Ti-N bond. Together with
the fact that about 1 at.% of N understoichiometry in CrN readily causes
decomposition, while TiN is able to accommodate about factor 8 larger
N understoichiometry, the larger thermal stability of TiN compared to
CrN can be understood.

When O is added to the here studied nitrides, the activation energy
for migration of the metals decreases significantly. This reduction likely
arises first from the enhancement of the ionic bonding character upon O
addition, causing longer and weaker bonds [15]. And second, in oxy-
nitrides, a substantial amount of metal vacancies already exists due to
maintaining electroneutrality, when N is replaced by O [13,14], leading
to low metal vacancy formation energies. However, O diffusion requires
the highest average activation energy for migration in (Tips5A-
10.50)0.47(00.38N0.62)0.53 as well as (Cro.55A10.45)0.45(00.40N0.60)0.55 due to
the high vacancy formation energies of 5.9 + 0.3 and 6.8 + 0.9 eV/a-
tom, respectively. The vacancy formation energy for O is the largest and
must be overcome to enable diffusion on the non-metal sublattice, which
is the prerequisite for the formation of w-AIN or h-CryN. This explains
the significant improvement in thermal stability of (Tig44A-
lo.56)0.45(00.27No.73)0.55 [9]-

However, in (Crg.s55Alg.45)0.45(00.40N0.60)0.55, the Cr-N bond breaks
first, as discussed previously. This bond breaking initiates the decom-
position into CraoN and Ny leading to N release, which creates a signifi-
cant number of vacancies on the non-metal sublattice. Consequently, as
N evaporates, numerous non-metal vacancies are formed, enabling mass
transport on the corresponding sublattice. Thus, the O vacancy forma-
tion energy becomes irrelevant for vacancy formation on the non-metal
sublattice since sufficient non-metal vacancies are generated during N
release.

Therefore, the thermal stability in (Cr,Al)(O,N) is not limited by Al-
bond breaking, leading to w-AlN solid solution formation as seen in (Ti,
AD(O,N) [9] but rather by the breaking of the Cr-N bond, resulting in Ny
release and creation of a sufficient amount of non-metal vacancies.
These vacancies in turn enable diffusion on the non-metal sublattice,

O conc. 3

y =0.15] e(CrAl)(O,N)

c-(Cr,Al)N

|
|
1050

Thermal stability limit:
1100 - 1150 °C

11

/ Temp. [°C]

|
50 1200

Fig. 12. Summary of the experimental data of the thermal stability of (Cro.47+0.03Al0.53+0.03)2(OyN1.y)1., films. A thermal stability limit of 1100 °C — 1150 °C was
found independent of the O concentration based on XRD, ERDA, APT, and TEM investigations. The bars in different colours represent the phases present based on
XRD. The arrows mark that based on N evaporation captured by ERDA and TEM investigations, decomposition already occurs at 1100 °C in (Crg 4gA-
10.52)0.48(00.15N0.85)0.52. For (Crg 50Alp.50)0.49N0.51, TEM shows the formation of Al-rich and Cr-deficient grains already at 1100 °C.
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Fig. 13. The average activation energy for migration plotted as the sum of the average vacancy formation energy and the average diffusion migration energy for (a)
(Tio.50Al0.50)0.50N0.50 [91, (b) (Cro.55Al0.45)0.48No.52, (€) (Tio.50Al0.50)0.50(00.38No.62)0.50 [9], and (d) (Cro.55Al0.45)0.45(00.40No.60)0.55- The standard deviations from the
single-point calculations for the different chemical environments are plotted as well.

eliminating the need to overcome the high energy barrier associated
with O vacancy formation energy as mobility enabler. Consequently, the
experimentally observed O concentration independent thermal stability
limit of 1100 °C - 1150 °C in (Cr,Al)(O,N), as summarized in Fig. 12, is
rationalized based on chemical environment-dependent DFT
calculations.

5. Conclusions

Single—phase cubic (CrO.47i0.03A10.53i0.03)Z(OyN1-y)l-z thin films with
O concentrations of y = 0, 0.15, and 0.40 and metal to non-metal ratios
of z = 0.49, 0.48, and 0.46 have been grown by reactive high-power
pulsed magnetron sputtering, and the composition-dependence of the
thermal stability has been investigated up to 1200 °C.

Our main observation is that O addition does not improve the ther-
mal stability of (Cr,Al)N, contrary to (Ti,Al)N, where an increase of 300
°C in thermal stability upon O addition has been observed [9]. XRD data
indicate identical thermal stability independent of the O content, as
witnessed by the formation of N-deficient Cr-N phases at 1150 °C,
namely h-CraN for (Cros0Alp50)0.49No.51 and c-Cr for both (Crp 4sA-
10.52)0.48(00.15N0.85)0.52 and (Cro 44Alp.56)0.46(00.40N0.60)0.54. Higher O
concentrations (y = 0.40) delay w-AIN formation from 1150 °C to 1200
°C, while almost complete decomposition is observed at 1200 °C.

Complementary TEM and ToF-ERDA analyses reveal the onset of
decomposition at 1100 °C in (Crg 48Alg.52)0.48(00.15N0.85)0.52- Hence, the
oxygen concentration independent thermal stability limit lies within
1100 °C - 1150 °C. STEM images further reveal that the decomposition
process is predominantly driven by N evaporation, initiated in surface-
near regions.
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The pronounced decrease in N concentration measured by ToF-ERDA
can be rationalized by chemical environment-dependent DFT calcula-
tions, which show that N has the lowest activation energy for migration
in (Cr,AD)N. The N bonds are the weakest and break first upon annealing.
Once bond breaking of the Cr-N bond appears, decomposition into CroN
and subsequently into c-Cr under N release is triggered. This Cr-N bond
breaking results in the experimentally observed formation of h-CryN and
c-Cr accompanied by the reduction in N content, generating a large
amount of non-metal vacancies. The CrN phase diagram further shows
that c-CrN already becomes unstable and decomposes into h-CroN when
the stoichiometry deviates by >1 at.% of N, while c-TiN accommodates
the corresponding N understoichiometry without t-TioN formation.

When O is added to form (Cr,Al)(O,N), the formation of decompo-
sition products such as w-AIN or c-Cr requires atomic mobility on both
the metal and non-metal sublattices. DFT indicates that O exhibits the
highest activation energy for migration due to the high O vacancy for-
mation energy of 6.8 + 0.9 eV/atom, whereas the vacancy formation
energies of Cr, Al, and N are < 4.3 + 0.5 eV/atom. Thus, an increase in
thermal stability would be expected. However, our main explanation is
that because the weak N bonds break first and Ny evaporation creates
sufficient non-metal vacancies, the large O vacancy formation energy
becomes irrelevant to the effective thermal stability limit.

Hence, chemical environment-dependent DFT calculations explain
the experimentally observed similarity in the thermal stability of (Cr,Al)
N and (Cr,Al)(O,N). In contrast, for (Ti,Al)(O,N), Al-N bonds are the
weakest and break first to form w-AIN without creating non-metal va-
cancies by Nj release. In this case, the energy barrier for vacancy for-
mation on the non-metal sublattice has to be overcome and the high
energy required for O vacancy formation considerably increases the
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activation energy needed for mass transport on the non-metal sublattice.
As aresult, the thermal stability of (Ti,Al)(O,N) is significantly enhanced
compared to that of (Ti,A)N [9] as well as the here investigated
Cr-based films. Finally, the observed divergence in thermal stability
between (Ti,A)(O,N) and (Cr,Al)(O,N) can be rationalized on the basis
of chemical environment-dependent DFT calculations.
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