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ARTICLE INFO ABSTRACT

Alloying Ti-Al-N coatings with Ta has proven to enhance their hardness, thermal stability, and oxidation
Keywords: resistance. However, especially for arc-evaporated Ti-Al-Ta-N coatings only limited information on the detailed
TiAITaN influence of the elements on various properties is available. Therefore, we have developed arc-evaporated

AITIN Tiy —x—yAlcTayN coatings with various Al (x = 0.50-0.65) and Ta (y = 0.00-0.15) contents. While the ther-
Anatase mal stability of our coatings during annealing in inert He atmosphere increases with increasing Ta content,
gl)ﬁztion Kinetics best results are obtained for specific Ta-Al ratios during oxidation. Single phase cubic Tig 3Alps0Tag0sN yields a
mass-gain of only ~5% after 5 h at 950 °C in synthetic air, whereas Tig 35Alg 65N is completely oxidized after
15 min. This is in part based on the suppressed anatase and direct rutile TiO, formation at a defined Ta-Al content.
Consequently, the anatase-to-rutile transformation, generally observed for Ti; _xAlkN, is absent. This reduces the
generation of pores and cracks within the oxide scale and especially at the nitride-oxide interface, leading to the
formation of a protective rutile and corundum based oxide scale. This is also reflected in the pronounced decrease
in activation energy for the protective scale formation from 232 kj/mol for Tip35Alp 65N down to 14.5 k]/mol for
Tip32Alp 60Tag 0gN. Based on our results we can conclude that especially phase transformations within the oxide

scale need to be suppressed, as the connected volume changes lead to the formation of cracks and pores.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of hard protective coatings with increased thermal
stability and oxidation resistance is in the main focus of several investiga-
tions [1-4]. Transition metal nitrides like TiN were one of the first
industrially applied hard coatings. Even though TiN exhibits an excellent
thermal stability, its mechanical properties at high temperatures as well
as its oxidation resistance at temperatures higher than 500 °C is limited.
Therefore, Miinz [5] proposed to alloy TiN with aluminum to form a
ternary Ti; _xAlxN and thus to enhance its mechanical properties and ox-
idation resistance and hence to increase the lifetime of a protected tool.

As industrial demands on cutting inserts, mills and drills are contin-
uously increasing, a further optimization of such protective coatings is
necessary. Critical prerequisites are the phase stability of the nitride
coating itself and a good oxidation resistance. Depending on the Al
content, the supersaturated Ti;_x_yAlyN phase starts to decompose at
around 800 °C into isostructural face centered cubic (fcc) TiN and fcc-
AIN. The latter is a metastable (high pressure) phase of AN, which fur-
ther transforms into hexagonal close packed (hcp, wurtzite type) AIN
with a pronounced volume increase of ~24% [6,7]. The thereby obtained
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dual phase structure (fcc-TiN and hcp-AIN) of the coating and the pos-
sibly generated micro-cracks not just result in a massive mechanical at-
tack of the coating itself, but also leads to the formation of additional
diffusion paths, decreasing the oxidation resistance [1,8,9]. Therefore,
Holec et al. [10,11], Rachbauer et al. [12-15], and several other authors
[16-22] have intensely studied the effect of trivalent, tetravalent and
pentavalent alloying elements (X) on the thermal stability of sputter
deposited Ti;_x—yAlyXyN coatings. These investigations showed
that especially Ta (a pentavalent element) results in a pronounced
increase in thermal stability of Ti; —x—,AlyXyN by shifting the onset
of the nitride phase decomposition by ~200 °C to higher tempera-
tures. The main reason for the increased thermal stability is based on
the reduced chemical driving force for decomposition and retarded de-
composition processes with increasing Ta content [11]. Additionally,
alloying Ta to Ti; _»AlxN is also very beneficial for increasing the oxida-
tion resistance [15]. The increased oxidation resistance can only partly
be understood by the reduced oxygen defects within rutile TiO, through
alloying with pentavalent Ta [23], and the suggested promotion of co-
rundum type Al,05 formation [24,25].

Therefore, this study focuses on the thermal stability and oxidation
resistance of arc evaporated Ti; —_x—yAlTayN protective coatings and es-
pecially on the influence of Al and Ta concentrations on the oxide scale
formation.
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Fig. 1. SEM fracture cross sections of Al rich coatings (a) Tip35AloesN, (b) Tig32Alo.60Ta00sN, and (c) Tip30Alp54Tag 16N in their as deposited state on high speed steel substrates.

2. Experimental

Ti;—x—yAlTayN coatings (thickness ~3 um) with six different compo-
sitions were reactively deposited in an industrial scale Balzers INNOVA
arc evaporation plant using a target current of 150 A, a bias potential of
—80V, a substrate temperature of 500 °C and a nitrogen pressure of
3.5 Pa. Prior to the depositions on various substrates (alumina (99.7%
Al,03), silicon (100), iron foil, austenite, and high speed steel), an argon
ion etching step was used to further clean the substrate surfaces allowing
for increased coating adherence. The depositions were conducted with
Tig 50Alo50, Tio.475Al0.475Ta0.05, Tig.45Alo.45Tao.10, Tio34Al0.66: Tio.323Al0,627-
Tag g5, or Tig306Alos94Tag 10 targets (density > 99%), powder metallurgi-
cally prepared from Al, Ti, and Ta powders.

Structural investigations were performed with a PANalytical X'pert X-
Ray diffractometer (XRD) in Bragg Brentano geometry with CuKo radia-
tion. Cross-sectional micrographs were obtained by a FEI Quanta 200
field emission gun (FEG) scanning electron microscope (SEM). The at-
tached EDAX Pegasus XM4 energy dispersive X-ray (EDX) detector was
used for evaluating the chemical composition. Quantification is obtained
by means of a TiN thin film standard calibrated by nuclear reaction anal-
yses. Differential scanning calorimetry (DSC) combined with thermo-
gravimetric analysis (TGA) measurements were performed in a SETSYS
Evolution 2400 DSC using a heating rate of 20 K/min, 50 sccm He flow,
and a maximum temperature of 1600 °C. Isothermal DSC and TGA oxida-
tion investigations were performed at 850 and 950 °C. Therefore, the
samples were heated with 50 K/min in Helium and kept for 20 min at
the respective temperature. Subsequently, the oxidation step was initiat-
ed by exchanging the He atmosphere with synthetic air (20.5 vol.% O,
79.5 vol.% Ny). After 5 h of oxidation, the samples were cooled down to
room temperature with a cooling rate of 50 K/min. To investigate the
oxide phase evolution with progressing oxidation time additional DSC-
TGA oxidation measurements were performed for selected samples and
specific treatment durations. To avoid substrate interference during
DSC-TGA measurements the coatings were chemically removed (diluted
nitric acid) from their iron foils. Prior and after these DSC-TGA measure-
ments the coating materials were analyzed by XRD. Additionally to the
TGA signal during oxidation, we have measured the weight of our sam-
ples before and after the oxidation treatment by an external high preci-
sion balance. This data was used for calculating the fraction of
consumed nitride material (see Section 3.2, Table 1).

Ambient air oxidation treatments of coated alumina samples were
performed at 850 and 950 °C for 20 h. SEM fracture cross sectional mi-
crographs of these samples were used for discussing the morphology of
the respective oxide scale.

3. Results
The chemical compositions of our arc-evaporated coatings, normal-

ized to a nitrogen content of 50%, are Tig 51Alg 49N, Tig47Alg.45Tag 0gN,
Tio.43Alo.42Tag 15N, Tig 35Al0.65N, Tig 32Al0.60Ta0.0sN and Tig 30Alo 54Tag.16N.

Two general trends can be observed when relating the coating compo-
sitions to the used target compositions. The Al content is always below
and the Ta content significantly above (~50%) the target composition.
This can be explained by the high mass-difference between Al and Ta
and hence Al could be significantly more scattered in the gas phase or
resputtered from the growing film. Fig. 1 shows fracture cross sectional
micrographs of reactively arc evaporated Al rich (Al/(Al + Ti) ~0.65)
Ti; —x—yAlTayN coatings on high speed steel with Ta contents of y =
0, 0.08, and 0.16, Fig. 1a—c. These images are representative for all in-
vestigated coatings and exhibit a dense and fine columnar structure.
The corresponding XRD patterns, Fig. 2a and b, for medium and high
Al contents, respectively, indicate a single phase face centered cubic
B1 structure for all Ta contents. The crystallite size (evaluated with a
quadratic Williamson Hall plot) is around 20 nm and slightly
decreases with increasing tantalum content. According to a linear
interpolation between the lattice parameters of fcc-TiN and fcc-AlN, as
suggested by Vegard for highly ionic crystals [29] and hence not
for such materials, the XRD peak positions for fcc-Tig 51Alg.49N should
be in the middle between fcc-TiN and fcc-AlN. Deviations from these
XRD positions are due to the positive deviations from Vegard's
estimation as studied by Density Functional Theory (DFT) in Refs.
[10,30] and due to the physical vapor deposition process generated
structural defects leading to micro-strains. With increasing tantalum
content (Tig47Alg.45Tag.0sN and Tig43Alg42Tag.15N) clear peak shifts
to lower diffraction angles (toward fcc-TaN) suggest for a solid solu-
tion of Ta to the metal sublattice. A corresponding behavior can be
observed for our Al rich coatings with compositions of Tig 35Alg g5N,
Tio_32A10460Tao_03N, and Tio_30Alo,54Tag_]6N, Flg 2b.

3.1. Thermal stability

Differential scanning calorimetry of our samples clearly exhibit pro-
nounced exothermic features in the temperature range 500-1300 °C,
see Fig. 3. The broad exothermic feature between 500 and 1000 °C is
the sum of several exothermic reactions like recovery effects (annihila-
tion or rearrangement of defects to lower energy sites) and especially
the decomposition of the supersaturated fcc-Ti; —x—,AlcTayN phase to
isostructural Ti rich and Al rich cubic domains, see Refs. [31,32] for
more details. The main exothermic features with peak temperatures be-
tween 1000 and 1200 °C can be assigned to the phase transformation of
the fcc Al rich cubic domains (or even fcc-AIN) into hcp-AIN. The massive
volume expansion of ~24% of this transformation [7,33] can lead to a dis-
integration of the coatings and increased crack network. Most likely this
is also the reason for the often-observed connected mass-reduction, due
to Ny-release driven by available diffusion pathways. The peak-
temperatures of the described DSC feature increases from 1100 to 1200
to 1250 °C for the medium Al containing coatings with increasing Ta con-
tent. Correspondingly, also their mass-loss is shifted to higher tempera-
tures from ~1200 to 1300 °C, see Fig. 3a. Whereas TGA suggest that the
mass-loss of Tip51Alp.49N is finished after a loss of ~2%, the Ta containing
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coatings Ti0.47Alo_45Ta0.03N and Ti0_43Alo_42Tao_15N still exhibit a small
mass-reduction between 1300 and 1400 °C after the distinct mass-
loss.

The decreasing area under the DSC curves is indicative for a decreased
stored energy within the coatings with increasing Ta content. This is for
a part predicted by Holec et al. [11] as alloying Ti; —,AlyN with tantalum
should result in reduced mixing enthalpies and thereby in a reduced
driving force for decomposition of the supersaturated phases into
isostructural components. Consequently, the onset and intensity of the
decomposition is shifted to higher temperatures and thereby also the sub-
sequent phase transformation of Al rich cubic domains (or even fcc-AIN)
to the stable modification hcp-AlN, see Fig. 3a. A corresponding behavior
is obtained for our Al rich coatings. In sound agreement to previous stud-
ies on Ti;_AlxN coatings (sputtered or arc-evaporated) [30,31,34,35] the
peak temperature of the pronounced exothermic feature (due to the
phase transformation of fcc-AlIN to hcp-AIN) shifts to lower temper-
atures with increasing Al content, compare Fig. 3a and b. This is
based on the increased driving force for decomposition of the super-
saturated Ti; _xAlxN matrix into their components fcc-TiN and fcc-
AIN with increasing Al content. As the peak-temperature of the fcc-
hcp phase transformation of Tig 35Alg.65N with 1050 °C is at lower
temperatures, as for the lower Al containing Tig 51Alp.49N, also the
mass-loss starts earlier, see Fig. 3b. Nevertheless, almost at the
same temperature of 1300 °C the mass-loss is completed. Again the
addition of Ta to Ti; _xAlxN shifts the peak temperature for the fcc-
hcp phase transformation to higher temperatures and hence also
the mass-loss. However, the TGA curve suggests that with increasing
Ta content the mass-loss still proceeds (with a significantly reduced
rate) after the distinct mass-loss of ~1.3 and 2% for the high and me-
dium Al containing coatings, respectively. The decreasing mass-loss
between high and medium Al containing coatings corresponds
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Fig. 2. XRD patterns of (a) medium Al containing coatings Tig 51Alp 49N, Tip.47Alp.45Tao 0sN,
and Tip45Alp.43Tao 15N, and (b) high Al containing coatings Tig 35Alo.65N, Tio.32Al0.60Ta0.08N,
and Tip 30Alo54Tag 16N in their as deposited state (after removing from their Fe-foil
substrates). The peak positions for fcc-TiN, fcc-TaN, and fcc-AIN are taken from the ICDD
database [27,28,38].

with a decreasing Ti content. This suggests that the nitrogen loss
strongly correlates with the Ti content. According to the Ti-N phase di-
agram [36] fcc-TiN exhibits a broad chemical stability range and allows
for a nitrogen release while still keeping the fcc structure. On the other
hand AIN is known to be a line compound with only a very limited
chemical stability range [37].

Powder XRD patterns after DSC-TGA measurements to 1600 °C
clearly show that the Ta free coatings Tigs1Alo.4oN, Fig. 4a, and
Tig35Alp 65N, Fig. 4b, are completely decomposed into their stable con-
stituents fcc-TiN and hcp-AIN. With increasing Ta content the positions
of the fcc XRD peaks shift to lower diffraction angles from fcc-TiN to
fcc-TaN, indicative for the solid solution between TiN and TaN. For the
high Ta containing coatings Tig 43Alg.42Tag 15N and Tig 3pAlg54Tag. 16N
the formation of hexagonal (hex) Ta;N [38] can be detected by
XRD. This is especially pronounced for the high Al containing
Tip.30Alo.54Tag.16N, compare Fig. 4a and b, and in agreement to TGA
measurements, Fig. 3, which exhibit an increasing mass-loss with
increasing Ta content.

3.2. Oxidation resistance

At the initial stage of oxidation the mass-gain w usually follows a
linear rate law with time t:

w =kt (1)

where k; the linear rate constant. The rate limiting reaction step of this
stage is the surface reaction of oxygen or the diffusion through the gas
phase and is often denoted as “Regime 1” [39]. As soon as a dense oxide
scale is formed on top of the nitride coating the mass-gain rate is retarded
and controlled by the diffusion of the reactants through the scale. This
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Fig. 3. Dynamical DSC and TGA measurements of (a) medium Al containing coatings
Tig51Alo.49N, Tig.47Alg 45Tag 0sN, and Tig 45Alp.43Tag 15N, and (b) high Al containing coatings
Tio35Al0.65N, Tig32Al0.60Ta0.0sN, and Tig30Alps4Tap 16N in inert He atmosphere.
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bulk/grain-boundary diffusion is based on Fick's diffusion law and here
the mass-gain usually follows a parabolic rate law (“Regime 2"):

w=/kyt (2)

where kj, is the parabolic rate constant [26,40]. In the case of high temper-
ature oxidation, often a paralinear behavior is observed, where a predom-
inant parabolic Regime 2 is accompanied by a linear rate-law:

w = /kyt + ckit (3)

with a reduced (by the prefactor c; usually much smaller than 1) linear
rate constant. This is the case if the formed oxide scale suffers damage
e.g. due to cracks [41]. As soon as the parabolic Regime 2 is reached, the
mass-gain and hence film degradation can effectively be retarded and
hence kj, is a characteristic parameter for describing the quality of the
formed scale. kj, is usually given as

6= (30) 1 @)

where the mass gain Am is related to the exposed surface area A and time
t. Within this study we have used flake-like coating material, which can
be described by plates having a top and a bottom surface area A and a
thickness d (equal to the coating thickness d). If these plates are large
(their volume to surface ratio high) their lateral surface area (coating
thickness times plate perimeter) can be neglected and the rate constant
for flake-like coating powder k: can be related to k, by
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Fig. 4. XRD patterns of (a) medium Al containing coatings Tig 51Alp 49N, Tip.47Alp 45Tao0sN,
and Tig45Alp.43Tag 15N, and (b) high Al containing coatings Tig 35Alo 65N, Tip32Al060Ta0.08N,
and Tip30Alos4Tag 16N after DSC-TGA to 1600 °C in inert He atmosphere, Fig. 3.

where pis the density of the coating. Consequently the rate constant is de-
fined as

. Am\? 1
kp = <m70> I (6)

where my is the weighed portion of the flake-like nitride coating mate-
. 2. . . .
rial. The factor (%d) is different for the different coatings, but does not

influence activation energy evaluations by Arrhenius plots as it is
constant for the different treatment temperatures.

Fig. 5a shows the isothermal DSC and TGA curves of Tig 51Alg 49N,
Tio_47Alo_45Tao_ogN, and Ti0.43A10A42Ta()_15N in synthetic air at 850 °C. The
DSC signal clearly shows that the exothermic signal initially rapidly
increases and soon decreases again. The increase in heat-flow corre-
sponds to the formation of an oxide scale on top of the nitride layer. A
decreasing heat flow after the peak value suggests either a completed
nitride-to-oxide transformation or that the oxidation process is
effectively retarded by the formation of a dense protective oxide. The
latter is the case for our coatings as the TGA signal shows a pronounced
reduction in mass-gain-rate without reaching the maximum mass-gain
due to a completed nitride-to-oxide transformation. After a linear
Regime 1, also in our case the Ta free Tig 51Alg 49N coating follows a
parabolic growth rate at 850 °C with k;" = 1.83 x 10~ 3 1/s (parabolic
fits are indicated by the dashed lines). Again increasing mass-gain
rates after 60 min of oxidation suggest for a failure (e.g. cracks) of the
formed oxide scale. The small inset in Fig. 5a shows a magnification of
the first 9 min of the DSC signal, indicating that the onset of the exother-
mic signal due to oxidation is similar for all three coatings. Nevertheless,
the intensity as well as the time of the oxidation peak decreases with in-
creasing Ta content. Even more important is that the exothermic output
after this peak-reaction also decreases with increasing Ta content. This
clearly suggests that with increasing Ta content the oxide scale formed
is denser and hence more effective in reducing the oxidation process.
This is proven by the TGA measurements showing that Tig 51Alg 49N is al-
ready fully oxidized after ~120 min as the mass-gain levels out at 22%.
This value is close to the theoretical possible mass-gain of ~27% if the
nitride fully transforms into TiO, and Al,0s. Deviations from the theo-
retical mass-gain can be explained by the commonly observed over-
stoichiometry of Ti; _xAlyN and the sub-stoichiometry of TiO, [1,19,
42]. As a consequence, this leads to a higher mass-loss due to the
nitrogen release (from overstoichiometric nitrides as compared to
stoichiometric nitrides) and a lower mass-gain due to oxidation (to
substoichiometric TiO, as compared to stoichiometric TiOs).

The mass-gain-rate is effectively reduced with increasing Ta content
and follows a parabolic-like growth with constants of k;f =72x10"*
and 5.8 x 10_4 1/s for TiOA47A10‘45Tao_03N and Ti0A43A10‘42T30A]5N, respec-
tively. Even after 5 h exposure to synthetic air at 850 °C the coatings are
far from being fully oxidized.

The Al rich coatings show an even improved oxidation resistance,
Fig. 5b. The initial oxidation process within the first minutes of exposure
to synthetic air is significantly reduced and the heat flow decreases ear-
lier. Compare the insets in Fig. 5a and b. This suggests that the oxide
scale formed is even denser as for their lower Al containing counter-
parts, which is also confirmed by the mass-gain-curves. Within the
first two hours the mass-gain-curve of Tig35AlgssN can also be de-
scribed by a first linear Regime 1 which is followed by a parabolic be-
havior with k;f = 3.15 x 10~% 1/s, to be followed by a linear-like
oxidation behavior. The latter is indicative for the formation of many
cracks within the scale and hence increased diffusion and exposure of
unprotected - by the oxide scale - nitride material. Nevertheless, the
mass-gain of ~12% after 5 h indicates that only ~1/2 of the nitride
coating is transferred into TiO, and Al,Os. For a completed oxidation
of Tig35Alp 65N the theoretical mass-gain would be ~26.5%. Correspond-
ing to the medium Al containing coatings, the oxidation resistance can
effectively be increased with increasing Ta content. The parabolic
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Fig. 5. Isothermal DSC and TGA measurements of (a) medium Al containing coatings
Tip51Alp.49N, Tig 47Alp 45Tap,08N, and Tig 45Alp 43Tap 15N, and (b) high Al containing coatings
Tig.35Alp.65N, Tig32Alg.60Tao0sN, and Tig30Alp54Tag 16N in synthetic air at 850 °C. Parabolic
fits are indicated by the dashed lines.

growth rate Regime 2 of the mass-gain-curves of Tig 3Alp goTag0gN and
Tio.30Alo54Tag 16N can be described with ky = 1.23 x 10~* and k, =
1.60 x 10~* 1/s. Increasing the oxidation temperature to 950 °C is ex-
tremely demanding for Ta free Tig51Alg.49N and Tig 35Alp gsN. For both
coatings, DSC can detect a pronounced exothermic output within the
first 15 min of exposure, and the mass-gain also suggests that
the coatings are soon completely oxidized, see Fig. 6a and b. Their
mass-gain follows a linear-like behavior. The higher Al containing
coating slows down the initially pronounced oxidation process within
the first five minutes, as suggested by the decreasing heat flow and
the slightly reduced mass-gain rate. Therefore, we were also able to
determine the parabolic rate-constant for this short term with ky =
2.40 x 1073 1/s. But already after ~2 min, again enhanced oxidation
reactions occur leading to a pronounced linear-like increase in mass.
The lower Al containing coating, Tig 51Alp 49N, exhibits no formation of
a dense oxide, which is indicated by only linear growth in the mass
gain curve from the beginning to the end. The heat-flow only decreases
at the end of the oxidation process (~12 min) when the coating is
completely oxidized, suggesting that here not even the initial stage of
a protecting oxide scale (Regime 2) can be formed.

However, for both coating types (medium and high Al content) the
addition of Ta significantly improves their oxidation resistance, as the
exothermic output as well as the mass-gain is significantly reduced.
For the medium Al containing films the heat flow decreases after ~3
and 2 min for Ti0.47Alo_45Tao_03N and Ti0.43Alo_42Tao_]5N, respectively,

indicating the formation of a protective oxide scale. The mass-gain of
Tig.43Alg.42Tag 15N follows a parabolic growth rate with k: =450 x
10~% 1/s until the maximum testing time of 5 h, whereas for the
lower Ta containing Tig 47Alg 45Tag0gN only the first hour can be de-
scribed by a parabolic growth rate with k: = 1.13 x 1073 1/s. The
latter exhibits after ~1 h an increased mass-gain, corresponding to
paralinear oxidation (see Eq. (3)) due to significant cracking of the pro-
tective oxide scale, which results after 5 h to a completed oxidation.
Contrary, the higher Ta containing coating does not show such an addi-
tional linear oxidation behavior and the mass-gain suggests that only
~57% of the nitride is transferred to TiO,, Al,0s, and Ta,05 after 5 h,
Fig. 6a. With increasing Al content the Ta addition is even more effec-
tive, but of utmost importance is, that here the lower Ta containing
Tig30Alg, 50Ta0 osN follows the parabolic mass-gain with a smaller rate
constant kp = 1.40 x 10~% 1/s than that of the hlgher Ta containing
counterpart Tig30Alg54Tag.16N (kp = 2.40 x 10 1/s), Fig. 6b. The
mass-gain (measured by an external balance; see Table 1) of 6.4 and
10.2% after 5 h exposure to air at 950 °C suggests that 28 and 49% of
Tio_nglO.goTao_ogN and Tio_30Alo'54Tao_1 6N are oxidized, respectively.
XRD investigations of the Ta free coatings Tigs1Alp4oN and
Tig35Alp65N after isothermal DSC-TGA in air for 5 h at 850 °Creveal rutile
(r-TiOy) [43], anatase (a-TiO;) [44], and corundum (a-Al,03) [45] types
of oxide scale structure, Fig. 7a and b. For the higher Al containing
Tip35Alo6sN coating, additional broad XRD peaks at diffraction angles of
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~37° and ~43° suggest the presence of fcc-Ti; _xAlyN. Furthermore, also
indications for monoclinic Al oxides (m-AlOy [46]) and hcp-AIN can be
detected. This is in agreement to TGA suggesting no completed oxidation
of the nitride layer during the 5 h oxidation treatment. Here, the fcc-AIN
to hep-AlN transformation could be additionally responsible for the again
increasing mass-gain-rate at an exposure time of 180 min. With the ad-
dition of Ta to both, medium and high Al containing Ti; _xAIxN, coat-
ings the formation of the anatase phase is suppressed and the oxide
scale predominantly exhibits rutile. This does not necessarily imply
that Al has to be dissolved in a rutile phase, as especially an Al
oxide - if very thin - is difficult to detect and can be amorphous
like [8,24].

While the intensity of the rutile phase decreases with increasing
Ta content, the overall contribution of the Ti;_x_yAl,TayN phase
increases. Furthermore, no hcp-AIN can be detected for these Ta con-
taining nitrides. These results are in excellent agreement to DSC-TGA
in inert (He) and oxidizing atmosphere (synthetic air) showing that
with the addition of Ta the hcp-AIN formation is shifted to higher
temperatures and only a small fraction of the nitride coating is oxidized.
Increasing the oxidation temperature to 950 °C leads also - in addition
to the full oxidation of Tig 51Alg49N Fig. 8a - to a complete oxidation of
the Al rich Tig35Alo 5N, see Fig. 8b. There are no detectable remaining
nitride phases present for these coatings after the oxidation at 950 °C
for 5 h. The oxides are composed of rutile and corundum type phases,
no anatase can be detected by XRD. For this high temperature, also the
Ta containing Tig 47Alp45TagosN (lowest Ta and medium Al content) is
completely oxidized, Fig. 8a, as already suggested by the corresponding
DSC-TGA curves, see Fig. 6a. A further increase in Ta content to form
Tip.43Alp.42Tag 15N allows for the formation of a protective dense oxide
scale and hence, the presence of fcc-Tiq —x—yAlcTayN can still be detected
(broad XRD peaks at 26 angles of ~37° and 43°). For higher Al containing
coatings this is valid even for the lower Ta content, see Fig. 8b. Similar to
the structure after oxidation at 850 °C the oxides are predominant-
ly composed of rutile phase (no anatase), but due to the higher
temperature of 950 °C, here also low intensity a-Al,03 can be
detected.

With the help of Arrhenius plots, we calculate activation energies for
the formation of a dense oxide scale using the parabolic rate constants
k: (Regime 2). This yields ~232 kJ/mol for the high Al containing coat-
ing Tig 35Alp gsN. Tantalum additions lead to significantly reduced acti-
vation energies of 14.8 k]/mol for Tig 32Algs0Tao.0sN and 46.3 kj/mol
for Tig30Alps54Tag.16N. Consequently, the energy barrier for the stable
Regime 2 behavior is reduced by a factor of ~5 for Tig 30Alg.54Tag.16N
and ~15 for Tig32Alps0TapesN as compared to conventional
Tig35Alp 65N, indicating that the passivation process is fastest and easiest

Table 1

for Tioi32A10.60Tao.OgN. For medium Al containing Ti0.47A10.45Ta0.08N, the
activation energy with 51.5 kJ/mol is comparable to Tig30Alps54Tag 16N.
Please note that we have used k, of only two different temperatures
(850 and 950 °C) and hence these activation energies can just be used
for rating the different coatings within this study.

Table 1 summarizes the above presented data for our coatings,
obtained by XRD and isothermal DSC-TGA at 850 and 950 °C. This
allows for a clear and detailed comparison of the individual effect of Al
and Ta on the oxidation behavior of our Ti; _x_yAl,TayN coatings.

Generally, the two following major conclusions can be drawn
from the oxidation experiments. As long as the nitride coating exhibits
a single phase structure and no nitride phase transformations occur at
the oxidation temperature, increasing Al contents significantly reduce
the oxidation processes. The addition of Ta to form single-phase
fcc-Tiy_x—yAl TayN further reduces the oxidation process by
promoting the formation of a protective dense oxide scale. However,
the detailed investigations clearly show that the Ta content needs to
be balanced with the Al content. Moreover, the ideal chemical composi-
tion for optimized oxidation resistance also depends on the application
temperature.

Cross sectional SEM investigations of the coatings after exposure to
ambient air for 20 h at 850 and 950 °C clearly show that the Ta free
coatings Tig51Alg.49N and Tig 35Alp 65N are fully oxidized and exhibit a
porous morphology, like shown in Fig. 9a for Tig35Alp6sN. As suggested
by DSC-TGA the Ta alloyed coatings are able to form a dense oxide scale
during exposure to air at 850 °C, allowing for a reduced oxidation rate
and a parabolic-like growth behavior. Such a dense oxide scale forma-
tion, after 20 h at 850 °C, is shown for Tig 43Alg 42Tag 15N in Fig. 9b. How-
ever, by increasing the temperature to 950 °C the oxides formed on
Tio.47Alo.45Tag.08N, Tig.43Alp.42Tag 15N, as well as Tig 30Alp.54Tap 16N are
composed of a porous region at the coating-scale interface and a denser
outermost region. This is shown in Fig. 9c for Tig 30Alp54Tag.16N, Which
performed best during DSC-TGA at 950 °C among these three Ta
containing coatings. The coating with the smallest parabolic growth
rate constant (k,;k of 1.40 x 10~*1/s) during isothermal oxidation at
950 °C is Tigp32Alg.s0Tag.0sN (see Table 1), which exhibits only a very
thin (~100 nm) porous region at the interface between nitride and the
dense outermost oxide scale, see Fig. 9d. Please notice that the magnifi-
cation for Fig. 9d is increased as compared to Fig. 9a—c to clearly present
the only ~1 pm thin oxide scale.

The presented results on the oxidation behavior of as-deposited
single-phase cubic Ti; —x_yAlcTayN with the main data summarized in
Table 1 raise the question on the role of the anatase phase, its depen-
dence on the Ta content, and the role of the chemical composition,
which will be discussed in the next section.

Consumed coating material (calculated from the experimental mass-gain with respect to the theoretical mass-gain due to a complete transformation of Ti; _x_,ALTa,Ninto 1 — x — y
TiO,, x Al,O5 and y Ta,0s), formed oxide phases (r: rutile, a: anatase, o: corundum, and m: monoclinic AlOy) after 5 h of oxidation, oxidation rate constants k: for the parabolic regime

(Regime 2), and activation energy E for Regime 2 of Ti; __AlTayN coatings.

Coating Consumed coating Oxide phases Rate constant, k: ( ( o )z 1 ) Activation energy, Ex
material o t
850 °C 950 °C 850 °C 950 °C 850 °C 950 °C [kJ/mol]
[%] [%] [1/5] [1/s]

Tios51Alp.40N 83.3° 83.5% r+a+a r+a 1.83+107° -b -

Tip.a7Alp.45Tag 0sN 438 87.2% I+ o r+ o 7.20 « 107% 1131073 515

Tio.43Alo 42Ta0 15N 432 56.9 r r+o 5.80 « 10~% 450 « 1074 =€

Tio35Alo.esN 51.7 89.5% r+a+a+m r+a 3.15«107* 240 1073 232

Tip.32Alp 60Ta0.0sN 26.5 278 r I+ o 1231074 140 104 14.8

Tip30Alo54Tag 16N 209 48.9 r r+ o 1.60 « 1074 240« 1074 46.3

¢ These coatings are actually fully oxidized, the difference in mass-gain to the theoretical mass-gain is related to possible nitrogen over-stoichiometry of the nitride phase and oxygen

under-stoichiometry of the formed oxide phases.
b just linear Regime 1 oxidation behavior detectable.
€ Here the Arrhenius plot shows actually a positive slope.
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Fig. 7. XRD patterns of (a) medium Al containing coatings Tigs51Alp 49N, Tip 47Alp 45Tao.0sN,
and Tig45Alp.43Tap 15N, and (b) high Al containing coatings Tip35Alo.ssN, Tio32Al0.60Ta0.08N,
and Tig30Alp54Tag 16N after DSC-TGA in synthetic air at 850 °C.

4. Discussion

Oxidizing the Ta free Tig51Alp49N and Tig35AlggsN at 850 °C causes
the formation of rutile, anatase, and corundum phase fractions. By
increasing the temperature to 950 °C no anatase can be detected any-
more, and the oxides consist of only rutile and corundum phases. For
a better understanding of the mechanisms behind, we have stopped
the isothermal DSC-TGA treatments after specific times of oxidation.
These samples are analyzed in detail by XRD. If Tig 5,Alg 49N is oxidized
for 2.5 min at 850 °C (directly after the first exothermic peak, see
Fig. 5a) mainly anatase, only small amounts of rutile, and almost no
corundum phases can be detected, Fig. 10a. After this short exposure
to air the nitride phase fcc-Ti; _zAlxN is still clearly present, please com-
pare the corresponding XRD pattern with the as-deposited pattern at
the bottom. Increasing the exposure time to 120 min (where the
mass-gain reached its saturation, Fig. 5a) results in a completed oxida-
tion of the nitride into anatase, rutile, and corundum phases. Upon
further increasing the exposure time to 300 min (5 h) the rutile phase
fraction increases at the expense of anatase. Generally, the anatase-to-
rutile phase transformation would occur in the temperature range
550-700 °C [47,48] but the presence of other alloying elements like Al
or N can further influence this transformation temperature [49,50].
However, also for the higher Al containing coating Tig35AlgesN the
formation of anatase can be detected at an even higher oxidation tem-
perature of 950 °C during the initial stage of oxidation. The XRD
pattern taken after 4 min of exposure at 950 °C, Fig. 10b, clearly
shows the presence of anatase, small fractions of rutile, and corundum
phases in addition to the nitride phases hcp-AlN, fcc-Ti; —xAlkN, and
fce structured Ti and Al rich domains. The latter originate from spinodal
decomposition of the supersaturated Ti; _xAlyN matrix [6,32,34,51].
Upon further exposure no nitrides can be detected anymore and

a
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Fig. 8. XRD patterns of (a) medium Al containing coatings Tig 51Alp 49N, Tig.47Alp 45Tag 08N,
and Tig 45Alp.43Tag 15N, and (b) high Al containing coatings Tig 35Alo 65N, Tig.32Alp 60Tao.0sN,
and Tip30Algs54Tag 16N after DSC-TGA synthetic air at 950 °C.

the oxide phase anatase completely transforms into rutile. Based on
these detailed XRD investigations we can conclude that the initial
Ti oxide formed on medium and high Al containing single-phase
fcc-Tip —xAlkN is anatase, at least in this industrially important temper-
ature range up to 950 °C. Due to the high temperature, anatase contin-
uously transforms into rutile with progressing oxidation time. As this
transformation is accompanied by a volume shrinkage of 5-10% (rutile
has a lower specific volume than anatase) [52,53], the formation of
cracks and/or pores (Fig. 9a) is promoted leading to paralinear or even
linear mass-gain-rates, Figs. 5 and 6. The formation of pores, especially
at interfaces, also originates from different diffusion rates of the
involved species, which is known as Kirkendall effect [54,55]. Especially
at temperatures above 800 °C also the rapid outward diffusion of Al
easily leads to the formation of voids [1,9,56].

The oxidation behavior of Ta alloyed Ti; _AlN coatings is especially
different with respect to the anatase formation, which in contrast to Ti; —
xAlN cannot be observed by XRD during oxidation at 850 or 950 °C.
Small fractions of crystalline corundum oxide can only be detected for
the treatment at 950 °C, see Fig. 8a and b. This is in agreement to the
oxide scale morphology of Ta alloyed coatings being uniform in contrast
to Ti;_xAlkN, Fig. 9. As rutile TaO, is one of the most stable
substoichiometric phases of Ta,05 [57,58], we suggest that Ta stabilizes
the formation of rutile phases already during the initial stages of oxida-
tion of Ta alloyed Ti; _xAlyN. Based on the XRD experiments, exhibiting
almost a perfect match of the rutile oxide peaks to the diffraction file
of r-TiO,, we envision that pentavalent Ta enables also the solubility
of trivalent aluminum in rutile. This would also fit to the observation
that the intensity of the a-Al,03 XRD peaks decreases with increasing
Ta content, as the higher Ta content within the rutile phase allows
also for a higher solubility of Al. The increasing broadening of the corre-
sponding XRD peaks further supports this argument, as this indicates
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Fig. 9. SEM fracture cross sections of representative coatings after 20 h exposure to ambient air at 850 °C (a and b) and 950 °C (c and d). (a) Fully oxidized Tig 35Alo65N. (b) Tip.43Alo.42-
Tap.1sN with a dense oxide scale on top. (c) Tig 30Alp54Tag 16N with a pronounced porous region between the coating and the dense oxide scale on top. (d) Tip 32Alo 60Tao0sN with a strongly

reduced porous region between coating and dense oxide scale.

higher micro-strains and/or smaller grain sizes. Excess aluminum,
which is not solved in the rutile phase, is responsible for the formation
of ai-Al, O3, especially at high temperatures of 950 °C, as a-Al,05 is the
stable oxide [59].

In spite of this, a major advantage of alloying Ta to Ti; _xAlxN is the
suppression of the anatase phase formation and the promotion of the
high temperature rutile phase formation upon exposure to air. This is
also supported by ab initio calculations and hence the destructive
anatase-rutile phase transformation, which is typical during oxidation
of Ti; _xAlxN (as shown here and in [60] for example), is avoided. As
mentioned above, the anatase-rutile phase transformation is connected
with a contraction of 5-10% [52,53] leading to crack formation and pro-
motion of pores. We suggest, that the suppression of phase transforma-
tions within oxide scales is at least as important as reducing the bulk
diffusion (as mentioned in earlier studies [24]), to reduce the oxide
scale growth rate.

5. Summary and conclusion

We have used DSC, TGA, SEM, and XRD to study in detail the thermal
stability and oxidation resistance of arc-evaporated Ti;_y_yAl,TayN
hard coatings. By adding Ta up to y = 0.15 we could show that the
stored mixing energy is significantly decreased and hence the thermal
decomposition into the stable compounds is increased by ~200 °C.
Considering the oxide scale formation of Ti; _,AlyN during oxidation at
850 °C and 950 °C, the anatase-to-rutile phase transformation, which
is accompanied by a volume change of 5-10%, leads to the formation
of pores, cracking, and maybe also to spallation of the scale. Conse-
quently, only high Al containing Tig gsAlg 35N could resist complete oxi-
dation after 5 h at 850 °C, whereas at 950 °C medium and high Al

containing coatings were oxidized within 15 min mainly due to a linear
mass-gain behavior. Tantalum additions lead in all considered cases to
an early formation of rutile phases with reduced or even completely
suppressed anatase formation. Based on these results we conclude
that pentavalent Ta enables the solubility of trivalent Al in a rutile struc-
tured TiO, and the anatase-to-rutile phase transformations are avoided.
Especially Tig32Alps0Tag.0sN exhibits an extremely dense oxide scale
after oxidation at 950 °C in contrast to the other coatings. Consequent-
ly, here the Al and Ta contents are well-balanced to guarantee for a
stable single phase nitride coating at the oxidation temperature
and to allow for a direct and fast formation of rutile (Ti,Al,Ta)O,
and corundum Al,Os.

These results strongly indicate that the chemical composition of
X alloyed Ti; _xAlxN coatings has to be optimized to the quasi-terna-
ry (Ti,AlLX)Oy phase diagram to avoid anatase phase formation and
hence gain significantly enhanced oxidation resistance. This can widely
open up the field of applications of Ti-Al-N based hard coatings.

Acknowledgments

The financial support by the Austrian Federal Ministry of Economy,
Family and Youth and the National Foundation for Research, Technology
and Development is greatly acknowledged. The authors also want to
thank Harald Leitner and Christopher Pohl for their contribution to the
DSC/TGA investigations. SEM investigations were carried out using
facilities at the University Service Centre for Transmission Electron
Microscopy (USTEM), Vienna University of Technology, Austria.
Thanks are also due to the X-ray center (XRC) of Vienna University of
Technology, Austria.



86 R. Hollerweger et al. / Surface & Coatings Technology 257 (2014) 78-86

* r- TiO2 v o- A|203
= a-TiO,
| A 4 A

o
| szomny
.

-

L_A2.5 min A

as dep.

log. intensity [arb. units]

20 25 30 35 40 45 50 55 60

2 theta [°]
b .

e r-TIO, v a-ALO,
2| = a-TiO, e hcp-AIN
5 ve Y
-]
© .
= U 300 min
‘®
c
8
i ) 4 min
o

as dep.

20 25 30 35 40 45 50 55 60
2 theta [°]

Fig. 10. XRD patterns of the Ta free coatings after various durations of isothermal DSC-TGA
in synthetic air at (a) 850 °C for Tip51Alp49N and (b) 950 °C for Tig 35AlesN. For compar-
ison also their XRD patterns in the as deposited state are given.

References

[1] F.Vaz, L. Rebouta, M. Andritschky, M.F. da Silva, ].C. Soares, ]. Eur. Ceram. Soc. 17
(1997) 1971-1977.

[2] F. Esaka, K. Furuya, H. Shimada, M. Imamura, N. Matsubayashi, T. Kikuchi, et al.,
Composition dependence of the initial oxidation films studied by XAS and XPS,
1106 (1999) 1098-1106.

[3] H.Ichimura, A. Kawana, J. Mater. Res. 8 (1993) 1093-1100.

[4] ].-L. Huang, B.-Y. Shew, ]. Am. Ceram. Soc. 82 (2004) 696-704.

[5] W.-D. Miinz, J. Vac. Sci. Technol. A Vac. Surf. Films 4 (1986) 2717.

[6] R.Rachbauer, S. Massl, E. Stergar, D. Holec, D. Kiener, J. Keckes, et al., J. Appl. Phys.
110 (2011) 023515.

[7] N. Christensen, I. Gorczyca, Phys. Rev. B Condens. Matter 47 (1993) 4307-4314.

[8] E.Rovere, P.H. Mayrhofer, A. Reinholdt, ]. Mayer, .M. Schneider, Surf. Coat. Technol.
202 (2008) 5870-5875.

[9] L. Chen, ]. Paulitsch, Y. Du, P.H. Mayrhofer, Surf. Coat. Technol. 206-318 (2012)
2954-2960.

[10] D.Holec, R. Rachbauer, L. Chen, L. Wang, D. Luef, P.H. Mayrhofer, Surf. Coat. Technol.
206 (2011) 1698-1704.

[11] D. Holec, L. Zhou, R. Rachbauer, P.H. Mayrhofer, J. Appl. Phys. 113 (2013) 113510.

[12] R. Rachbauer, D. Holec, P.H. Mayrhofer, Appl. Phys. Lett. 97 (2010) 151901.

[13] R. Rachbauer, D. Holec, M. Lattemann, L. Hultman, P.H. Mayrhofer, Int. ]. Mater. Res.
102 (2011) 735-742.

[14] R.Rachbauer, A. Blutmager, D. Holec, P.H. Mayrhofer, Surf. Coat. Technol. (2011) 1-6.

[15] R. Rachbauer, D. Holec, P.H. Mayrhofer, Surf. Coat. Technol. 211 (2012) 98-103.

[16] L. Chen, D. Holec, Y. Du, P.H. Mayrhofer, Thin Solid Films 519 (2011) 5503-5510.

[17] M. Moser, P.H. Mayrhofer, Scr. Mater. 57 (2007) 357-360.

[18] M. Moser, P.H. Mayrhofer, L. Székely, G. Safran, P.B. Barna, Surf. Coat. Technol. 203
(2008) 148-155.

[19] H. Ried], D. Holec, R. Rachbauer, P. Polcik, R. Hollerweger, J. Paulitsch, et al., Surf.
Coat. Technol. 235 (2013) 174-180.

[20] Y.X. Xu, L. Chen, B. Yang, Y.B. Peng, Y. Du, J.C. Feng, et al., Surf. Coat. Technol. 235
(2013) 506-512.

[21] A. Flink, ].M. Andersson, B. Alling, R. Daniel, ]. Sj6lén, L. Karlsson, et al., Thin Solid
Films 517 (2008) 714-721.

[22] Y.-Y. Chang, S.-M. Yang, Thin Solid Films 518 (2010) S34-S37.

[23] R.G. Reddy, Y. Li, M.F. Arenas, High Temp. Mater. Process. 21 (2002) 195-206.

[24] M. Pfeiler, C. Scheu, H. Hutter, ]. Schnoller, C. Michotte, C. Mitterer, et al., ]. Vac. Sci.
Technol. A Vac. Surf. Films 27 (2009) 554.

[25] M. Pfeiler, G.A. Fontalvo, ]. Wagner, K. Kutschej, M. Penoy, C. Michotte, et al., Tribol.
Lett. 30 (2008) 91-97.

[26] D.McIntyre, J.E. Greene, G. Hikansson, ].-E. Sundgren, W.-D. Miinz, ]. Appl. Phys. 67
(1990) 1542.

[27] Powder Diffraction File 00-038-1420, International Center for Diffraction Data, PDF-
4/Release, 2010.

[28] Powder Diffraction File 00-046-1200, International Center for Diffraction Data, PDF-
4/Release, 2010.

[29] L. Vegard, Z. Phys. 5 (1921) 17.

[30] P.H. Mayrhofer, D. Music, .M. Schneider, ]. Appl. Phys. 100 (2006) 094906.

[31] P.H. Mayrhofer, A. Horling, L. Karlsson, J. Sjolén, T. Larsson, C. Mitterer, et al., Appl.
Phys. Lett 83 (2003) 2049.

[32] R. Rachbauer, J.J. Gengler, A.A. Voevodin, K. Resch, P.H. Mayrhofer, Acta Mater 60
(2012) 2091-2096.

[33] Q. Xia, H. Xia, A.L. Ruoff, J. Appl. Phys. 73 (1993) 8198.

[34] P.H. Mayrhofer, L. Hultman, ].M. Schneider, P. Staron, H. Clemens, Int. ]. Mater. Res.
98 (2007) 1054-1059.

[35] L. Rogstroém, J. Ullbrand, . Almer, L. Hultman, B. Jansson, M. Odén, Thin Solid Films
520 (2012) 5542-5549.

[36] J.-P. Bars, D. David, E. Etchessahar, J. Debuigne, Metall. Trans. A 14 (1983)
1537-1543.

[37] Landolt-Bérnstein — Gr. IV Phys. Chem. — Numer. Data Funct. Relationships Sci.
Technol. Ag-Al to Au-TI, Springer, Berlin/Heidelberg, 2002, pp. 173-174.

[38] Powder Diffraction File 03-065-9404, International Center for Diffraction Data, PDF-
4/Release, 2010.

[39] F. Rovere, Theoretical and Experimental Assessment of Cr-Al-Y-N as protective
coating for y-TiAl based alloys, RWTH, Aachen, 2010.

[40] P.H. Mayrhofer, H. Wi\llmann, C. Mitterer, Surf. Coat. Technol. 146-147 (2001)
222-228.

[41] R.W. Revie (Ed.), Uhlig's Corrosion Handbook, 3rd ed., John Wiley & Sons, Hoboken,
2011.

[42] M.V. Ganduglia-Pirovano, A. Hofmann, J. Sauer, Surf. Sci. Rep. 62 (2007) 219-270.

[43] Powder Diffraction File 00-021-1276, International Center for Diffraction Data, PDF-
4/Release, 2010.

[44] Powder Diffraction File 00-021-1272, International Center for Diffraction Data, PDF-
4/Release, 2010.

[45] Powder Diffraction File 01-076-7774, International Center for Diffraction Data, PDF-
4/Release, 2010.

[46] Powder Diffraction File 01-079-1559, International Center for Diffraction Data, Pdf-
4/Release, 2010.

[47] S.Liao, Y. Chen, W.E. Mayo, B.H. Kear, Transformation-assisted consolidation of bulk
nanocrystalline TiO, 2 (11) (1999) 553-557.

[48] B. Predel, Landolt-Bornstein — Gr. IV Phys. Chem. — Numer. Data Funct. Relation-
ships Sci. Technol. Ni-Np-Pt-Zr, Springer, Berlin/Heidelberg, 1998.

[49] M. Iwase, K. Yamada, T. Kurisaki, H. Wakita, Appl. Catal. A Gen. 455 (2013) 86-91.

[50] L.E. Depero, A. Marino, B. Allieri, E. Bontempi, L. Sangaletti, C. Casale, et al., ]. Mater.
Res. 15 (2011) 2080-2086.

[51] P.H. Mayrhofer, F.D. Fischer, H.J. Bohm, C. Mitterer, ].M. Schneider, Acta Mater. 55
(2007) 1441-1446.

[52] D.AH. Hanaor, C.C. Sorrell, J. Mater. Sci. 46 (2010) 855-874.

[53] J. Muscat, V. Swamy, N. Harrison, Phys. Rev. B 65 (2002) 224112.

[54] W.M. Rainforth, Z. Zhou, ]. Phys. Conf. Ser. 26 (2006) 89-94.

[55] S. Kekare, P. Aswath, J. Mater. Sci. 2 (1997).

[56] A.Joshi, H. Hu, Surf. Coat. Technol. 77 (1995) 499-507.

[57] Y. Syono, M. Kikuchi, T. Goto, K. Fukuoka, J. Solid State Chem. 50 (1983) 133-137.

[58] J. Niebuhr, J. Less-Common Met. 10 (1966) 312-322.

[59] M. to Baben, Oxygen Incorporation in MAX Phases and TiAIN and Elastic Properties
of Nanolaminates, Shaker Verlag, 2013.

[60] C.Kim, K. Kim, Thin Solid Films 307 (1997) 113-119


http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0005
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0005
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0010
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0010
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0010
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0015
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0020
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0230
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0025
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0025
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0030
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0035
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0035
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0040
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0040
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0045
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0045
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0050
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0055
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0235
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0235
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0240
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0060
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0065
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0070
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0075
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0075
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0080
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0080
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0085
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0085
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0245
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0245
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0090
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0095
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0250
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0250
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0100
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0100
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0160
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0160
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0310
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0310
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0315
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0315
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0120
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf9000
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf9005
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf9005
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf9010
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf9010
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0125
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0130
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0130
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0135
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0135
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0140
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0140
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0255
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0255
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0260
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0260
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0265
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0265
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0155
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0155
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0270
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0270
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0165
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0275
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0275
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0280
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0280
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0285
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0285
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0290
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0290
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0170
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0170
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0295
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0295
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0180
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0185
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0185
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0190
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0190
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0195
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0200
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0205
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0300
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0210
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0215
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0220
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0305
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0305
http://refhub.elsevier.com/S0257-8972(14)00207-2/rf0225

	Origin of high temperature oxidation resistance of Ti–Al–Ta–N coatings
	1. Introduction
	2. Experimental
	3. Results
	3.1. Thermal stability
	3.2. Oxidation resistance

	4. Discussion
	5. Summary and conclusion
	Acknowledgments
	References


