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ABSTRACT: The oxidation kinetics of AlTiTaN hard coatings
deposited at 265 °C by DC magnetron sputtering were
investigated between 700 and 950 °C for various durations. By
combining dynamic secondary ion mass spectrometry (D-SIMS),
X-ray diffraction (XRD), and transmission electron microscopy
(TEM) investigations of the different oxidized coatings, we were
able to highlight the oxidation mechanisms involved. The TEM
cross-section observations combined with XRD analysis show that
a single amorphous oxide layer comprising Ti, Al, and Ta formed at
700 °C. Above 750 °C, the oxide scale transforms into a bilayer
oxide comprising an Al-rich upper oxide layer and a Ti/Ta-rich
oxide layer at the interface with the coated nitride layer. From the
D-SIMS analysis, it could be proposed that the oxidation
mechanism was governed primarily by inward diffusion of O for
temperatures of ≤700 °C, while at ≥750 °C, it is controlled by outward diffusion of Al and inward diffusion of O. Via a combination
of structural and chemical analysis, it is possible to propose that crystallization of rutile lattice favors the outward diffusion of Al within
the AlTiTa mixed oxide layer with an increase in the temperature of oxidation. The difference in the mechanisms of oxidation at 700
and 900 °C also influences the oxidation kinetics with respect to oxidation time. Formation of a protective alumina layer decreases the
rate of oxidation at 900 °C for long durations of oxidation compared to 700 °C. Along with the oxidation behavior, the enhanced
thermal stability of AlTiTaN compared to that of the TiAlN coating is illustrated.
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1. INTRODUCTION

Hard nanostructured TiAlN coatings have become important in
the field of wear and oxidation resistant coatings.1,2 Nevertheless,
their use in high-temperature (>800 °C) applications such as dry
high-speed machining remains a challenging issue. Additional
alloying elements such as Si and Ta have been shown to have a
beneficial impact on their high-temperature properties.3−8 It is
well-known that Al in a solid solution formed with TiN provides
additional oxidation resistance at high temperatures (≤900 °C)
by forming a protective alumina layer on top of the coating by
means of outward diffusion of Al through the coating.2 The
presence of Ti within the coating provides the necessary hardness
and toughness to the coating but also leads to formation of TiO2,
which generates stress between the oxide−nitride interfaces due
to the difference in molar volume between the two as described
by McIntyre et al.2 Hence, this affects the adhesion of alumina to
the coating. Also, the low activation energy for diffusion of O
within TiO2 promotes the further oxidation of Ti present within
the coating. Additionally, Ta when added to TiAlN plays a
significant role in improving the oxidation resistance of the
coating.6 It has been suggested in the literature that the

replacement of Ti4+ with Ta5+ in TiO2 formed at an elevated
temperature (≥800 °C) reduces the oxygen vacancies, which
limits the inward diffusion of oxygen in the coating and provides
better oxidation resistance.6 This in turn aids in decreasing the
extent of further TiO2 formation. For further improvements of
the properties of these coatings, e.g., by addition of a fourth
metallic element, a better understanding of the oxidation
mechanisms over a wider range of temperature is needed.
Researchers have investigated the oxidation kinetics of TiAlN

coatings over the past two decades. McIntyre et al.2 and Ichimura
et al.9 independently studied oxidation mechanisms occurring in
TiN and TiAlN coatings over the temperature range from 750 to
900 °C. Both of them showed that inward diffusion of oxygen
and outward diffusion of Al are processes controlling the
mechanism of oxidation within this temperature range. McIntyre
et al. confirmed this process using iridium marker experiments.
Later, Joshi et al.10 also investigated the oxidation behavior of
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TiAlN over a wider temperature range (600−877 °C) and
highlighted the existence of two different oxidation mechanisms
prevailing during oxidation of these coatings by focusing on
oxidation chemistry. They demonstrated via Auger electron
spectroscopy depth profiles that inward diffusion of oxygen
controlled the oxidation at <700 °C while both inward diffusion
of O and outward diffusion of Al controlled the oxidation process
at ≥800 °C.
In addition, Pfeiler et al.6 and Rachbauer et al.8 independently

demonstrated the AlTiTaN coatings have better oxidation
resistance than TiAlN coatings within the temperature range of
800−950 °C when deposited using cathodic arc evaporation and
magnetron sputtering, respectively. Nevertheless, a clear
correlation between the structure of the oxide formed and the
oxidation mechanism in TiAlN or TiAlTaN coatings has not
been investigated.
Looking at the potential of AlTiTaN coatings as excellent

oxidation resistant coatings,6−8 this work focuses on the
oxidation mechanism of this coating. The study provides an
understanding of the oxidation mechanisms involved in
AlTiTaN coatings in terms of structure, microstructure, and
oxidation chemistry evolution as a function of temperature. Also,
this work demonstrates that coatings deposited using DC
magnetron sputtering at a low deposition temperature (265 °C)
provide hardness and oxidation resistance comparable to those
reported in the state-of-the-art coating6−8 at≤950 °C. This study
includes the kinetics of the reaction supporting the oxidation
mechanisms involved.

2. EXPERIMENTAL SECTION
2.1. Coating Deposition. Al0.48Ti0.40Ta0.12N films were deposited

in an in-house DC magnetron sputtering system. A 3 in. Al46Ti42Ta12
target placed at an angle of 45° with respect to the substrate holder and
at a distance of 9 cm (Figure 1) was used. The chamber was first pumped
down to typically 3 × 10−7 mbar and preheated at 265 °C, and then
5 sccm of argon and 6 sccm of N2 were injected, yielding a working
pressure of 0.5 Pa. These flows were determined via a target poisoning
study to allow sputtering in compound mode.
Prior to deposition, the target was presputtered at a deposition power

of 300 W (power density of 6.6 W/cm2 and target voltage of 385 V) for
10 min before deposition to decrease the amount of contaminants (e.g.,
O) in the coatings. To ensure a uniform thickness of the coating, the
substrate was rotated in the horizontal plane at 1.25 rpm. The substrates
used for oxidation tests were 20 mm × 7 mm × 0.50 mm pieces of Si
(100) wafers. The bias voltage was kept constant at −100 V. The
thicknesses and deposition rates of the coatings were in the range of
2.5−3.0 μm and 0.8−1.0 μm/h, respectively.

2.2. Characterization. The chemical composition of the coatings
was determined by combining energy dispersive X-ray spectroscopy
(EDX) and wavelength dispersive X-ray spectroscopy (WDX), using a
Hitachi SU 70 scanning electron microscope with an accelerating
voltage of 20 keV. The relative content in Ta was measured by WDX
(error of 0.5 atom %), whereas relative contents in Ti, Al, N, and O were
determined by EDX (error of 1.0 atom %). The cross-section scanning
electron microscopy (SEM) imaging of the samples was performed in
high-resolution mode with an accelerating voltage of 5 keV. Thickness
measurements were taken in a Tencor P-10 surface profilometer. This
profilometer was also used to evaluate macroscopic stress in the coating
using the wafer curvature method.11 Crystallographic investigations of
as-deposited coatings were performed in the θ − 2θ Bragg−Brentano
(BB) configuration in a Bruker D8 discover diffractometer using Cu Kα
radiation. Glancing incidence (GI) XRDmeasurements were performed
for phase identification of as-deposited and oxidized samples at a
glancing angle of 2°. The stress in the coating was evaluated using the
sin2 ψ method with XRD technique. Elastic constants considered for
measurement were for a TiAlN coating, and their values are as follows:
Young’s modulus of 450 MPa and Poisson’s coefficient of 0.177.
Oxidation of the coatings in air was performed in the X-ray
diffractometer, using its in situ heating capability. An Anton Paar TCU
200 temperature control unit was used as the in situ heating system.
Oxidation temperatures ranging from 700 to 950 °C were applied, for
various durations (from 1 min to 15 h). The conditions of oxidation are
summarized in Table 1. The heating and cooling rate was set to 1 °C/s.

After oxidation, the samples were cooled to room temperature using air
flow in the XRD heating system. Hardness measurements were taken
in a nanoindentation tester using a Berkovich indenter at CSM
instruments (Peseux, Switzerland). Chemical depth profiling was
conducted via secondary ion mass spectrometry (SIMS) in a CAMECA
SC-Ultra instrument in positive ionmode, using Cs+ ions with an impact
energy of 1.0 or 3.5 keV, depending on the thickness of the oxide
analyzed. The typical acquisition time for the D-SIMS profiles ranged
from 1 to 3 h depending on the thickness of the oxide developed and the
energy of Cs+ ions used. The thicknesses of total oxide layers were
determined by combining the D-SIMS and surface profilometry
techniques. In a few cases, they were also determined using SEM and

Figure 1. (a) DC magnetron sputtering system and (b) deposition angle and substrate rotation.

Table 1. List of Oxidation Experiments Performed

700 °C 750 °C 800 °C 850 °C 900 °C 950 °C

1 min naa naa naa naa × naa

1 h × × × × × ×
2 h naa naa naa naa × naa

6 h × naa naa naa × naa

15 h × naa naa naa naa naa

aNot applicable.
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transmission electron microscopy (TEM) techniques. The values
obtained from these three techniques were in good agreement. The
evolution of the thickness of the aluminum oxide layer with oxidation
time could be determined by comparing the sputtering times necessary
to sputter the different whole aluminum oxide layers (provided the
SIMS analytical conditions were similar). A FEI Helios Nanolab 650
dual beam (scanning electron microscope equipped with a focused ion
beam) was used to prepare the 900 °C oxidized sample for TEM
characterization. TEM investigations (imaging, composition, and
electron diffraction) were performed in a LEO 922 OMEGA instrument
operating at 200 kV. A high-angle annular dark field (HAADF) image
was obtained on a Libra200 Cs-STEM instrument at the center of
advanced European studies and research (CAESAR) in Bonn, Germany.

3. RESULTS

3.1. Texture and Stress of As-Deposited Coatings. The
relative elemental contents for the as-deposited coatings were
23 atom % Al, 20 atom % Ti, 6 atom % Ta, 48 atom % N, and
3 atom % O. The Ta content was selected on the basis of results
reported by Rachbauer et al.,8 in the range of 3−10 atom % Ta to
ensure good thermal stability for AlTiTaN coatings. Further-
more, 6 atom % Ta was shown by Sangiovanni et al.12 to yield
maximal toughness.
The SEM cross-section image (Figure 2a) shows the

development of columnar structure in the as-deposited coating.
A dense fine-grain structure corresponding to zone T of
Thornton’s structure zone model13 could be observed.
The θ − 2θ XRD measurements for the coating can be seen in

Figure 2b. The coating exhibits a single-phase cubic structure
with a (111) preferred crystallographic orientation, and the
presence of satellites on both sides of the (111) peak can also be
reported. The presence of these satellites could be correlated
with a coating with a periodic variation of the coating density
along the thickness, something similar to the observation of a
multilayer structure. The deposition chamber geometry
(sputtering source positioned opposite, 45° from substrate
normal) and the sample holder operating speed (7.5 °C/s) are
likely to induce a periodic modulation of the coating
composition, generating a multilayer structure through the
thickness. This composition modulation is consistent with the
exclusive observation of the first-order {111} satellite peaks
because it necessarily involves progressive composition evolution
and thus diffuse interfaces. According to the method of Fullerton
et al.,14 the periodicity of bilayers can be calculated from the
position of the satellites on the XRD spectrum. The periodicity
extracted from satellite XRD peak positions (16.7 ± 0.2 nm) is
similar to that obtained by dividing the coating thickness by the

number of stage revolutions (15 ± 2 nm), confirming the origin
of these peaks. The stress in the coatings was determined to be
−0.07 ± 0.01 and 0.42 ± 0.05 GPa using the wafer curvature
method and XRD (sin2 ψ technique), respectively.
This result differs from those of Rachbauer et al.,8 with similar

Ta content in TiAlN coatings where both (111) and (200)
crystallographic orientations coexist but were deposited under
deposition conditions (higher deposition temperature and
different bias voltage) different from those used in this work.
The lattice parameter was determined to be 4.2277 Å using XRD
data and was higher than 4.1899 Å, which is the lattice parameter
corresponding to the standard c-TiAlN (111) phase. Because the
stress level is low, the peak position is mainly related to an
alloying effect, the shift to lower angles being explained by the
addition of Ta. More recently, Abadias et al.15 observed a
correlation between the stress and the development of a
preferred orientation in TiN coatings. Coatings with tensile or
zero stress primarily develop a (111) texture due to attractive
forces at the grain boundary and/or void formation, while
“atomic peening” (incorporation of point defects in the film
induced by the bombardment of energetic species) favors a (200)
preferred orientation. In our case, these low values of stress can be
explained by a relatively high working pressure (0.5 Pa) that reduces
the contribution of ion bombardment (atomic peening), because
265 °C is a relatively low substrate temperature for such nitride
coatings, and/or by the low deposition rate (0.25 nm/s), which
favor structures with lower concentrations of defects and low
residual stress. The multilayer structure, which can relax stresses at
interfaces, can also play a role in the minimization of stress.

3.2. Mechanical Properties of As-Deposited Coatings.
The hardness of the coating was measured to be 33± 2 GPa, and
the elastic modulus was determined to be 415 ± 30 GPa,
resulting in a hardness/elastic modulus ratio of 0.08. This
hardness is below that reported by Rachbauer et al.8 (∼42 GPa)
for a similar Ta concentration (5 atom %), but in their case, the
coatings exhibited higher compressive stresses and a (200)
preferred orientation because of a substrate temperature of
500 °C, a faster deposition rate, a shorter target−sample distance,
and a lower pressure. The value is in agreement with the value of
30 GPa predicted by Sangiovanni et al.12 through density
functional theory calculations for a 6 atom % Ta alloyed TiAlN.

3.3. Oxidation Study between 700 and 950 °C. The
evolution with time of the oxide thicknesses of the coated
samples during the oxidation tests between 700 and 950 °C was
measured. Only the values for 700 and 900 °C are reported in
Figure 3. From these results, it can be considered that oxidation

Figure 2. (a) SEM cross-section image and (b) θ − 2θ XRD pattern of an as-deposited Al0.48Ti0.40Ta0.12N coating (the inset shows XRD spectra on a
semilogarithmic scale). The vertical line indicates the standard position of the cubic TiAlN structure corresponding to JCPDS File 04-005-5251 [TiAlN
(111), 37.13].
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mechanisms are controlled by parabolic law with a rate constant
depending of the oxidation temperature. This indicates a
protective behavior with a growing diffusion barrier effect with
time in both cases. By evaluating the oxide layer thickness versus
the square root of time, we can report that the evolution is linear
for both temperatures and that the rate constants of the oxide
layer thickness at 700 and 900 °C were found to be 16.8 ± 0.2
and 7.3 ± 0.1 nm2/s, respectively. Thus, at 900 °C, the level
of protection provided by coatings is higher. Quantitatively,
this was further verified by the thickness of oxides measured.
These total oxide layer thicknesses were 500 ± 22 and 455 ±
20 nm at 700 and 900 °C respectively. At 700 °C, the oxidation
rate is too slow to determine the oxide thickness after 1 min.
Therefore, in Figure 3, the oxide thickness is determined for a 1 h
oxidation.
To improve our understanding of the oxide growth

mechanism, oxidized coatings were investigated by XRD. The
θ − 2θ measurements performed on the air-annealed samples
show a high angle shift for the peak corresponding to the
AlTiTaN cubic (111) phase (from 36.8° to 37.1°) at all the
temperatures tested, as well as the disappearance of the satellite
peaks, perhaps because of the disappearance of the multilayer
structure with an increase in atommobility (Figure 4a). The shift
is toward the fcc TiNO (111) peak at 37.05°. A similar peak
shift to high angles and a peak broadening were also observed
after annealing at a low pressure (10−3 mbar) with an increase in
the full width at half-maximum from 0.22 to 0.78. Both peak
broadening and peak shift can be explained by the incorpora-
tion of oxygen at the grain boundary and inside grains, which
increases microstrain and degrades crystallinity as oxidation
was conducted in air at ≤850 °C, and although a possible
decomposition of TiAlTaN cannot be completely ignored
at ≤850 °C, the possibility of such decomposition is minimal
due to the fact that Ta acts as a strengthening element for
TiAlN coatings at these temperatures as demonstrated by
Holec et al.16 In addition, the broad peak observed at 37.1°
postoxidation could not be attributed to any specific phase
except for fcc (AlTa)TiNO (111). A more important shift, from
62.05° to 62.75°, is also observed for the AlTiTaN (220)
reflections in the GI XRD patterns (Figure 6b) displaying a
similar observation.
The structure of the oxide scales of the air annealed samples

was also investigated by GI XRD. The XRD patterns of the
samples oxidized for 1 h in air at temperatures ranging from
700 to 950 °C are shown in Figure 4b. At 700 °C, the absence of
reflections other than the (220) of fcc AlTiTaN suggests that the
oxides could be amorphous. At this temperature, even after a
relatively long oxidation exposition, 15 h, no crystallization was
observed (XRD spectra not presented here). At 750 °C, a small

(101) rutile peak appears and its intensity increases as the
temperature increases (keeping the duration constant), suggest-
ing that the crystallization of the Ti oxide becomes more
important between 800 and 950 °C, with the appearance of a
second rutile (211) peak at 800 °C. No significant change in
intensity was observed for the peak corresponding to the (211)
plane. Only the reflections corresponding to (101) and (211)
planes in rutile were observed, with a slight shift toward lower
angles. No evidence of any Ta- or Al-based oxide could be
detected. Guidi et al.17 showed that Ta5+ can substitute for Ti4+ in
the rutile lattice because of their similar ionic radii (0.61 Å for
Ti4+ and 0.65 Å for Ta5+), which could account for the absence
of a crystalline Ta-based oxide. Similar arguments have been
used by Pfeiler et al.6 and Reddy et al.18 to explain the absence
of tantalum oxide on their XRD spectra. No alumina peak
reflections have been detected for these different oxidized
samples.
The GI XRD analyses were also conducted on coated samples

after different durations of oxidation for the two temperatures,
750 and 900 °C. At 750 °C, the XRD patterns of Figure 4c show
an improved crystallization (or an increased grain density) of
the rutile with an increasing duration of oxidation, up to 9 h. At
900 °C, the (211) peak related to TiO2 appears after 1 min with
an intensity higher than that of the (101) peak. Its intensity does
not change for longer durations, whereas the intensity of the
rutile (101) peak increases up to 1 h and stabilizes for longer
durations (Figure 4d).
The D-SIMS depth profiles of samples oxidized from 700 to

950 °C were also realized to correlate the results of the oxidation
kinetics to the XRD study with chemical data on the different
oxide layers. The depth profiles presented in Figures 5−7 focus
on the oxidized part of the coating.
The D-SIMS profiles highlight the formation of a single oxide

layer at 700 °C and a multilayer oxide at higher temperatures. At
700 °C, a mixed oxide scale containing all the metallic elements
(Ti, Al, and Ta) of the nitride coating develops on the coating for
all the durations studied (from 1 to 15 h) as shown in panels a
and b of Figure 5. No preferential metallic diffusion is observed.
From 750 °C, an Al-rich oxide layer is detected on top of the
AlTiTa-mixed oxide layer even for oxidation times as short as 1 h
(Figure 6a).With a further increase in the duration of heating (9 h)
at 750 °C (Figure 6b) or for temperature up to 800 °C (Figure 6c),
the development of an Al-depleted region at the oxide−nitride
interface can be detected.
In the range of 850−950 °C, a pure alumina layer could be

observed with an extremely low Ti content (<1 atom %) in this
layer and the region closer to the oxide−nitride interface is more
significantly Al-depleted (Figure 6d−f). The development of this
alumina layer is slow at 850 °C (Figure 6d) and becomes faster at
900 °C (Figure 6e), where the alumina layer and the Al-depleted
region are already present after oxidation for 1 min (Figure 7).
When the temperature is increased from 900 to 950 °C (Figure 6e,f),
the alumina layer becomes thicker. This is supported by an
increase in sputtering time necessary to go through the Al
oxide layer after oxidation for 1 h [from 1886 s at 900 °C to 4474 s
at 950 °C (Figure 8)].
Using the sputtering time needed to analyze individual

oxides formed at temperatures (750−950 °C) at which an
oxide bilayer was developed using D-SIMS, it was possible to
estimate the evolution of the thickness of individual oxide
components, i.e., alumina and AlTiTa oxide, along with total
oxide thickness. The estimation was made on the basis of an
underlying assumption that both types of oxides formed have

Figure 3. Variation of the oxide thickness with the square root of time at
700 and 900 °C.
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uniform an elemental composition throughout. We observed
that the evolution of the Al rich layer and the AlTiTa oxide
layer and the total oxide thickness followed the same trend
with temperature while time was kept constant as shown in
Figure 8. This showed that the increase in the oxide thickness

above 850 °C is due to an increase in both rates of inward
diffusion of O and outward diffusion of Al. It is also interesting
to note, on Figure 9b, for long oxidation times at the highest
temperatures that Ti starts to outwardly diffuse. This is
supported by the presence of Ti in the alumina layer and the

Figure 4. (a) θ− 2θ BB XRD spectra and (b) GI XRD spectra for AlTiTaN coatings annealed in air for 1 h at different temperatures from 700 to 950 °C.
(c and d) GI XRD spectra for AlTiTaN coatings annealed in air for various durations at 750 and 900 °C, respectively (JCPDS Files 04-001-9292 and
00-021-1276 used for TiNO and rutile, respectively).
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detection of a minor quantity of Ti (0.5 ± 0.4 atom %) via
TEM-EDX analysis (Table 2).

4. DISCUSSION
Depending on the temperature of oxidation, two types of
oxidationmechanisms can be distinguished in AlTiTaN coatings,
the first one in action at 700 °C and the second one in action
above 750 °C.
At 700 °C and for all the durations tested, SIMS depth profiles

indicate a uniform distribution of the metallic elements in the
oxide layer. In the case of a long duration oxidation at 700 °C for
15 h in Figure 5b, an oxy−nitride sublayer could be observed
between the oxide and nitride layer, indicating incomplete
oxidation of this zone. This suggests that only O has diffused
inward and replaced nitrogen in the coating, and this mechanism
is in good agreement with those described in other works.
According to the works of Endrino et al.19 on TiAlN and Milosev
et al.20 on TiN, the nitrogen is lost as gaseousN2 during the oxidation
of metallic nitrides. This oxidation mechanism can be considered
valid even if Ta is introduced into the nitride coating. As no peak is
detected in the XRD pattern, it can be suggested that this mixed
oxide is amorphous at this temperature. The amorphous state of this
mixed oxide has not, to the best of our knowledge, been reported
before this work regarding TiAlN- or AlTiTaN-based coatings.
However, Abadias et al.21 reported the formation of an amorphous
oxide in Ti0.7Ta0.3N coatings oxidized at 650 °C.
Several studies present in the literature can help us to explain

the presence of this mixed amorphous oxide. Omari et al.22 have
demonstrated that rutile is crystallized very slowly at 700 °C
when the TiN coating is oxidized in air for 6 h, but this does not
completely support our observation. Hence, observations on
other elements present in the matrix, i.e., Al and Ta, that are also
oxidized need to be evaluated. Joshi et al.10 detected the presence
of a mixed Ti and Al oxide in TiAlN coatings oxidized at≤700 °C
using Auger electron spectroscopy. However, no crystallographic
investigations were performed to determine whether this mixed
oxide was crystalline or amorphous.
The kinetic study can conclude that the oxidation rate, which is

governed by the inward diffusion of oxygen, is relatively high for
this low oxidation temperature. This high oxidation rate could be
explained by a grain boundary diffusion mechanism for oxygen.
This diffusion mechanism can be supported by the columnar
structure of the PVD nitride layer or/and is confirmed by the

XRD peak shift to higher angles after annealing corresponding to
the presence of the fcc AlTiTaNO (111) phase (Figure 4a).
Oxidation at≥750 °C results in the formation of an aluminum

rich oxide at the top of AlTiTa oxide, and this oxide layer
continues to grow with time. The mixed AlTiTa oxide at the
interface with the unoxidized part of the nitride coating also
grows during the oxidation of the AlTiTaN coatings.
The SIMS profiles show that this mixed Ti/Ta oxide layer also

contains Al, but its Al content changes with time. The aluminum
depletion zone has been clearly detected by SIMS, and this
analysis has shown that the thickness of this area increases with
temperature and time. After oxidation at 900 °C for 6 h, this TiTa
oxide layer with the low Al concentration constitutes the large
part of this mixed oxide (Figure 9b). This layout has been clearly
verified after cross-section preparation of a sample oxidized at
900 °C for 6 h and realization of TEM observations (Figure 9a).
Both techniques, i.e., BFTEM (Figure 9a) and dynamic SIMS
(Figure 9b), clearly demonstrated the presence of alumina- and
titanium-based oxide containing both Al and Ta. A clearer picture
could be obtained through the HAADF (high-angle annular dark
field) TEM image of this sample as displayed in Figure 10. The
titanium-based oxide layer presents a gradient of Al composition
that increases with time. It can be proposed that the Al depletion
of the titanium-based oxide layer with time follows with
crystallization of the titanium-based oxide as the rutile phase.
The presence of an alumina layer (Al2O3) on top was confirmed
by TEM and EDX, and the results of the quantitative estimation
of these elements in this layer are listed in Table 2. Ta and Ti
(for <900 °C) are relatively immobile, as revealed by the sharp
interface between alumina and the AlTiTa mixed oxide layer in
the SIMS depth profile of Figure 10b and by the complete
absence of this element in the alumina layer revealed by TEM
and EDX as shown in Table 2. It must be pointed out that the
TEM−EDX measurement gives an oxygen concentration in the
range of 51−53 atom % in the AlTiTa oxide layer containing
rutile crystallites. This content of oxygen is far below the
stoichiometry of the rutile TiO2 phase (66 atom %), which
should be ideally observed. This irregularity can be explained by
three factors: (a) an instrumental error as the EDXmeasurement
is taken through a volume that is larger than the volume of
crystallites, (b) an incorporation of atomic oxygen at the grain
boundaries, and (c) the presence of amorphous oxide under
stoichiometric conditions in O.

Figure 5. O, Al, Ta, N, and Ti D-SIMS depth profiles for AlTiTaN coatings (oxide layer) oxidized for (a) 1 h and (b) 15 h at 700 °C.
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The structural evaluation of the oxide layer improves our
understanding of the change in the oxidation mechanism. As the
GI XRD analysis (Figure 4b−d) shows that the intensity of the
rutile peak increases with temperature and exposure time, it can
be proposed that the aluminum depletion process follows the

crystallization of the AlTiTa oxide into the rutile phase. This final
formation of the bilayer oxide at ≥750 °C can be possible if
two diffusion processes can be activated: inward diffusion of
oxygen until the nitride−oxide interface and outward diffusion of
aluminum from the AlTiTamixture oxide. The higher mobility of

Figure 6.O, Al, Ti, Ta, and N D-SIMS depth profiles for AlTiTaN coatings (oxide layer only) oxidized for 1 h at (a) 750, (c) 800, (d) 850, (e) 900, and
(f) 950 °C and (b) for 9 h at 750 °C. Note that the oxygen intensity has been halved for better visualization of the data.
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metallic ions like Al (0.5 Å) and gaseous O compared
to those of larger ions like Ti4+ (0.61 Å) and Ta5+ (0.65 Å) in
the range of 750−900 °C has been described previously.2

McIntyre et al.2 reported that these two light elements were

Figure 7. D-SIMS depth profiles in the oxide layer of an AlTiTaN
coating oxidized for 1 min at 900 °C.

Figure 8. Comparison of SIMS sputtering times necessary to cross the
whole alumina layer (circles) and the whole “rutile” layer (squares) and
the evolution of the total oxide layer (triangles) formed after 1 h for the
different temperatures studied.

Figure 9. AlTiTaN coating air-annealed at 900 °C for 6 h: (a) bright field TEM (BF-TEM) image and (b) D-SIMS depth profile.

Table 2. TEM−EDXAtomic Compositions of theOxide Layer
Developed on the AlTiTaN Coating Air-Annealed at 900 °C
for 6 h

concentration (atom %)

element or
zone

alumina
layer

Al rich AlTiTa oxide
layer

TiTa rich AlTiTa oxide
layer

O 57 ± 5 53 ± 5 51 ± 5
Al 42.5 ± 3 28 ± 2 9 ± 1
Ti 0.5 ± 0.4 13 ± 1 27 ± 1
Ta 0 6 ± 1 13 ± 1

Figure 10.HAADF−STEM image showing the presence of amorphous
alumina (dark contrast) in the rutile layer.
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the more mobile species during the oxidation of TiAlN
coatings at 750 °C.
Crystallization of the rutile phase could be the process that

initiates the outward diffusion of the aluminum at 750 °C as it is
known that the solubility of Al in the rutile phase is low.23 The
formation of new grain boundaries richer in defects would
result in better pathways for the outward diffusion of Al at
≥750 °C. Yan et al.24 showed that small cations (0.5 Å) like
Al3+ can easily diffuse through interstitial sites within the rutile
matrix. Hence, from the crystalline rutile lattice (AlTiTa
oxide), Al diffuses more easily out toward the sample surface.
This promotes Al diffusion at 750 °C at the surface and
preferential formation of alumina at the top surface from
800 °C onward.
The presence of amorphous alumina, instead of the crystal-

lized form, on top of the oxidized coatings in the range of
temperatures between 750 and 950 °C has also been indicated in
other publications. Chaudhuri et al.25 reported in a single crystal
of AlN oxidized at 800 °C, the formation of amorphous alumina,
and they attributed these results to alumina’s relatively high
Gibbs free energy of formation (−420.7 kcal/mol at 623 °C26),
which inhibits its crystallization.
The formation of a very thin alumina layer could further

provide additional oxidation resistance. At this stage, it could be
possible to propose that the oxidation behavior of these coatings
is primarily controlled by the rutile-containing layer (for an air
annealing duration of 1 h). Consequently, with time, the free
aluminum atoms from the rutile phase area, which outwardly
diffuse and react with O to form the alumina top layer, should
efficiently decrease the oxidation rate. However, as this very thin
aluminum oxide top layer is still amorphous and has an unknown
density, it is difficult to evaluate its effective diffusion barrier
capabilities during oxidation. Moreover, for longer durations
(≥6 h) and higher temperatures (≥900 °C), a preferential
outward diffusion of Ti compared with Ta is observed in the
D-SIMS profile (Figure 9b).
With regard to the rutile oxide layer, Guidi et al.18 also showed

that the presence of Ta reduces the coalescence of the grains in
nanostructured TiO2 at <850 °C. Compared to the literature, it
was demonstrated by McIntyre et al.2 that this change from a
slow oxidation rate to a fast oxidation rate takes place from
800 °C onward for TiAlN coatings. There is an increase in this
switching temperature from 800 to 850 °C due to the addition of
tantalum to AlTiN coatings. Ta reduces oxygen vacancies in the
rutile lattice, which assists in reducing the rate of inward diffusion
of oxygen. However, beyond this temperature, i.e., 900 °C,
thermal energy is sufficient to overcome this resistance to oxygen
inward diffusion and/or decomposition of c-TiTaN and c-AlN
phases occurs, leading to the fast oxidation of the AlTiTaN
coatings under investigation.
The total oxide thickness is quite stable from 750 to 850 °C

(∼100 nm) because of the slow crystallization of rutile in this
temperature range as shown in Figure 8. Because the volume of
rutile is small, the number of pathways for the easy inward
diffusion of oxygen is reduced. However, beyond 850 °C, the
thickness of the oxide starts increasing rapidly with temperature,
keeping the duration of air annealing constant (Figure 8). In
addition to a higher mobility of atoms due to the higher
temperature, two parallel processes are responsible for this huge
increase in the oxidation rate at 900 °C. First, at ≥900 °C, a
significant aluminum depletion region at the interface with the
nitride layer is formed (Figure 6), leading to a more defective
oxide layer and an increase in the rates of inward diffusion of O

and outward diffusion of Al. Second, the appearance of the
decomposition of AlTiTaN into c-TiTaN and c-AlN phases may
start to decrease the diffusion barrier properties of rutile formed.
These processes result in the formation of different oxide layers
with lower diffusion barrier capabilities.
Pfeiler et al.6 showed that the AlTiTa mixed oxide layer in their

samples oxidized at 900 °C for 5 h consists of a TiTa rich layer
that is a porous layer at the nitride interface and a dense rutile
layer containing Al and Ta at the alumina−AlTiTa oxide
interface. No such porosity could be observed in the coating
investigated here. One possible reason for this is the larger
amount of Al (28 atom%) for coatings evaluated by Pfeiler et al.6

compared to 22 atom % Al in the AlTiTaN coating investigated
here. The high Al concentration gradient of Al observed
by Pfeiler et al.6 leads to greater outward diffusion of Al
(alumina:AlTiTa oxide thickness ratio of ∼50:50) and void
formation. This leads to an alumina comparatively thicker than that
observed in our case (alumina:AlTiTa oxide thickness ratio of
∼25:75), but the porosity generated in theAlTiTa oxide layermay be
detrimental to coating adhesion. For this reason, a lower content of Al
is more appropriate for these kinds of coatings.
The effect of Ta in AlTiTaN coatings on the temperature up to

which an amorphous oxide is possible can also be considered.
McIntyre et al.2 investigated the air oxidation of TiAlN coatings
from 750 °C onward and observed crystalline oxide formation at
this temperature. Comparing these results to those obtained
in this work, we found addition of Ta does not influence
the critical temperature needed for the formation of amorphous
or crystalline oxide compared to that of AlTiN. For
confirmation, further study of this aspect of the AlTiTaN
coating is needed.
A scheme summarizing the different types of oxides resulting

from air annealing of AlTiTaN coatings in the temperature range
of 700−950 °C is illustrated in Figure 11. Three kinds of oxides

Figure 11. Schematic representation of the different types of oxides
formed on AlTiTaN coatings when they are air annealed in the
temperature range of 700−950 °C. The evolution from the amorphous
oxide layer to the crystalline oxide layer is represented by the dark to
light contrast in the AlTiTa oxide layer.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405727p | ACS Appl. Mater. Interfaces 2014, 6, 4115−41254123



were observed depending on the air oxidation temperature. At
700 °C, an amorphous AlTiTa oxide is observed. Within the
temperature range of 750−850 °C, an AlTiTa oxide with
crystalline rutile grains is formed with an Al rich top layer
facilitated by outward diffusion of Al. At temperatures from
850 to 950 °C, the process of crystallization is fast and two
different types of AlTiTa oxide layers can be observed (Al rich
and TiTa rich) along with a pure alumina layer on top of the
AlTiTa oxide layer.

5. CONCLUSIONS

Oxidation resistant AlTiTaN coatings deposited at 265 °Cwith a
fiber (111) texture have been elaborated using DC magnetron
sputtering technique. An enhanced thermal stability of the
AlTiTaN coating could be observed compared to those of TiAlN
coatings found in the literature. With respect to the oxidation
mechanism, oxidation in Al0.48Ti0.40Ta0.12N coatings is primarily
controlled by the inward diffusion of oxygen and/or outward
diffusion of Al. Depending on the oxidation temperature, one of
the diffusion processes predominates. At 700 °C, only inward
diffusion of oxygen leads to a relatively high oxidation rate of
the coating for all oxidation durations. At ≥750 °C, both inward
diffusion of oxygen and outward diffusion of Al take place,
leading to an oxide bilayer and with time to crystallization of the
AlTiTa mixed oxide. Because of the outward diffusion of Al,
the formation of an alumina top layer provides the necessary
resistance to further oxidation at 900 °C. In both cases, parabolic
oxide layer growth is observed, but the lower slope at 900 °C
provides oxidation resistance to the coating that is better than
that at 700 °C. No porosity is formed on the inner side of the
oxide layer as observed in other works due to the smaller amount
of Al in the coatings. In conclusion, the Al:Ti ratio selected here
and the addition of Ta seem to be a good compromise, with the
deposition conditions, for producing high-temperature oxidation
resistant coatings. To further increase the oxidation resistance,
higher deposition temperatures and addition of a fifth element
are under investigation.
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