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a b s t r a c t
Based on previous reports, showing that zirconium alloying to Ti1 − xAlxN hard coatings can increase their thermal stability, we study in detail the interaction of bias potential and Al content on structure, hardness, thermal
stability, and oxidation resistance of arc evaporated Ti1 − x − yAlxZryN hard coatings. For moderate Al-contents,
Ti0.49Al0.44Zr0.07N, their structure is single-phase cubic and their hardness remains at ~35 GPa upon annealing
in vacuum to 900 °C, when prepared with − 40 and − 80 V bias. Contrary, the coatings deposited with
−120 V bias experience already for annealing temperatures above 700 °C a hardness reduction from the as deposited value of ~40 GPa. The higher Al-containing Ti0.39Al0.54Zr0.07N coatings are mixed cubic and hexagonal
wurtzite type structured, and with increasing bias potential the cubic phase fraction increases. Whereas the coatings prepared with −120 V bias exhibit an almost constant hardness of ~25 GPa upon annealing to 900 °C, their
counterparts prepared with lower bias, experience even a slight increase in hardness, due to the formation of well
deﬁned crystallites. However, only single-phased cubic structured Ti0.49Al0.44Zr0.07N coatings are able to withstand an oxidation treatment for 20 h in ambient air at 850 °C due to the formation of a dense, protective
Al2O3 based outer oxide scale. Their oxidation resistance decreases with increasing bias potential, due to the increased defect density and thus promoted diffusion. Based on our studies we can conclude, that although the
droplet-size decreases and the as deposited hardness increases with increasing bias potential, their thermal stability and especially oxidation resistance decrease.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Hard coatings are designed to meet the requirements for increasing
the wear resistance of today's machining applications such as drilling,
milling, or cutting. Therefore, in addition to wear resistance also high
hardness, oxidation resistance, and thermal stability are necessary [1,
2]. TiN was one of the ﬁrst industrially applied hard protective coatings.
The limited oxidation resistance and hardness were soon further improved by Al-alloying [1–4]. Especially single-phased cubic Ti1 − xAlxN
coatings exhibit a pronounced age-hardening effect during annealing
to approximately 900 °C and hence this material is also well known
for its high mechanical strength even at higher temperatures. This
age-hardening effect is based on the spinodal decomposition of the supersaturated Ti1 − xAlxN phase into cubic TiN- and AlN-rich domains.
For higher annealing temperatures, the metastable cubic AlN-rich
domains (sometimes even c-AlN) further transform into the thermodynamically stable wurtzite (w) AlN modiﬁcation. However, the hardness
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rapidly decreases as soon as pronounced fractions of w-AlN are formed,
as w-AlN exhibits an ~26% larger speciﬁc volume and lower mechanical
strength than c-AlN [5–7].
Therefore, several studies focus on alloying transition metals (TM) to
the Ti1 − xAlxN system to form quaternary nitride coatings. The different
transition metals can signiﬁcantly increase the oxidation resistance,
thermal stability, as well as mechanical and thermo-mechanical properties [4,8–12].
By now, only little information is available on the inﬂuence of Zr
addition on the mechanical properties and thermal stability of
Ti1 − xAlxN hard coatings [13]. Chen et al. [8,14] and Yang et al. [15]
report for magnetron-sputtered Ti0.40Al0.55Zr0.05N and arc evaporated Ti0.45Al0.49Zr0.06 N, that Zr improves the oxidation resistance of
Ti1 − xAlxN hard coatings by promoting the formation of a dense, protective oxide scale. Furthermore, it could be shown that by introducing only small amounts of Zr not only the as deposited hardness
values can be increased from ~ 38 GPa to ~ 42 GPa but also the decomposition process and hence the age-hardening effect can be shifted to
higher annealing temperatures of Ta = 1000 °C [8].
Nevertheless, the inﬂuence of composition and structure on mechanical properties, thermal stability, and oxidation resistance of arc
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evaporated Ti1 − x-yAlxZryN coatings is still not fully clariﬁed. Therefore,
we have prepared arc evaporated Ti1 − x − yAlxZryN coatings with different Al contents and using different bias potentials during deposition.
These coatings are characterized in detail with respect to their morphology, hardness, thermal stability, and oxidation resistance.
2. Experimental

Table 1
Chemical composition of Ti1 − x − yAlxZryN investigated by EDS measurements on austenite substrate.
Target composition

Al

Ti

Zr

3.1. As deposited ﬁlms
Table 1 shows the chemical composition of our stoichiometric
Ti1 − x − yAlxZryN coatings as a function of the target composition
and bias potential used. A comparison of the initial target composition
with the metal sublattice composition of the coatings exhibits slightly
lower Al/Ti ratios of 47/53 and 58/42 in the coatings as in the used
Ti0.475Al0.475Zr0.05 and Ti0.375Al0.575Zr0.05 targets having Al/Ti ratios of

Al/Ti

Al

Ratio

[V]

[at.%]

−40
−80
−120
−40
−80
−120

21.8
21.3
21.6
26.1
25.7
26.0

47.5

47.5

5

50/50

57.5

37.5

5

60/40

Metal sublattice

Ti

Zr

N

Al

Ti

Zr

[at.%]
23.9
23.9
24.1
18.8
18.9
19.1

3.4
3.3
3.4
3.2
3.3
3.4

50.9
51.5
50.9
52.0
52.1
51.5

44.4
43.9
44.0
54.4
53.7
53.5

Al/Ti
Ratio

48.8
49.2
49.0
39.1
39.4
39.5

6.8
6.8
7.0
6.6
6.9
7.0

47/53

58/42

50/50 and 60/40, respectively. Moreover, the Zr content increases
from 5 at.% in the target to ~7 at.% in the ﬁlm. We envision that gas scattering and re-evaporation processes (at the substrate surface) are more
pronounced for the lighter element Al than for Ti and especially Zr.
Compositional variations due to the applied bias potential are within
the error of measurement of our EDS analysis. For an easier reading
and a better comparability, the nitrogen content of all coatings was normalized to 50 at.% and the slightly different metal compositions due to
the bias variation were rounded and averaged. Hence, the coatings
deposited from Ti0.475Al0.475Zr0.05 and Ti0.375Al0.575Zr0.05 targets are
labelled as Ti0.49Al0.44Zr0.07N and Ti0.39Al0.54Zr0.07N, respectively.
The thickness of Ti0.49Al0.44Zr0.07N coatings almost linearly decreases
from 3.19 to 2.65 μm with increasing the bias potential from − 40 to
− 120 V, see Fig. 1. A comparable behaviour is also obtained for the
higher Al-containing Ti0.39Al0.54Zr0.07N coatings, showing a thickness reduction from 3.19 to 2.76 μm with an increase in bias potential from
−40 to −120 V.
Fracture cross-sectional micrographs of Ti0.49Al0.44Zr0.07N and
Ti0.39Al0.54Zr0.07N coated Al2O3 substrates exhibit dense and columnar
morphologies for all systems investigated, see Fig. 2a–c and Fig. 2d–f,
respectively.
With increasing bias potential, the droplet sizes and their numberdensities decrease for both coating systems Ti0.49Al0.44Zr0.07N and
Ti0.39Al0.54Zr0.07N, see their SEM surface images in Fig. 3a–c and Fig.
3d–f, respectively. The increasing energetic bombardment with increasing bias potential causes increasing adatom mobility and also increasing
compressive stresses. Thereby the growth and development of droplets,
but especially their interference with the growth of the nitride on top of

Ti0.49Al0.44Zr0.07N

nitride layer thickness [µm]

3. Results and discussion

Film composition
Absolute

[at.%]

All Ti1 − x − yAlxZryN thin ﬁlms were deposited by reactive cathodic
arc evaporation in an Oerlikon Balzers INNOVA industrial scale deposition plant. Four out of six cathodes were equipped with powdermetallurgically prepared Ti0.475Al0.475Zr0.05 or Ti0.375Al0.575Zr0.05 targets
(Plansee CM GmbH, 99.9% purity, diameter of 160 mm). Silicon (100),
polycrystalline alumina (Al2O3), austenite platelets, as well as iron foil
are used as substrate materials. These substrates were ultrasonically
cleaned for 5 min in acetone and in ethanol prior to mounting on the
two-fold rotating carousel.
For better adhesion of the coatings, the substrates were ion etched
for 25 min in argon atmosphere by using the Balzers INNOVA central
beam etching technology. The subsequent 60-minute deposition processes were carried out at a temperature of 500 °C using a nitrogen pressure of 3.5 Pa, and different negative bias potentials of − 40, − 80, or
−120 V.
To eliminate substrate interference, especially during thermal treatments and X-ray diffraction investigations, the coated iron foils were
treated in diluted nitric acid (10%) and concentrated hydrochloric acid
to dissolute the iron foil. Thereafter, the remaining coating ﬂitters were
mechanically grinded in a porcelain mortar to gain Ti1 − x − yAlxZryN
powder.
For characterizing the crystal structure and phases of the coating
materials, X-ray diffraction (XRD) experiments are performed in a
Bruker-AXS D8 Advance system in Bragg–Brentano mode with Cu-Kα
radiation. The crystallite sizes and the internal strains were evaluated
by quadratic Williamson–Hall plots.
A HTM Reetz vacuum furnace was used to thermally treat the
Ti1 − x − yAlxZryN powder and coated Al2O3 substrates for 1 h at temperatures ranging from Ta = 600 up to 1400 °C. Heating and cooling rates of
30 and 60 K/min, respectively, were used. Oxidation treatments of Ti1 −
x − yAlxZr yN on Al2O3 substrates were carried out in a conventional
chamber furnace at 850 and 950 °C for 20 h in ambient air atmosphere.
The oxidized coatings on Al2O3 substrates are protected with a CrN
sputter-layer to allow polishing of cross-sections without removing
the oxide scales on top. These cross-sections are used for detailed scanning electron microscope (SEM) investigations and energy dispersive
X-ray spectroscopy (EDS) line-scans.
A Carl Zeiss Evo 50 SEM was used for investigating the surface and
cross-sectional morphology. Chemical analysis was obtained by EDS
using the attached Oxford Instruments INCA EDS detector.
The hardness of Ti1 − x − yAlxZryN hard coatings on Al2O3 substrates
was analysed by nanoindentation using a Fischer-Cripps Laboratories
Ultra-Micro-Indentation System. This system was equipped with a
Berkovich diamond tip and normal loads were reduced from 35 mN to
13 mN in steps of 0.8 mN for each measurement, which resulted in a
maximum indentation depth of b 10% of the ﬁlm thickness. The obtained load displacement curves were evaluated after Oliver and Pharr [16].

Bias

Ti0.39Al0.54Zr0.07N

3.5
3.19
3.0

3.19

2.98
2.88

2.76
2.65

2.5

2.0
-40

- 80

-120

Bias [V]
Fig. 1. Thicknesses of Ti0.49Al0.44Zr0.07N and Ti0.39Al0.54Zr0.07N coatings deposited at negative bias potentials of −40, −80, and −120 V in as deposited state on polycrystalline
Al2O3 substrates.
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Fig. 2. Fracture cross-sectional SEM micrographs of Ti0.49Al0.44Zr0.07N (a–c) and Ti0.39Al0.54Zr0.07N (d–f) coatings deposited at bias potentials of −40, −80, and −120 V, respectively.

them are strongly inﬂuenced. We envision that with increased adatom
mobility, the nucleation and growth of nitride phases on the droplets
are promoted leading to a denser and more compact morphology.
Thereby, also the overall impression of the surface morphology becomes smoother with increasing bias potential. There is no signiﬁcant
inﬂuence of the different Al contents within the targets on the size
and amount of generated particles.
XRD patterns of the as deposited Ti0.49Al0.44Zr0.07N coatings indicate
the expected single-phase cubic structure (in comparison with the standard peak positions of cubic TiN [17], cubic AlN [18], and hexagonal AlN
[18]), see Fig. 4a. For our Al-rich nitride ﬁlms (Ti0.39Al0.54Zr0.07N) a signiﬁcant contribution of an additional phase can be detected, see the increased XRD background between 2θ angles of ~ 30 and ~ 37 deg. in
Fig. 4b, which suggests the formation of additional wurtzite and nanocrystalline phases, in agreement with previous reports [19–22].
Mayrhofer et al. [23] showed that the lattice parameters of the hexagonal wurtzite type structured AlN phase decrease with increasing Ti

content. Hence, the XRD peaks at 2θ positions of ~32 and ~34deg. suggest the formation of an AlxTi1 − xN based solid solution next to the
cubic Ti1 − xAlxN solid solution. Corresponding observations were also
reported in [24–27] by XRD and in [25–27] by TEM and SAED studies.
Furthermore, Székely et al. [27] showed the coexistence of c-TiN and
w-AlN phases next to the c-Ti1 − xAlxN and the w-AlxTi1 − xN solid solutions in the as deposited state. The c-TiN and w-AlN phases, having
a f111gTiN 110TiN f0001gAlN 1120AlN epitaxial relationship, originate
from the decomposition of w-AlxTi1 − xN solid solution during ﬁlm
growth. With increasing ﬁlm thickness the texture of the individual
phases changes, and in addition to the small grain sizes, various broad
overlapping XRD peaks evolve. Thereby, the formation of a broad XRD
response at ~ 34 deg. can be explained [27], which is in agreement
with the results presented here, see the broader XRD response between
~ 30 and ~ 37 deg. in Fig. 4b. Based on these results, we add the corresponding preﬁxes c- and c/w- to our coatings to highlight their as deposited structure, c-Ti0.49Al0.44Zr0.07N and c/w-Ti0.39Al0.54Zr0.07N. For

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. SEM surface images of Ti0.49Al0.44Zr0.07N (a–c) and Ti0.39Al0.54Zr0.07N (d–f) deposited on austenite substrates with bias potentials of −40, −80, and −120 V, respectively.
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(a)

both coating systems the XRD peaks—from the cubic phase
fraction—shift to smaller 2θ angles and become broader with increasing
bias potential from −40 to −120 V. For c-Ti0.49Al0.44Zr0.07N, the shift to
lower diffraction angles can be attributed to the internal strain, which
increases from 0.5 to 1.0% and leads to internal compressive stresses,
caused by increasing defect density due to enhancing ion bombardment
[7,9]. The latter is also responsible for decreasing crystallite sizes from
24 to 9 nm with increasing bias potential. This is especially visible by
the peak broadening of the XRD patterns when increasing the bias potential to −120 V during deposition, see Fig. 4a [28].
Powder diffraction patterns suggest a pronounced dependence of
the structure of our Al-rich c/w-Ti0.39Al0.54Zr0.07N coatings on the bias
potential used. The strong wurtzite phase XRD response detected at
2θ ≈ 32deg. for coatings deposited with −40 V signiﬁcantly decreases
and the (200) and (220) peaks of the cubic phase increase in intensity
with rising bias potential. This clearly shows that with increasing bias
potential the formation of the cubic phase is promoted. One major possible explanation for this effect, which is often observed by researchers
[29,30], is based on the higher speciﬁc density of the cubic phase with
respect to the wurtzite phase. Consequently, when the compressive
stresses increase, due to increasing energetic bombardment with increasing bias potential, the phase with the higher speciﬁc density is
favoured. This is in excellent agreement with computational studies,
showing that with increasing compressive stresses the cubic phase is
preferred over the hexagonal wurtzite type phase [31]. Due to the rather
broad and overlapping XRD peaks of the crystalline phases, the determination of their crystallite sizes and internal strains is extremely difﬁcult
and gives a huge error bar. However, the Williamson–Hall evaluations
suggest crystallite sizes of ~4 nm and strains of ~1%. Here, the dominant
factor for the small crystallite size is mainly based on the competitive
dual/multi-phase growth and not on the energy of the impinging particles during growth. In this case, the bias potential has a stronger inﬂuence on the phase fractions than on their grain size.
In the as deposited state, our c-Ti0.49Al0.44Zr0.07N coatings deposited
with −40 and −80 V bias potential exhibit hardness values of ~35 GPa.
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Fig. 4. Powder diffraction patterns of as deposited Ti0.49Al0.44Zr0.07N (a) and
Ti0.39Al0.54Zr0.07N (b) coatings, prepared with bias potentials of −40, −80, and −120 V,
respectively.
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Fig. 5. Powder diffraction patterns of c-Ti0.49Al0.44Zr0.07N deposited at negative bias potentials of −40 (a), −80 (b), and −120 V (c) in the as deposited (a.d.) state and after vacuum annealing for one hour at Ta = 600 to 1400 °C. The standard peak positions of cubic TiN and cubic ZrN, as well as cubic AlN and hexagonal AlN are taken from [17] and [18].

S.A. Glatz et al. / Surface & Coatings Technology 266 (2015) 1–9

-40V

lattice parameter [Å]

4.57

-80V

-120V

measurement. All c/w-Ti0.39Al0.54Zr0.07N coatings, which contain signiﬁcantly higher amounts of Al than c-Ti0.49Al0.44Zr0.07N coatings exhibit
lower hardness values, due to the presence of wurtzite phases. This can
clearly be seen when comparing Fig. 4b with Fig. 4a, showing the presence of XRD peaks at the position for the wurtzite phase for our c/wTi0.39Al0.54Zr0.07N coatings. The obtained increase in hardness from ~19
to ~25 GPa with increasing bias potential up to −120 V is mainly based
on the concomitant increase in their cubic phase fractions—see the XRD
patterns in Fig. 4b. Cubic structured Ti1 − xAlxN coatings are generally
much harder and stiffer than their wurtzite structured counterparts [5,7,
15,28,32–34].

ZrN

4.30

4.25

5

TiN

4.20

3.2. Thermal stability

600

800

1000

1200

With increasing annealing temperatures Ta, the cubic XRD peaks of
our single-phase cubic structured c-Ti0.49Al0.44Zr0.07N coatings shift to
lower 2θ values for Ta ≥ 900 °C, which indicates an Al-depletion from
the supersaturated Ti1 − x − yAlxZryN solid solution. This is valid for all
bias potentials used, see Fig. 5a, b, and c, which show the XRD patterns
taken after various annealing treatments of our coatings prepared with
−40, − 80, and − 120 V, respectively. After annealing at Ta = 900 °C,
the ﬁrst indications of a shoulder formation on the right side of the
(200) peak can be detected, especially visible for the coating prepared
with −80 V (Fig. 5b). This shoulder formation suggests the formation
of Al-enriched cubic domains and is an indication for spinodal decomposition of the supersaturated cubic-phase Ti1 − xAlxN based matrix
into cubic Al-rich and Ti-rich domains [5,8,35,36]. The formation of Tirich cubic domains is difﬁcult to detect for our coatings, as the XRD
peaks of the cubic-phase Ti1 − xAlxN matrix are very close to the c-TiN
position, especially for Ta = 900 and 1000 °C. Upon further increase in
annealing temperature, the cubic Al-rich domains transform into
wurtzite AlN and further increase in the wurtzite AlN phase fraction occurs, see the (100) XRD peak of the w-AlN phase at 2θ ≈ 33deg. After
annealing at 1400 °C the coatings are completely decomposed into wAlN and a cubic TiN-rich phase. As no additional c-ZrN phase can be

1400

annealing temperature [° C]
Fig. 6. Development of the lattice parameter for the cubic phase within our
Ti0.49Al0.44Zr0.07N coatings deposited at negative bias potentials of −40 (black triangle),
−80 (green square), and −120 V (red hexagon) with increasing annealing temperature
Ta from 600 to 1400 °C.

Increasing the bias potential to −120 V signiﬁcantly enhances the ﬁlm
hardness to around 40 GPa (for further information the reader is referred
to Section 3.2). If we compare these hardnesses with the corresponding
XRD patterns, Fig. 4a, and the crystallite size and strain evaluation after
Williamson–Hall, the increase in hardness is based on grain reﬁnement
and increase in compressive stresses. This can clearly be seen by the corresponding diffraction pattern showing that the XRD peaks are much
broader and shifted to lower diffraction angles when the coating is prepared with −120 V bias, as compared to the coatings deposited with
−40 and − 80 V bias. As mentioned above, the variation in chemical
composition due to different bias potentials is within the error of
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Fig. 7. Powder diffraction patterns of c/w-Ti0.39Al0.54Zr0.07N deposited at negative bias potentials of −40 (a), −80 (b), and −120 V (c) in the as deposited (a.d.) state and after vacuum
annealing for 1 h at Ta = 600 to 1400 °C.
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Fig. 8. Hardness values for c-Ti0.49Al0.44Zr0.07N (a) and c/w-Ti0.39Al0.54Zr0.07N (b) coatings
after vacuum annealing for 1 h at Ta up to 1200 °C.

detected and the XRD peaks of the c-TiN-rich phases are located at the
left side of the c-TiN standard peak positions, we suggest that a solid solution c-Ti1 − zZrzN is formed. This is in agreement with phase diagrams
and further experiments showing a huge solubility for ZrN in TiN, and
vice versa, especially at elevated temperatures [13,37,38]. The composition of Ti1 − zZrzN can be calculated after z = y / (1 − x) with y and x
from Ti1 − x − yAlxZryN. Hence, for our c-Ti0.49Al0.44Zr0.07N coatings a
c-Ti0.88Zr0.12N phase will form. Moreover, for this maximum annealing
temperature, the XRD peaks become sharper suggesting grain growth.
The development of the lattice parameter for the cubic phase, with
increasing annealing temperature, within our coatings, Fig. 6, clearly
shows increasing values with Ta ≥ 900 °C. Independent of the bias
potential used during deposition, the lattice parameters approach
4.282 Å with Ta = 1400 °C. This value is in excellent agreement with
4.28 Å reported for Ti0.89Zr0.11N [8], and 4.28 Å for Ti0.88Zr0.12N from a
linear interpolation between 4.24 Å for TiN [17] and 4.57 Å for ZrN
[17] (i.e., 0.88 · 4.24 Å + 0.12 · 4.57 Å = 4.28 Å).
The higher Al-containing c/w-Ti0.39Al0.54Zr0.07N coatings exhibit
already in the as deposited state a multi-phase structure, composed of
nanocrystalline wurtzite and cubic phases, Fig. 4b. Annealing of the
coatings prepared with − 40 V bias, see Fig. 7a, leads to a shift of the
(100) XRD peak of the wurtzite solid solution towards the position for
w-AlN. Simultaneously, the (200) peak of the cubic phase develops.
This can especially be seen for Ta ≥ 1000 °C. Further annealing of this
sample to 1400 °C results in a completed decomposition and relaxation,
with the formation of w-AlN and a c-Ti0.85Zr0.15N solid solution (if all the
zirconium is solved in this phase). This corresponds to the results
obtained for the lower Al-containing coatings.
Ti0.39Al0.54Zr0.07N coatings deposited at −80 V (Fig. 7b) and −120 V
(Fig. 7c), which have also a pronounced cubic phase fraction (in addition
to the wurtzite phase) already in the as deposited state, exhibit for
Ta ≈ 1000 °C a decomposition behaviour of the cubic phase similar to
that of c-Ti0.49Al0.44Zr0.07N, compare Fig. 5. However, comparing the
XRD patterns of c-Ti0.49Al0.44Zr0.07N and c/w-Ti0.39Al0.54Zr0.07N obtained
after annealing at Ta = 1400 °C, Figs. 5 and 7, respectively, shows that
sharper diffraction peaks are obtained for c/w-Ti0.39Al0.54Zr0.07N. Nevertheless, the dual/multi-phase nature of c/w-Ti0.39Al0.54Zr0.07N thin ﬁlms
enables them to be very resistant against structural changes upon annealing at lower temperatures. Up to Ta = 1100 °C, no signiﬁcant changes in
the XRD patterns for our Al-rich c/w-Ti0.39Al0.54Zr0.07N coatings can be
observed. We envision, that this is mainly based on the nanocrystalline

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9. Fracture cross-sectional micrographs of c-Ti0.49Al0.44Zr0.07N coatings deposited with −40, −80, and −120 V bias after 20 h of oxidation at 850 (a, b, c) and 950 °C (d, e, f),
respectively.
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nature of the coatings. As soon as a pronounced crystalline XRD peaks can
be detected, as for Ta = 1100 °C, the overall structure starts pronounced
grain growth and decomposition processes, see Fig. 7a–c. On the other
hand, although the single-phase cubic c-Ti0.49Al0.44Zr0.07N coatings exhibit a detectable structural change already for annealing temperatures
below 1100 °C, see Fig. 5a–c, the more homogeneous distribution of wAlN—as they originate from a decomposition of the supersaturated
cubic phase—guarantee for a retarded grain growth at higher
temperatures.
Hardness measurements of c-Ti0.49Al0.44Zr0.07N coatings prepared at
−40 V bias reveal stable hardness values of around 35 GPa up to Ta =
900 °C, see Fig. 8a. This is also the temperature where a shoulderformation at both sides of the (111) and (200) XRD peaks (Fig. 5a) and
hence the formation of Al-depleted and Al-rich cubic domains due to
spinodal decomposition can be observed. Higher annealing temperatures
result in a decrease of the hardness to ~28 GPa at Ta = 1200 °C due to the
formation and growth of w-AlN precipitates. A similar hardness evolution
over temperature can be observed for the c-Ti0.49Al0.44Zr0.07N coatings
prepared with −80 V of bias. The coatings prepared with −120 V exhibit
already higher as deposited values of ~40 GPa which can be maintained
up to Ta = 700 °C. Upon further annealing, the hardness then decreases
to ~23 GPa at Ta = 1200 °C. Such a steep decrease in hardness (especially
for Ta ≥ 900 °C) together with highest hardness in as deposited state,
might be attributed to the smaller grain size and higher defect density
of the coatings prepared with −120 V bias. Therefore, diffusion and
hence decomposition is promoted. The thermal stability of materials decreases with increasing defect density and decreasing grain size [7,36,
39–41].
Contrary to the single-phase cubic coatings, the mixed cubic/
wurtzite structured c/w-Ti0.39Al0.54Zr0.07N coatings, see Fig. 8b, show
increasing hardness values up to annealing temperatures of 1000 °C,
which decreases again upon further increasing Ta. As already discussed
for the as deposited state, the mechanical properties of these coatings
mainly depend on the cubic phase fractions. Hence, the coatings prepared with − 120 V bias, exhibiting larger cubic phase fraction, also
have higher hardness values than those prepared with lower bias
potentials. Nevertheless, their hardness is below that of single-phase
cubic c-Ti0.49Al0.44Zr0.07N. Due to coating delamination, hardness measurements could not be conducted on samples annealed at temperatures above 1200 °C.
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coatings were already fully oxidized after 20 h exposure to air at
850 °C. Corresponding results have been published for Zr-free Ti1 −
xAlxN coatings as a function of their Al content and structure [5].
Cross-sectional SEM images of our coatings after 20 h oxidation at 850
and 950 °C in ambient air are presented in Fig. 9a–c and Fig. 9d–f, respectively. All single-phase c-Ti0.49Al0.44Zr0.07N coatings, oxidized at
850 °C, exhibit an oxide scale that is able to protect the nitride layer
underneath.
XRD studies of free standing coating materials, after oxidation in ambient air at 850 and 950 °C for 5 h, Fig. 10, clearly show that for 850 °C
the major oxide phase is anatase [42]. This is in agreement with earlier
studies [14], showing that Zr promotes the anatase formation. With
increasing temperature the fraction of the rutile phase [42] strongly increases on the expanse of the anatase phase and also crystalline α-Al2O3
[43] and ZrTiO4 [43] based oxides can be detected.
EDS line-scans across the coating and oxide scale, Fig. 11a, clearly
show the remaining nitride layer without detectable oxygen content
at the coating-substrate interface region, when the oxidation temperature is 850 °C. An oxide scale, clearly exhibiting two different regions,
follows this nitrogen rich area. At the interface to the nitride layer, a
Ti-enriched and Al-depleted oxide scale is formed which is followed
by an Al-enriched and Ti-depleted oxide scale at the outer most surface
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3.3. Oxidation behaviour
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Fig. 10. Powder diffraction patterns of Ti0.49Al0.44Zr0.07N prepared with bias potentials
of − 80 V before and after 5 h of oxidation at 850 and 950 °C.
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The oxidation behaviour is investigated only for single-phase cubic
c-Ti0.49Al0.44Zr0.07N coatings, as due to the multi-phase structure of the
Al-rich coatings a lower oxidation resistance is obtained, and the

Fig. 11. EDS line-scans and backscattered electron SEM images of the polished cross-section of c-Ti0.49Al0.44Zr0.07N deposited with −80 V bias after 20 h of oxidation at 850 °C
(a). Consumed nitride layer thickness of c-Ti0.49Al0.44Zr0.07N coatings after 20 h of oxidation at 850 °C as a function of applied bias potential (b).
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to the ambient air. Moreover, the Al signal clearly indicates a layered
structure of alternating Al-rich and Al-depleted areas. These phase separations within the oxide scale are commonly observed for Ti1 − xAlxN
based coating systems and depend on the different afﬁnity of Ti and Al
to oxygen, their outward diffusion rates, and the inward diffusion rate
of O [5,8,10,11,44,45]. Zirconium shows a similar compositional variation across the sample as Ti, with a slight increasing content directly
above the nitride layer, indicating that a mixed Ti–Zr-oxide is formed.
Our results are in agreement to previous reports showing that for
Ti0.40Al0.55Zr0.05N coatings a Ti0.67Zr0.33O2 and Al2O3 oxide is formed
[8,14].
The comparison of the layer thickness of c-Ti0.49Al0.44Zr0.07N in the as
deposited state and after oxidation shows that more than 60% of the
original coating thickness remains. However, with increasing bias
potential from −40 to − 120 V, the consumed nitride layer thickness
increases signiﬁcantly, see Fig. 11b. The enhanced oxide scale growth
and the accompanied reduction in nitride layer thickness with increasing bias are based on the higher defect densities and smaller grain size of
the coatings prepared with higher bias potential. Thereby, diffusion processes are considerably enhanced leading to a promoted oxide scale
growth.
After isothermal annealing in ambient air at 950 °C for 20 h the coatings are fully oxidized, see Fig. 9d–f, which show the cross-sections of
coatings prepared with − 40, − 80, and − 120 V, respectively. The
fully oxidized state is also represented by the corresponding EDS linescans. Fig. 12 shows an example of the fully oxidized coating, prepared
with −120 V, after oxidation in ambient air at 950 °C for 20 h. The corresponding EDS line-scans clearly show the compositional ﬂuctuations
especially for Ti and Al across the entire oxide scale. In general, the
outer region is rich in Al, and the inner region—which is near the substrate and hence the latest oxidized area—is rich in Ti. But the lineproﬁle clearly shows smaller ﬂuctuations, where Ti-rich areas alter
with Al-rich areas. Such a layered structure can be based on the fact
that the increasing stresses—accompanied with increasing thicknesses
of Al-based and Ti-based oxide scales—can lead to cracking of the protective and dense Al2O3 outer most layer. Thereby, further oxidation is
promoted due to open pathways for oxygen to the unprotected nitride
and the formation of a layered Al-based and Ti-based oxide scale starts
again [46,47]. Noteworthy is, that the intensity increase of the Ti signal
on top of the oxide scale, hence even after the Al-peak (Fig. 12), stems
from the formation of extremely large Ti-based oxide grains. These are
clearly visible in the corresponding SEM cross-sections, Fig. 9d–f.

Al

We have investigated the inﬂuence of substrate bias potential and
chemical composition on structural development, mechanical and thermal stability, as well as oxidation resistance of cathodic arc evaporated
single-phase cubic c-Ti0.49Al0.44Zr0.07N and mixed cubic/wurtzite structured c/w-Ti0.39Al0.54Zr0.07N hard coatings. With increasing bias potential
from −40 to −120 V we have observed decreasing ﬁlm thickness, decreasing grain sizes and increasing defect density—suggested by XRD
investigations—for single-phase c-Ti0.49Al0.44Zr0.07N coatings. Thereby,
also the hardness increases from ~35 to ~40 GPa. The higher Alcontaining c/w-Ti0.39Al0.54Zr0.07N thin ﬁlms exhibit increasing cubic
phase fraction and enhanced hardness with increasing bias potential
from −40 to −120 V. During vacuum annealing treatments up to
about 900 °C, c-Ti0.49Al0.44Zr0.07N thin ﬁlms can maintain their as deposited hardness values of ~35 GPa, as the formation of new Al-depleted and
Al-rich cubic domains—formed via spinodal decomposition
process—actively act as obstacles against plastic deformation. With increasing annealing temperatures Ta, the Al-rich cubic domains phase
transform to the thermodynamically stable wurtzite structured w-AlN
and also grain coarsening can be observed. The combination of these processes leads to decreasing hardness values to ~28 GPa at Ta = 1200 °C.
The c-Ti0.49Al0.44Zr0.07N coating prepared with −120 V bias exhibits the
highest as deposited hardness of ~40 GPa, which can be maintained up
to an Ta of 700 °C. But for Ta ≥ 900 °C their hardness values are below
that of their lower bias counterparts. The multiple phase containing c/
w-Ti0.39Al0.54Zr0.07N coatings show generally lower hardness values.
Whereas up to 1000 °C even a hardness increase and above that temperature a decreasing hardness due to promoted w-AlN formation and grain
growth can be obtained. Although our c-Ti0.49Al0.44Zr0.07N coatings have a
lower Al content than c/w-Ti0.39Al0.54Zr0.07N, their oxidation resistance is
superior due to their single-phase cubic structure. Even after a 20 h exposure in air at 850 °C only a thin oxide scale—with a Ti- and Zr-rich area towards the nitride and an Al-enriched outermost region—forms on top of
the coating, which effectively protects the nitride layer underneath
against further oxidation. Increasing the bias potential up to −120 V
leads to promoted oxidation, as the thereby increased defect densities
within the coatings promote diffusion. Oxidation treatments for 20 h at
950 °C lead to a complete consumption of the nitride coatings.
Based on our ﬁndings we can conclude, that for high thermal stability and oxidation resistance low defect density within the coatings is
important. Especially, for our multi-phased Ti1 − x − yAlxZryN coatings
the higher Al content cannot even compensate the thereby reduced
thermal stability. Consequently, our arc evaporated single-phase cubic
c-Ti0.49Al0.44Zr0.07N coatings outperform their higher Al-containing but
multi-phased counterparts in mechanical strength, thermal stability,
and oxidation resistance.
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