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HIGHLIGHTS

o (Al,M0,Ta,V,W)Nq 79 and -Ng33 show
columnar microstructures.

« The oxynitride features a renucleated
finer, randomly oriented
microstructure.

« N-deficiency of (Al,Mo,Ta,V,W)N is
beneficial for hardness and phase
stability.

« The oxynitride is harder than the N-
rich nitride in as-deposited state.

« The oxynitride cracks open during
annealing due to formation of binary
oxides.
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ABSTRACT

(AlLMo,Ta,V,W)-Ng 79, -Ng 33, and -Ng ggOp 12 coatings were sputtered in N,-rich, N,-lean, and N,+0, con-
taining atmospheres. The face-centered cubic structured coatings feature as-deposited hardness values of
32.3,39.7, and 34.5 GPa, respectively. The (Al,Mo0,Ta,V,W) Ng ¢ and (Al,Mo,Ta,V,W)Ng 33 consist of highly
oriented columns, plus some very large grains in the latter coating. During vacuum annealing at 800 °C
for 30 h, the (Al,Mo0,Ta,V,W)Ng.79 loses N down to 25 at.%, while the (Al,Mo,Ta,V,W)Ng 33 remains stable.
Their alignment in chemical composition also caused an approach of their hardness values with 35.2 and
38.1 GPa, respectively. The (Al,Mo,Ta,V,W)Ng gg00.12 exhibits partly tilted and randomly oriented smaller
columnar grains than the nitrides, and the hardness drops from 34.5 to only 14.1GPa when vacuum
annealed due to massive phase-transformations toward individual oxides and the connected crack
formation.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

High-entropy sublattice ceramics (HESC) - a subset within the
high-entropy materials, discovered in 2004 [1,2] - gain increasing
recognition and attention [3]. They are characterized by disordered
single-phase solid solutions of at least five elements in equiatomic
or near-equiatomic composition, resulting in a high configurational
entropy Sconig > 1.5 - R, with R being the universal gas constant.
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High-entropy materials benefit from the four so-called core-
effects: High configurational entropy, severe lattice distortion,
sluggish diffusion, and the cocktail-effect [4]. To distinguish high-
entropy materials from lower-entropy counterparts, two defini-
tions have been formulated, a composition-based definition and
an entropy-based definition [5]. The entropy-based definition is
more concise, and has been specified more precisely for high-
entropy ceramics which are composed of a metal sublattice and
a non-metal sublattice. Since usually only the metal-sublattice is
occupied by five or more different elements, while the non-metal
sublattice is rarely modified, the entropy criterion Seos; > 1.5 R
is only reached for one sublattice and thus only per formula unit
rather than per atom. To reflect this, the term HESC has been
coined [6].

Among the different ceramic classes, physical vapor deposited
(PVD) transition metal nitrides offer a combination of properties
useful for protective coatings. High-entropy sublattice nitrides
(HESN) can be synthesized easily with reactive sputtering tech-
niques and are reported to possess good thermal stability [6,7],
mechanical [8,9] and tribological properties [10,11], and oxidation
resistance [12-14].

The microstructure and mechanical properties of reactively
sputtered HESN depend strongly on the N, partial pressure used
during deposition. For most coatings a hardness increase with ris-
ing N-content due to increased metal-N bonding is reported, which
typically maxes out at > 40at% N when approaching the 1:1 stoi-
chiometry of the fcc B1 structure (NaCl prototype) [15-17]. But in
some cases, the hardness peak is reached at intermediate N con-
tents, whereas more N incorporation leads to either no change
[18-20] or a slight decrease in hardness [9]. This was explained
with a saturation of covalent bonds above a certain N concentra-
tion and to different microstructures, whose formation depend
on the sputter conditions.

Another approach to modify the mechanical properties is the
deposition of oxynitride coatings. Cr and Al [21-23], Ta [24], or
Zr [25] based PVD oxynitride coatings with good tribological prop-
erties have been reported, but data on high-entropy oxynitrides is
still sparse [26].

To study the impact of different non-metal sublattice occupa-
tions, we modified and compared the microstructure, thermal,
and mechanical properties of reactively magnetron sputtered (Al,
Mo, Ta,V,W)N by depositing coatings with high or low N, partial
pressure, and by depositing an oxynitride coating of the same met-
als. An important difference to the materials mentioned in the last
paragraphs is the tendency of most of the constituting metals, Al,
Ti, Zr, Hf, and Cr, to form stable fcc nitrides with a 1:1 stoichiom-
etry at room temperature. In (Al,Mo,Ta,V,W)N on the other hand,
all the constituting metals except for Al are reported to either pre-
fer N-vacancies in their fcc structure, Mo [27,28], Ta [29,28],and W
[30,31], or form N-depleted phases [6]. We can therefore expect
weaker Metal-N bonds as a baseline that affect the thermal and
mechanical properties.

2. Experimental Details
2.1. Deposition process

All coatings were reactively magnetron sputtered in a modified
Leybold Heraeus Z400 magnetron sputtering system, using a pow-
der metallurgically prepared equimolar Al, Mo, Ta, V, and W target
of 75 mm in diameter (Plansee Composite Materials GmbH). The
coatings were deposited on (1 0 0)-oriented Si
(20 x 7 x 0.38mm?), austenitic steel platelets (20 x 7 x Tmm?3),
and (1 1 0 2)-oriented sapphire (10 x 10 x 0.53mm?3) substrates,
mounted face-to-face to the target at a distance of 4 cm. The depo-
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sitions were carried out after reaching a base pressure of 0.3 mPa,
the deposition temperature was 440°C and the DC bias potential
was set to —50V. Before deposition, the substrates were Ar-ion
etched at a pressure of 1.3 Pa for 15 min by applying a negative
pulsed DC substrate potential of —150V with a pulse frequency
of 150 kHz and a pulse duration of 2496 ns to the substrates.

After pre-sputtering behind the closed shutter for 2 min, the
depositions were carried out by supplying a constant current of
0.75 A to the target for 20 min. Three different gas mixtures were
used: Np/Ar = 18/22 and 8/32 and N;/Ar/synthetic air (20 % O,
80 % N,) = 14/22/4 (in sccm). All gases were 99.999 % pure, the
deposition pressure was set to 0.44 Pa. The respective power
densities on the target in the different gas mixtures were 11.2,
10.3, and 11.5 W/cm?.

2.2. Sample Analysis

Cross-sections of the coatings on Si and steel substrates were
analyzed with a FEI Quanta 250 scanning electron microscope
(SEM) - equipped with a field emission gun (FEG) and operated
at 5 kV - to investigate growth morphology and deposition rates.
Transmission electron microscopy (TEM) was performed on as-
deposited samples with a FEI TECNAI F20, equipped with a FEG,
operated at 200 kV. Transmission Kikuchi Diffraction (TKD) pat-
terns were recorded in the FEI quanta 250 with an EDAX Hikari
EBSD system on prepared TEM-samples at a working distance of
5 mm and tilting angle of 30 ° with 30 kV acceleration voltage to
study grain orientation. TiN in rock-salt structure (space group
Fm3m) was chosen as structure prototype. The TKD datasets were
collected on hexagonal grids with a step size of 10 nm for the
nitride samples and 15 nm for the oxynitride. The datasets were
processed and analyzed with the EDAX OIM analysis software
v8.0. Data clean-up was performed by using the confidence index
(CI) standardization procedure, where the CI of each data point is
set to the maximum value in the grain, where grains are defined
with a misorientation tolerance of 5 °. Secondly, one step of the
neighbor orientation correlation procedure was performed, where
the orientation of single data points, surrounded by at least 4 near-
est neighbors belonging to the same grain, was changed to the ori-
entation of the corresponding grain. Finally, a single iteration of
grain dilation was performed to close the gaps between adjacent
grains. For the data analysis, only data points with a CI >0.1 were
used. The Matlab Toolbox MTEX version 6.6.1 [32] was used to cal-
culate the orientation distribution functions and the misorienta-
tion distribution functions.

Chemical compositions of as-deposited and annealed coatings
were analyzed by energy dispersive X-ray spectroscopy (EDS).
Phase analysis was conducted with X-ray-diffraction (XRD) using
a PANanlytical XPert Pro MPD (0 — 0 diffractometer) using a Cu-
Ko source (4 = 0.15408 nm, 45 kV and 40 mA) in Bragg-Brentano
geometry. Coatings on sapphire substrates were vacuum annealed
in a Centorr LF22-2000 vacuum furnace at T, = 800 °C for 30 h, the
heating rate was 20 K/min, and the passive cooling rate at least 50
K/min down to 200 °C.

Indentation hardness, H, and indentation modulus, E, were
measured on coated sapphire substrates with an UMIS II nanoin-
denter, following the procedure by Oliver and Pharr [33] to analyze
the load-displacement curves.

3. Results and Discussion
3.1. Chemistry and Growth morphology

Table 1 shows the chemical compositions of all coatings in as-
deposited state and after annealing to 800 °C for 30 h. The metal
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Table 1
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Chemical Analysis in at.% measured by EDS on samples in as-deposited and annealed state. The given statistical uncertainties are standard deviations of three measurements

across a sample.

I acsynth.air Al Mo Ta v w N 0
18/22/- as-dep. 6+1 12+1 13+1 12+ 1 13+1 44 + 1 -
18/22/- annealed 10+1 18 +1 15+1 16 £1 16+ 1 25+ 2 -
8/32/- as-dep. 9+1 16 £1 18+1 15+1 17 +£1 25+ 3 -
8/32/- annealed 9+1 16 £1 18+1 15+1 17 +£1 25+ 3 -
14/22/4 as-dep. 7+1 10+ 1 11 +1 11 +1 1141 44+ 5 6+1
14/22/4 annealed 8+1 11+1 13+1 12 £1 14+1 10+2 32+2

ratios are very similar between the coatings, with the exception of
Al, which shows an increased concentration in the oxynitride. All
coatings are understoichiometric - the degree depending on the
N, partial pressure - due to the tendency to form N-vacancies in
the nitrides of Mo [34,35], Ta [36,37] (also metal-vacancies are
reported), V [38,6], and W [39,40].

The coatings deposited with gas flow ratios of N,/Ar = 18/22
and 8/32 sccm will be denoted throughout the article as (Al,Mo,
Ta,V,W)Ng.79 and (Al,Mo,Ta,V,W)Ny 33, respectively, and the oxyni-
tride coating as (Al,Mo,Ta,V,W)Ng gg00.12-

Fig. 1 shows the fracture and polished cross-sections of the
three deposited coatings, observed in the SEM. Since the (Al,Mo,
Ta,V,\W)Ny 33 coating developed cracks on the Si substrate (but
not on the other substrates), no clean fracture cross-section of
the whole coating thickness could be recorded. But the observed
growth morphology is similar to the (Al,Mo,Ta,V,W)Np79 in a),
therefore a polished cross-section is shown in b) instead to demon-
strate the coating thickness. All three coatings show a dense
columnar structure, but the morphology differs slightly between
the nitride and the oxynitride. While the (Al,Mo,Ta,V,W)Ng 79 and
(Al,Mo,Ta,V,W)Ng33 coatings consist of rather long, straight col-
umns, the (Al,Mo,Ta,V,W)Ng 300,12, Fig. 1¢), shows more rounded
features. This becomes more apparent in the TEM studies below.
The deposition rates are 171, 158, and 148 nm/min, for the (Al
Mo,Ta,V,\W)Ng79, (ALMo0,Ta,V,W)Ng33, and (AlMo,Ta,V,W)
No.8g00.12, respectively.

3.2. Microstructure and Orientation

Detailed TEM studies confirm the columnar structure of our
coatings. The bright-field (BF) image, Fig. 2a), shows the competi-
tive growth morphology (close to the substrate) leading to dense
long columns of the (Al,Mo,Ta,V,W)Ng -9 coating. The selected area
electron diffraction (SAED) pattern, recorded from the encircled
area, shows only few spots, Fig. 2b), although governed across

Substrate

several grains and columns. This indicates a highly oriented film
growth. The circles show the reference positions of an fcc lattice
with a = 4.28A as would be expected from a polycrystalline sam-
ple without texture. The high orientation and uniformity is also
visible in the dark field (DF) image, Fig. 2c), where the majority
of the crystals are visible under the same beam conditions. The
detailed BF recording, Fig. 2d), shows the high defect density of
the crystals.

The N-lean (Al,Mo,Ta,V,W)Ng 33 features a very different grain
structure, see the BF-TEM image Fig. 3a). Similar to the (Al,Mo,Ta,
V,W)Nq.79, the majority of the coating consists of around 100 nm-
wide columns, but here these are much shorter. In addition, two
abnormally large conically shaped grains (outlined by dotted white
lines) with a base width of ~ 1.2um also developed from the sub-
strate. SAED patterns collected from regions (green dashed circles)
next to such a large grain (I), and from within the grain (II), yield
fcc structures with identical lattice parameters of ~ 4.27A in both
cases (within error of measurement). In addition, an EDS line scan
across a region with smaller grains and a large grain reveals no sig-
nificant difference in chemical composition, since the decrease in N
signal stems from the varying sample thickness (other metals than
Al are omitted in this display for better visibility). Region (I) exhi-
bits more individual diffraction peaks in the SAED, indicating a
more random orientation when compared with Fig. 2, but it is still
a highly oriented film. Next to some diffraction spots, twin spots
mark a second phase with the same symmetry but slightly differ-
ent lattice parameter, which indicates a second phase with slightly
different N occupation, likely attributable to a Mo,N type phase. A
magnified view of the central large grain visible in Fig. 3a) is pre-
sented in Fig. 3b) with a high-resolution (HR) image outlining
the grain boundary in Fig. 3c). Due to the crystal structure exam-
ined by SAED, the chemistry measured by EDS-linescan, and the
dense grain boundary region evaluated by HR-TEM we can defi-
nitely exclude these large grains to be a macro-particle or gener-
ated thereof. The DF image in Fig. 3d) shows that the crystalline

Fig. 1. SEM fracture and polished cross-sections of coatings deposited with different gas flows: a) (Al,Mo,Ta,V,W)Ng 9, b) (Al,Mo0,Ta,V,W)No 33, and c) (Al,Mo,Ta,V,W)Ny gsO0.12-
Due to cracking on the Si substrate, no whole fracture cross-section of the (Al,Mo,Ta,V,W)Njy 33 could be recorded. Since the fracture cross-section looks very similar to the (Al,
Mo,Ta,V,W)Ng -9, a polished cross-section is presented instead to show the deposition rate.

3



A. Kretschmer, T. Wojcik, R. Schuster et al.

'l

500 nm

Substrate

d)

Materials & Design 213 (2022) 110346

b) 222

» >
1-1-3 .

200 nm

Fig. 2. TEM images of the (Al,Mo,Ta,V,W)N 79 coating: a) Bright field image, b) SAED pattern of the circled area in a), c) dark field image, d) bright field magnification of

columns.

columns are distinctly shorter than in the (Al Mo,Ta,V,W)Ng 79
coating.

TEM investigations of the oxynitride coating (Al,Mo,Ta,V,W)
No.8s00.12 yield a dense coating, that features V-shaped grains at
an angle of ~ 20° to the growth direction instead of straight col-
umns, Fig. 4a). On top of the coating some Cu-redeposition from
the TEM sample preparation can be seen. Overall, the growth mor-
phology does not show the typical competitive growth close to the
substrate as for (Al,Mo,Ta,V,W)Ng 79 and (Al,Mo,Ta,V,W)Ng33. The
SAED taken from the region indicated with a circle shows a single
fcc phase, Fig. 4b). The slight presence of ring patterns indicates a
much less oriented growth than for the nitrides, likely facilitated
by the tilted growth. The lattice parameter calculated from the
fcc diffraction spots is ~ 4.28A. Fig. 4c) is the DF version of
Fig. 4a), highlighting the partly tilted growth of individual grains.
The very dense growth morphology and high defect density is vis-
ible in the higher magnification investigation, Fig. 4d), of the region
marked with a dashed square in Fig. 4a).

To analyze the influence of the deposition atmosphere during
growth and the resulting film composition on the developing film
microstructures in more detail, the TEM samples were investigated
by Transmission Kikuchi Diffraction. The inverse pole figure maps,
pole figures, and misorientation angle and axis distribution plots

are shown for (Al,Mo,Ta,V,W)Ny 79 in Fig. 5a), for (Al,Mo,Ta,V,W)
No33 in Flg Sf), and for (Al,MO,Ta,V,W)N0_8800_12 in Flg Sg),
respectively.

The (Al,Mo,Ta,V,W)Ng 79 shows a strong orientation relationship
between substrate and coating, (Fig. 5a). The grains, which in some
cases stretch from the substrate all the way through the coating,
can be divided in two orientation groups. The dominant misorien-
tation axis between the two orientations is the [1 1 0] axis, the sec-
ond axis is oriented along the [1 1 1] direction. The [1 1 0] pole in
Fig. 5b) is oriented close to the growth direction and aligns well
with [0 1 1 1] pole of the sapphire substrate (black crosses), which
is therefore the dominant rotation axis since it runs through the
mostly vertical grain boundaries. The misorientation angle distri-
bution is also divided in two groups with small angles ~ 5° (be-
tween the grains of one orientation group) and ~ 60° between
the grains of different orientation groups (Fig. 5¢). The angular dis-
tribution for a uniform cubic grain orientation is shown for com-
parison and highlights the strong texture once again. The
misorientation axis distribution plot also exemplifies the strong
[110]and[11 1] orientation.

Like in the TEM investigations, we see a distinctly different
microstructure in (Al,Mo,Ta,V\W)Ng33 compared to the N-rich
coating, see Fig. 5d). Next to two very big grains with similar
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Fig. 3. TEM images of the (Al,Mo,Ta,V,W)Ny 33 coating: a) Bright field image, with two SAED patterns recorded from the circles I and I, abnormally large grains are outlined
with dots. An EDS-Linescan across one such grain shows a constant chemical composition between these regions. Other elemental lines are omitted for better visibility. b)
magnified view of the central large grain in a), c) high-resolution image at the border region of the large grain in b), d) dark field image of the columnar region next to the large

grains.

orientation many smaller and shorter columnar grains make up the
coating. Within these smaller grains we see again a division into
two groups like in the (Al,Mo,Ta,V,W)Ng ;9. The coating features a
strong [1 1 O] pole in vertical direction similar to the (Al,Mo,Ta,V,
W)Ng.79, but the grain orientation is slightly twisted, compare
Fig. 5d), likely due to sample preparation. The orientation relation-
ship to the substrate is also disturbed since the [0 1 1 1] pole (black
cross in Fig. 5e) of the sapphire substrate does not match the col-
umn orientation as well. Instead, the crystallographically less
important pole [2 2 0 1] (+ in Fig. 5e) lies closer to the grain orien-
tation. The texture is therefore less dependent from the substrate,
and less pronounced as for (Al,Mo,Ta,V,W)Ng 7o. In the misorienta-
tion angle distribution plot, Fig. 5f), we see a comparable distribu-
tion as in Fig. 5¢), with an additional contribution at ~ 35° due to
the large grains. This also results in the wider misorientation axis
distribution between the [1 1 0] and [1 1 1] poles compared to
the (Al,Mo,Ta,V,W)Ng 9 in Fig. 5¢).

The (Al,Mo,Ta,V,W)N 300 1> shows the most randomized grain
orientation (Fig. 5g). The grains are occasionally columnar and
partly smaller equiaxed. Some of the columns are aligned in
growth direction, while others are tilted by ~ 20° to the growth
direction. The most pronounced texture in growth direction is
the [1 0 0 ], but the coating consists of many other randomly ori-
ented small grains as well, so that the pole figures, Fig. 5h), do
not show a clear pattern. The misorientation angle distribution as
well as the misorientation axis distribution, Fig. 5i), follow the
purely random orientation closely except for small angles, which
are over represented in the coating.

3.3. Thermal stability and mechanical properties

The XRD patterns of the coatings in as-deposited state, Fig. 6a),
and after annealing to 800 °C for 30 h, Fig. 6b), confirm the phase
analysis by SAED. The as-deposited (Al,Mo0,Ta,V,W)Ng 79 coating is
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Fig. 4. TEM images of the (Al,Mo,Ta,V,W)Ny 300 1> coating: a) Bright-field image, b) SAED pattern collected from the circled region in a), c) dark field image, d) magnified

bright field image of the substrate near region outlined in a).

highly (2 0 0) oriented. After annealing, this highly preferred orien-
tation remains, but the peak shifts to higher diffraction angles
(please use the TiN standard positions as a reference). The lattice
parameter shrinks accordingly from 4.27 to 4.20 A. At the same
time the full width at half maximum of the (2 0 0) peak increases
from 0.54 to 0.89 °. Thus, while the macrostresses might decrease
due to the annealing treatment, the microstresses remain or even
increase. An additional cause for the peak shift and decreased lat-
tice parameter can be the N-loss, as detected by EDS. After anneal-
ing, this coating (starting as (AlLMo,Ta,V,W)Ng-9) has
approximately the same N-content of 25 at.% as (Al,Mo,Ta,V,W)
No33 (Table 1), which was prepared with a N,/Ar ratio of only
8/32. With increasing N-vacancy concentration the lattice parame-
ters of MoNy [41,42], TaN [43,28], and WNy [40,44] shrink, as sug-
gested by DFT calculations. The additional XRD features at ~ 60
and ~ 68° indicate the formation of a hexagonal Ta;N-based phase
and are thus early signs for a decomposition. This will also con-
tribute to the increased peak broadening.

The (Al,Mo,Ta,V,W)Ng 33 coating is also predominantly (2 0 0)
oriented, but a small (3 1 1) reflex is also present in as-deposited
state. Remarkably, the relative shift of the peaks to the reference

positions of TiN is different for the (2 0 0) peak (shifted to lower
angles), than for the (3 1 1) peak (shifted to higher angles), indicat-
ing slightly different phases, which agrees well with the SAED anal-
ysis. When estimating the lattice parameter from the peak
positions, we get a=4.28A using the (2 0 0) peak, and
a = 4.21 £ 0.02A using the (3 1 1) peak, which is close to the lattice
parameter of Mo, N [28]. Since the total N content of this sample, as
estimated by EDS (Table 1), is only about 25 at.%, both phases must
exhibit high N-vacancy concentrations. After annealing, the (31 1)
peak can not be detected anymore, but the (2 0 0) reflex developed
a pronounced left-hand shoulder. The lattice parameter, estimated
from the (2 0 0) peak position, stays at 4.28A, and also the chemical
composition is unchanged from the as-deposited value within the
error of measurement, indicating a chemical equilibrium composi-
tion for this coating.

The (Al,Mo,Ta,V,W)Ngg30¢ 1> coating exhibits a random growth
orientation with clearly visible (1 11),(200),(220),(31 1), and
(2 2 2) reflexes. But also this coating is clearly single-phased fcc-
structured in its as-deposited state. This changes fundamentally
during annealing, during which the N content decreases from 44
to 9 at.% and the O content increases from 6 to 32 at.% (Table 1).
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Fig. 5. Inverse pole figures maps, pole figures, and misorientation axis distribution and misorientation angle distribution plots, measured by TKD of (Al,Mo,Ta,V,W)Ng 79 in a),
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After the 30 h annealing at 800 °C, the XRD pattern shows the pres-
ence of W, Mo, Ta, and V oxides. A corresponding decomposition
was also observed in (Co,Cr,Fe,Mn,Ni)-oxynitride films [26]. Since
the specific volumes of the oxides are much larger than of the
oxynitride phase (12.3, 11.3, 9.9, and 11.1 A3/at for MoO; [45],

Ta0, [46], VO, [47], and WO, [48], respectively, versus 9.8 A3/at
in the (AlMo,Ta,V,W)NygsOp1> coating) this phase separation
causes the coating to crack open, as proven by SEM top-view inves-
tigations, Fig. 7. The as-deposited and annealed state of the (Al,Mo,
Ta,V,W)N0_79, (Al,MO,T&,V,W)N0.33, and (Al,MO,Ta,V,W)NO.ggOOJZ are
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a)  (ALMo,Ta,,W)N,

as-deposited
annealed |d)

(AL Mo,Ta,V,W)N, , e)
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(A, Mo,Ta,V,W)N, .0

0.83-0.12

as-deposited
annealed |f)

as-deposited
annealed

cracks

Fig. 7. SEM top-view micrographs show that the surface of the (Al,Mo,Ta,V,W)Ny ;o coating stays smooth after annealing at 800 °C for 30 h, except for some island formation
a)-b). No change is visible in the surface of the (Al,Mo,Ta,V,W)Ng 33 c)-d), while the(Al,Mo,Ta,V,W)Nqg300.12 develops cracks due to separation into oxide phases with larger

specific volumes e)-f).

compared in Fig. 7a), respectively. All three coatings feature com-
parably smooth surfaces in as-deposited state. After annealing,
coarse features in the order of ~ 1um appear on the (Al,Mo,Ta,V,
W)Ng.79, Which could be a sign of the ongoing decomposition. On
the (Al,Mo,Ta,V,W)Ng 33, the surface appears to be even smoother
after annealing, no other change is visible after annealing. On the
(ALLMo,Ta,V,W)N¢gg00.12, cracks spanning several um in length
are drawn through the surface with only few um between the
cracks. Thus, the exposed surface area increases greatly, this allows
N to leave and O to enter the coating more easily, leading to the
complete change in chemistry compared with the as-deposited
state.

The indentation hardness H, Fig. 8a), and indentation modulus
E, Fig. 8b), of the coatings in their as-deposited state and after
the 30 h annealing at 800 °C nicely reflect the microstructural
and morphological changes. In the as-deposited state, the (Al,Mo,
Ta,V,\W)Ng.79 coating exhibits a hardness of 32.3 & 1.6GPa, which
is exceeded by both the (Al,Mo0,Ta,V,W)Ngg300.12 and (Al,Mo,Ta,V,
W)Ng33 coatings with 34.6 & 1.5GPa and 39.7 + 1.4GPa, respec-
tively. The latter is even touching the domain of superhard materi-
als (for which the hardness would need to be above 40 GPa [49]).
After the annealing treatment, the (Al,Mo,Ta,V,W)Nq .9 allows for
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Fig. 8. Hardness H and Indentation modulus E measured on coatings in as-
deposited (as-dep.) state and after annealing at 800 °C for 30 h.

even 35.241.4GPa, while the hardness of (Al Mo,Ta,V,W)Ng33
decreased slightly to 38.1 +2.0GPa. Only the (Al,Mo,Ta,V,W)
No.gg00.12 suffers a severe hardness loss down to 14.1 £+ 2.7GPa,
which can be explained by the almost entire transformation
towards individual oxides and the concomitant formation of
cracks. But interestingly, the (Al,Mo,Ta,V,W)Ng 79 and (Al,Mo,Ta,V,
W)Ny33 coatings, which are separated in their hardness by 8GPa
in as-deposited state, exhibit only a difference of ~ 3GPa after
the annealing treatment. The latter caused also an alignment in
their chemical composition, which became almost identical espe-
cially with respect to their N-content, although they started with
44 respectively 25 at.% (Table 1). The significantly higher hardness
of the N-lean (Al,Mo,Ta,V,W)Ng 33, already in its as-deposited state,
combined with the annealing-induced hardness increase of the
originally N-richer (Al,Mo,Ta,V.W)Ng79, suggests that for this
material system — (AlLMo,Ta,V,W)N — a N/metal ratio of 1/2 to
1/3 is beneficial in terms of hardness and phase stability. The
observed hardness trend nicely follows the decreasing valence
electron concentration from 9.2 e /f.u. in the as-deposited (Al,
Mo,Ta,V,W)Ng79 to 6.9 e /f.u. in both the annealed (Al,Mo,Ta,V,
W)Ng.79 and the (Al,Mo,Ta,V,W)Ng 33 (as-deposited and annealed)
due to the N-vacancies in the fcc structure [42,50,51].

Interestingly, the indentation moduli of (Al,Mo,Ta,V,W)Ng.9
and (AlLMo,Ta,V,W)Ng33 are very similar with 513 +50GPa and
495 + 28GPa in their as-deposited state as well as after annealing,
during which the modulus increased to 604 +44GPa and
566 + 49GPa, respectively. The (Al,Mo,Ta,V,W)NggsOp.12 coating,
although only containing 6 at.% O exhibits a much lower indenta-
tion modulus of only 372 4 33GPa in the as-deposited state, which
further decreased to 273 4+ 27GPa during annealing, as a conse-
quence of the massive structural and chemical changes.

4. Conclusions

The microstructure, mechanical properties, and thermal stabil-
ity of (Al,Mo,Ta,V,W)-nitrides can be easily modified by the sputter
gas composition. Both deposited nitrides, (Al,Mo,Ta,V,W)Ng 79 and
(AlLMo,Ta,V,W)Ng 33, exhibit significant N-vacancy concentrations,
while in the as-deposited oxynitride with 6 at.% O the metal/non-
metal ratio is roughly 1. Structurally, the (Al,Mo,Ta,V,W)Ng 9 con-
sists of long, highly oriented columns. The (Al,Mo,Ta,V,W)Ng 33 is
also textured to a lesser extent, but the columns are much shorter.
In addition, much larger grains can be found throughout the coat-
ing. The (Al,Mo,Ta,V,W)NgggOp.12 consists of randomly oriented
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columns, of which some are tilted 20° to the growth direction, and
smaller equiaxed grains with random growth orientation.

The hardness of the (Al,Mo,Ta,V,W)Ng79 is 32.3 GPa in as-
deposited state, which increases to 35.2 GPa when vacuum
annealed at 800 °C for 30 h. This hardness increase is due to the
decreasing N-content from ~44 to ~25 at.% with a corresponding
decrease in valence electron concentration. The (Al,Mo,Ta,V,W)
No.3, deposited with a lower N, partial pressure, does not change
its chemistry significantly during annealing and is thus in chemical
equilibrium. The hardness also changes only little from 39.7 to 38.1
GPa during annealing. The indentation moduli of both nitride coat-
ings are very similar around 510 and 580 GPa before and after
annealing.

The (Al,Mo,Ta,V,W)Ng gs00.12 surpasses the hardness of (Al,Mo,
Ta,V,\W)Ng79 with 34.6 GPa in its as-deposited state, which is
essentially related to the different microstructure with smaller
grains. However, the same annealing treament as for the nitrides
resulted in a severe hardness reduction down to 14.1 GPa due to
the transformation towards individual Mo-, Ta-, V-, and W-
oxides. Their much higher specific volumes with respect to the
starting oxynitride phase causes the coating to crack open.
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