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Abstract—Ti1–xAlxN coatings with different Al content (x = 0.1–0.43) are grown on WC–Co substrates by
dual high-power impulse magnetron sputtering in the Ar/N2 atmosphere. The coating resistance to high-
temperature oxidation is determined. For this, the phase composition change is investigated by synchrotron
radiation during heating in the air from room temperature to 1100°С. Mechanical properties (hardness, elas-
tic modulus, plasticity index, and plastic deformation resistance) are determined by nanoindentation of coat-
ings before and after heating to 1100°С. X-ray diffraction patterns demonstrate the formation of the TiO2
phase on the surface of all coatings, while the formation temperature and the phase type (brookite or rutile)
depend on the Al content in the coating. All coatings are not subject to spinodal decomposition into the TiN
and AlN phases after heating to 1100°С. The Ti0.57Al0.43N coating possesses the highest heat resistance; it
undergoes the smallest change in the phase composition and mechanical properties after the high-tempera-
ture treatment.
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INTRODUCTION

Due to the high hardness, wear and oxidation resis-
tance, nitride coatings TiN, TiAlN, and CrAlN are
often used in industry to increase the lifetime of cut-
ting tools [1, 2]. Cutting tools operate under a complex
group of factors including high contact stresses and
temperature. Therefore, coatings should have high
oxidation resistance in the temperature range of 800–
1000°C. Lately, transition metal nitrides, in particular,
TiAlN coatings have been considered excellent candi-
dates for high-temperature solar absorbers [3–5].
Optical and electron properties of TiAlN coatings can
vary in a wide range depending on the Al content [6].
According to [7–10], their main benefit lies in the sta-
bility of structure and properties under high-tempera-
ture annealing.

At a low Al content (x ≤ 0.6), the Ti1–xAlxN coating
is a face-centered cubic (FCC) substitutional solid
solution in the TiN crystal lattice. At a higher Al con-
tent (x > 0.7), the wurtzite structure is more stable [11].
Within the range of 700–1000°C, the FCC Ti1–xAlxN
coating is subject to spinodal decomposition into FCC
TiN and AlN phases [12, 13].

Greczynski et al. [14] distinguish several oxidation
mechanisms of TiAlN coatings depending on the Al
content.

In the case of Type-1 oxidation (at a low Al con-
tent), oxygen on the coating surface penetrates inside
due to mostly vacancy diffusion and reacts mainly
with titanium with the formation of the TiO2 phase.
Since Al solubility in the TiN and TiO2 phases is
restricted, released aluminum tends to diffuse on the
surface where it oxidizes to Al2O3. In a deeper region,
the lack of aluminum results in the formation of the
TiO2 phase. Therefore, both metals (aluminum and
titanium) are well separated and react with oxygen at
different depths, causing the formation of the two-
layer structure Al2O3/TiO2. The outer Al2O3 layer is
very dense and provides surface passivation.

With an increasing Al content, oxidation is charac-
terized by partial aluminum diffusion resulting in the
formation of the aluminum gradient (transition mech-
anism). The oxide layer on the coating surface is a
mixture of Al2O3/TiO2.

At a high Al content (Type-2 oxidation), a balance
between the surface oxidation rate and aluminum
released from the lattice (after the reaction between Ti
and O) is such that the aluminum gradient, as well as
S128



OXIDATION RESISTANCE OF TiAlN COATINGS S129

Table 1. Parameters of the Ti1–xAlxN coating deposition

Parameters Stage 1 (ion cleaning and activation) Stage 2 (TiAlN deposition)

Ti magnetron power PTi, kW 1 1

Ti magnetron discharge voltage, V 696 ± 5 696 ± 5

Al magnetron power PAl, kW – 0.05 0.5 1

Al magnetron discharge voltage, V – 632 ± 5

Pulse duration τ, μs 20 20

Frequency, kHz 5 5

Substrate bias voltage Ub, V –900 ± 10 –100 ± 5

Ar f low rate, sccm 83 ± 1

N2 flow rate, sccm – 12 ± 1

Substrate temperature, °С 450 ± 10

Process time, min 5 120
its diffusion on the surface, does not appear. Once all
titanium oxidizes, oxygen reacts with aluminum, thus,
forming a mixed oxide layer Al2O3/TiO2, which poorly
passivates the surface. The TiO2 layer is porous, and
once it reaches a threshold thickness, it causes the
coating spallation, hence, drastically reducing the oxi-
dation resistance of the system [14].

Chavee et al. [10] showed that oxidation mecha-
nisms of the Ti1–xAlxN coating were similar to those of
coatings deposited by different techniques, e.g., DC
magnetron sputtering and high-power impulse mag-
netron sputtering (HiPIMS). Nevertheless, different
techniques provide the formation of various structures
and densities of coatings, which affect their oxidation
resistance. For example, dense coatings ensure better
oxidation resistance than columnar coatings or coat-
ings with the droplet fraction on the surface formed by
cathodic arc evaporation [15].

In this work, in situ investigations are conducted
for the Ti1–xAlxN coating structure obtained by dual
short-pulse HiPIMS during continuous heating to
1100°С in the air. To the authors' knowledge, there is
virtually no information offered in the literature con-
cerning such investigations, and this work aims to fill
this gap. The dual short-pulse HiPIMS system is used
to eliminate the effect of disappearing anode observed
in reactive deposition modes. HiPIMS provides
higher ionization of the sputtered material, while ion
energy can be controlled by substrate bias voltage.

In this work, the synchrotron radiation beam of the
electron-positron storage ring is used to conduct
in situ investigations of the structure and phase com-
position of the Ti1–xAlxN coating with different Al
content at a continuous temperature rise up to 1100°С.
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The effect of the Al content on the oxidation resis-
tance of the TiAlN coating is studied in this work.

EXPERIMENTAL

Coating Preparation

WC–Co (8 wt % Co, CNIC, China) alloy plates
10 × 10 × 3 mm in size were used as substrates. The
surface of the plates was manually ground on 600# and
1200# diamond abrasive and polished on an MP-1B
abrasive machine (TIME Group Inc., China) with a
diamond paste grain size of 9 μm (Polylab, Russia).
Prior to the coating deposition, the substrates were
cleaned ultrasonically in isopropyl alcohol and ace-
tone at 50°С. In each liquid, the substrates were
treated for 10 min.

The Ti1–xAlxN coating was deposited using the
dual magnetron sputtering system with a 0.2 m3 vac-
uum chamber [16]. Al (99.95% purity), and Ti
(99.95% purity) cathodes 76 mm in diameter were
used for sputtering. The vacuum chamber was evacu-
ated by a turbomolecular pump to a residual pressure
of 8 × 10–3 Pa. The substrate temperature was 450°С
during the coating deposition. The deposition process
was conducted in a mixture of argon and nitrogen.
Prior to the deposition process, the substrate surface
was activated to improve the coating adhesive strength.
The substrate bias voltage was Ub = –900 V, the fre-
quency and pulse time were fb = 100 kHz and τb = 4 μs,
respectively. The discharge power of the Al magnetron
ranged between 0.05 and 1 kW to obtain the Ti1–xAlxN
coating with the different Al content. Table 1 summa-
rizes the process parameters, the substrate bias voltage
being –100 V.
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Table 2. EDX results for the Ti1–xAlxN coating

Samples PAl, kW Ti, at % Al, at % N, at % Ti/Al Chemical composition

1 0.05 52.4 ± 1 5.9 ± 0.2 41.7 ± 4 8.9 Ti0.9Al0.1N
2 0.5 41.0 ± 0.8 18.5 ± 0.4 40.5 ± 4 2.2 Ti0.69Al0.31N
3 1 29.8 ± 0.6 22.2 ± 0.4 48.0 ± 5 1.3 Ti0.57Al0.43N

Table 3. Nanoindentation results for Ti1–xAlxN coatings

Chemical composition Thickness, μm H, GPa E, GPa H/E H3/E2, MPa

Ti0.9Al0.1N 1.5 28.1 ± 0.2 341.2 ± 0.5 0.082 190.6
Ti0.69Al0.31N 0.85 26.7 ± 0.2 304.5 ± 0.5 0.087 205.3
Ti0.57Al0.43N 1.75 27.5 ± 0.2 298.8 ± 0.5 0.092 232.9
Methods
Scanning electron microscopy (SEM) with the

X-ray microanalysis of the elemental composition and
surface morphology of the Ti1–xAlxN coating was car-
ried out using a Quanta 200 3D (FEI, USA) scanning
electron microscope coupled with an energy-disper-
sive X-ray analyzer. The measurements were per-
formed at acceleration voltage of 30 kV. The detected
coating thickness ranged between 0.85 and 1.75 μm.

A NanoTest 600 hardness tester (Micro Materials
Ltd., GB) was used to measure the Ti1–xAlxN coating
hardness and elastic modulus by the Oliver–Pharr
method [17] at a load of 20 mN. The hardness testing
was performed by a nanohardness indenter of a three-
sided Berkovich pyramid shape.

The Ti1–xAlxN coating structure and phase compo-
sition were investigated in the temperature range of 30
to 1100°С. The X-ray diffraction (XRD) analysis was
conducted by using the synchrotron radiation beam of
the VEPP-3 storage ring operating as part of the
VEPP-4 Ion Collider Facility at the Budker Institute
of Nuclear Physics SB RAS, Novosibirsk, Russia. The
operating parameters included 0.172 nm radiation
length, 10°C/min heating rate, 1 frame per minute
exposure time, as well as 25 and 55° (2θ) scan range.
The VEPP-4 is equipped with an HTK 2000 (Anton
Paar) high-temperature chamber and an ОD-3М-350
position sensitive detector. The Fityk 1.3.1 program
was used for data processing. XRD patterns and their
series are presented for Cu radiation (λ = 0.15406 nm)
to compare them with the results of other authors.

RESULTS AND DISCUSSION
Table 2 presents the EDX results of the Ti1–xAlxN

coating compositions. As expected, the increase in the
Al magnetron power produces a higher Al content in
the coating and, consequently, a lower Ti/Al ratio.

In Fig. 1, SEM images show the surface and cross-
section of the Ti1–xAlxN coatings with different Al
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
content. The surface is homogeneous, with small
defects. The coating structure is dense and has good
adhesion to the substrate.

According to Table 3, the increased Al content
reduces the coating hardness and elastic modulus. The
plasticity index H/E and plastic deformation resis-
tance H3/E2 increase. The Ti0.57Al0.43N coating pos-
sesses the highest H/E and H3/E2 values that may
indicate high impact, wear, and crack resistance [18,
19]. Chavee et al. [10] report on the nanohardness of
29.1 ± 1.6 GPa of the Ti0.58Al0.42N coating obtained by
dual magnetron sputtering, whereas Greczynski et al.
[20] produced the Ti0.6Al0.4N coating with slightly
lower hardness (24 GPa) when using Ti and Al target
sputtering in DC and HiPIMS modes.

A slight hardness decrease with an increasing Al
content in the Ti1–xAlxN coating contradicts the
results obtained by Liu et al. [21]. They observed the
hardness growth from 23 to 31 GPa when the Al con-
tent (x) increased from 0 to 0.41. Liu et al. considered
the hardness growth due to a change in the interatomic
bonds resulting from Al interstitial atoms in the TiN
lattice; grain-boundary strengthening (or Hall–Petch
strengthening); and solid solution strengthening
(Fleischer strengthening model). According to [21], at
a higher (x > 0.33) and relatively low (x ≤ 0.33) Al con-
centration, the most likely are grain-boundary
strengthening and solid solution strengthening,
respectively.

Synchrotron X-ray diffraction (XRD) patterns in
Fig. 2 describe the initial Ti0.9Al0.1N coating and that
after heating to 1100°С with successive cooling down
to room temperature. The as-deposited Ti0.9Al0.1N
coating structure is cubic and TiN-like with (111) pre-
ferred orientation. Due to the low (x = 0.1) Al content,
the peak positions of the coating are close to those of
the c-TiN phase (ICDD 00-038-1420), which is indi-
cated with dashed lines in Fig. 2. In the initial coating,
the TiN(111) peak shifts to the low-angle region due to
compressive residual stresses typical for coatings
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 1. SEM images of Ti1–xAlxN coating surface with various Al content: (a) Ti0.9Al0.1N, (b) Ti0.69Al0.31N, (c) Ti0.57Al0.43N.
Inserts: cross-section.

(a) (b)

(c)
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5 μm
deposited by magnetron sputtering combined with
substrate bias voltage. As compared to the tabulated
value, the lattice parameter of the coating material
increases by about 0.0022 nm. The spread-out
TiN(200) peak is low-intense.

After the coating is heated and cooled down to
room temperature, its structure contains a certain
amount of the unoxidized TiN phase with the
TiN(111) peak position matching the tabulated value
of the lattice parameter. This indicates the relaxation
of internal stresses in TiN grains. Rutile appears in the
coating structure, which is an oxide mineral composed
of titanium dioxide (TiO2).

A series of XRD patterns of the Ti0.9Al0.1N coating
is presented in Fig. 3 as the intensity projection to the
diffraction angle–time plane. During the heating up
of the coating to 1100°C, the TiN(111) peak intensity
drops at ~800°C. At the same time, one can see the
peaks of the rutile phase, i.e., the coating starts to oxi-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT
dize. At 1100°C, the peak intensity of the coating
reduces by almost 3 times, while the rutile peak inten-
sity grows. During cooling, the coating phase compo-
sition remains unchanged.

In Fig. 4, XRD patterns demonstrate the
Ti0.69Al0.31N coating before and after heating to 1100°C
followed by cooling down to room temperature.
Despite the high (х = 0.31) Al content, the coating
consists only of the TiN phase with (200) preferred
orientation. The lattice parameter of the coating mate-
rial is reduced by ~0.003 nm compared to the tabu-
lated value, which may indicate aluminum incorpora-
tion into the TiN lattice.

In the final state (after heating to 1100°C and cool-
ing to room temperature), the Ti0.69Al0.31N coating
consists of the TiO2 (rutile and brookite) and TiN
phases with the reduced lattice parameter and the
Ti3AlN phase.
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 2. XRD patterns of the Ti0.9Al0.1N coating before
(spectrum 1) and after (spectrum 2) heating to 1100°С.
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Fig. 3. Series of XRD patterns of the Ti0.9Al0.1N coating
during heating to 1100°C in the air.
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Fig. 4. XRD patterns of the Ti0.69Al0.31N coating before
(spectrum 1) and after (spectrum 2) heating to 1100°С.
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Fig. 5. Series of XRD patterns of the Ti0.69Al0.31N coating
during heating to 1100°C in the air.
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According to Fig. 5, during heating of the
Ti0.69Al0.31N coating to 1100°C in the air, weak reflec-
tions are observed within ~840–850°C, which can be
attributed to the brookite phase. In other words, this
coating manifests higher oxidation resistance than the
Ti0.9Al0.1N coating due to the following factors. First,
the phase composition changes at a temperature
higher by 50°C; second, the peak intensity of the TiO2
phase and, thus, its content in the coating is lower; and
third, brookite is a nonequilibrium TiO2 phase since,
at the temperature rise, titanium dioxide modifies
from anatase to rutile via brookite [22]. Moreover, the
rutile and Ti3AlN phases appear just at ~1000°C rather
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
than at 800°C, as in the case of the Ti0.9Al0.1N coating.
The peak intensity of the titanium nitride phase
reduces, which indicates a decrease in its content in
the coating.

XRD patterns in Fig. 6 describe the Ti0.57Al0.43N
coating composition before and after heating to
1100°С followed by cooling to room temperature. In
the initial state, the cubic TiN and Ti3AlN phases are
detected in the coating composition. In this case, the
peak intensity of titanium nitride is low; however,
peaks do not shift relative to the tabulated values,
although the synthesis conditions are nonequilibrium,
as in previous cases. This is probably associated with
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 6. XRD patterns of the Ti0.57Al0.43N coating before
(spectrum 1) and after (spectrum 2) heating to 1100°С.
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Fig. 7. Series of XRD patterns of the Ti0.57Al0.43N coating
during heating to 1100°C in the air (a), SEM image of the
Ti0.57Al0.43N coating after heating to 1100°С (b).
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Al incorporation into the lattice of titanium nitride
that reduces its parameter, thus, compensating for an
increase in the lattice parameter of titanium nitride
owing to nonequilibrium synthesis conditions and a
disordered structure.

In the final state (after heating to 1100°C and cool-
ing to room temperature), the Ti0.57Al0.43N coating
consists of the brookite and TiN phases with the
reduced lattice parameter and the Ti3AlN phase.

According to Fig. 7a, during heating of the
Ti0.57Al0.43N coating to 1100°C in the air, weak reflec-
tions of the brookite phase are observed at ~1000°C
(the rutile phase is not detected). In other words, this
coating is resistant to oxidation till this temperature
point. At the same time, the peak intensity of the
Ti3AlN phase grows within ~820–850°C, while the
TiN phase peaks shift to the large-angle region, man-
ifesting a lattice parameter decrease due to the Al
incorporation.

Table 4 presents Ti1–xAlxN coating nanoindenta-
tion results after heating to 1100°С in the air. As can be
seen from this table, all mechanical properties get
worse. This is because the maximum temperature in
our experiment is higher than allowable (800–900°C)
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT

Table 4. Ti1–xAlxN coating indentation results after heating t

Chemical composition H, GPa E,

Ti0.9Al0.1N 5.9 ± 0.1 225.

Ti0.69Al0.31N 8.2 ± 0.1 199.

Ti0.57Al0.43N 14.7 ± 0.2 374.
for this coating type [23, 24]. Nevertheless, an increase
in the Al content in the coating leads to lower degrada-
tion of its mechanical properties after the high-tem-
perature treatment. The Ti0.9Al0.1N and Ti0.57Al0.43N
coatings show a 79 and 47% decrease in the hardness,
respectively. This means that the Ti0.57Al0.43N coating
is more resistant to high-temperature treatment.

According to the XRD analysis, the Ti0.9Al0.1N
coating with a lower Al content contains the rutile
phase already after heating to 800°C in the air. As for
the Ti0.57Al0.43N coating with the highest Al content,
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023

o 1100°С in the air

 GPa H/E H3/E2, MPa

2 ± 0.4 0.026 4.1

7 ± 0.4 0.041 13.8

4 ± 0.5 0.039 22.8
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the brookite phase occurs only under heating to
1000°C, while the rutile phase is not observed at all.

The phase and chemical compositions of the coat-
ings correlate with each other. Spacing between the
TiN lattice planes reduces with an increasing Al con-
tent; this indicates Al atom incorporation into the TiN
crystal lattice, which substitutes Ti atoms. The forma-
tion of the Ti3AlN phase is observed already in the ini-
tial Ti0.57Al0.43N coating and in the Ti0.69Al0.31N coat-
ing after heating to 1000°C. It is worth noting that
none of the investigated coatings contains either cubic
or hexagonal (wurtzite) AlN phase, i.e., no spinodal
decomposition of the FCC Ti1–xAlxN coating occurs,
as opposed to [10, 12, 13]. This is probably associated
with relatively fast coating heating without the high-
temperature exposure for hours resulting in a lack of
time for lattice atom diffusion, which induces the for-
mation of c-AlN- and c-TiN-enriched domains due to
spinodal decomposition.

As is known, spinodal decomposition and w-AlN
phase formation depended not only on the tempera-
ture of annealing but also on its duration. Rachbauer
et al. [12] studied the Ti0.46Al0.54N coating deposited by
DC magnetron sputtering. They observed spinodal
decomposition at 800°C during 2-hour annealing,
whereas 1-min annealing at 1000°C was enough for
spinodal decomposition. Interestingly, the Al2O3
phase did not appear after annealing but was observed
in [8, 25] after the high-temperature annealing of the
Ti1–xAlxN coating. That was probably associated with
a relatively low Al content in the coatings.

Figure 7b shows the SEM image of the cross-sec-
tion of the Ti0.57Al0.43N coating after its heating to
1100°С. One can see that the coating structure is pre-
served rather dense without well-defined columnar
grains typical for coatings deposited by magnetron
sputtering. There are no porous structures or delami-
nations of the coating that can be caused by a great dif-
ference between the molar volumes of the TiN and
TiO2 phases [14].

CONCLUSIONS
The research has concerned the influence of the Al

content on the mechanical properties and heat resis-
tance of the Ti1–xAlxN coating (x = 0.1–0.43) synthe-
sized using dual high-power impulse magnetron sput-
tering from two single-component Ti and Al targets.
The heat resistance was investigated by the X-ray dif-
fraction method and the synchrotron radiation during
the heating of the coated WC–Co substrate in the air
from room temperature to 1100°С. It was shown that
the Al content did not strongly modify the coating
hardness ranging between 26 and 28 GPa. However, at
the maximum (x = 0.43) Al content, the Ti1–xAlxN
coating demonstrated the highest plasticity index
(H/E = 0.092) and plastic deformation resistance
(H3/E2 = 232.9 MPa).
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The as-deposited Ti0.9Al0.1N coating with the min-
imum Al content possessed a cubic TiN-like structure
with (111) preferred orientation. This coating started to
oxidize under heating to ~800°C in the air, which was
proven by the diffraction peaks of the rutile phase.
When the annealing temperature was raised to 1100°C,
the TiN phase reflection was reduced by almost
3 times, while the peak intensity of the rutile phase
increased. The initial Ti0.57Al0.43N coating with the
highest Al content comprised the cubic TiN and
Ti3AlN phases. Under heating to ~1000°C, the XRD
patterns showed weak reflections of the brookite
phase, while the rutile phase was not observed. There-
fore, the increase in the Al content in the coating sig-
nificantly exceeded its oxidation resistance. That was
also proven by a change in the coating hardness after
heating to 1100°C, i.e., the hardness of the Ti0.9Al0.1N
coating was 5.9 GPa, and that of the Ti0.57Al0.43N coat-
ing was 14.7 GPa.
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