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The oxidation resistance of CrAl(Y)N coatings deposited by reactive magnetron sputtering on P92 steel
substrates was tested at 650 �C in 100% steam atmosphere up to 2000 h of oxidation. Mass gain measure-
ments and characterisation of coatings and scales after oxidation show the enhanced oxidation resistance
provided by the coatings with respect to that of the substrate. The dominant influence of the film micro-
structure developed due to the presence of an adhesion interlayer of CrN at the coating/substrate inter-
face over Y additions is evidenced. The best performance is achieved by a CrAlN dense coating of around
6 lm without adhesion interlayer.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction Nevertheless, it is known that for some applications the develop-
Many high temperature applications of hard coatings in indus-
trial processes require additional properties to those related to
wear and hardness, like a good oxidation resistance. This is the case
of coated tools for casting, machining and forming, as well as
power plant components.

Chromium nitride and ternary chromium nitride coatings have
become commonly used in the protective ceramic coatings field.
Following this approach, important improvements to the mechan-
ical and tribological performance of the initial binary chromium ni-
tride coatings have been achieved by the addition of Al using
different deposition techniques [1–4].

Extensive assessments of the corrosion resistance on chromium
nitride coatings have been carried out mainly in air. Banakh et al.
found an improvement of the corrosion resistance in Cr1�xAlxN
coatings with 0.2 6 x 6 0.63 compared to pure CrN [5]. They, as
well as other authors, associated this improvement with the devel-
opment of a mixed Cr/Al-rich oxide layer which blocks inward oxy-
gen diffusion preventing further film oxidation [6,7]. Additionally,
the introduction of small concentrations of reactive elements such
as Y in CrAlN coatings has been shown to increase oxidation resis-
tance and thermal stability [8–10].
ment of coatings with a long-term performance in water vapour
media is of special interest. Lifetime of turbine blades, steam pipes
and superheater tubes are dramatically compromised by such severe
working conditions. The performance of high temperature materials
operating in an environment with variable presence of water vapour
can differ from that in air. This is the case of steels, whose good re-
sponse to high temperature oxidation relies on the development of
a protective chromium oxide on the surface. The presence of a steam
atmosphere changes the oxidation mechanism and oxidation rates,
preventing the formation of protective chromia and resulting in a
more active corrosion [11]. Also in nitride ceramics it has been
shown that the surface oxide layer and the corrosion reaction prod-
ucts developed during oxidation depend on the environment [12].

Therefore, the aim of this work is to contribute to the very lim-
ited knowledge on the long-term behaviour of reactive magnetron
sputtered CrAl(Y)N coatings deposited on steel, with and without
adhesion interlayer, oxidised at high temperature in 100% steam
atmosphere. The effect of yttrium doping, film microstructure
and coating thickness will also be explored.

2. Experimental procedure

2.1. Materials: substrate and coatings

The substrate material used in this study was P92, a ferritic
steel generally used in the manufacture of boiler superheaters,
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Table 2
Composition of the deposited coatings by EPMA (at.%).

Cr Al Y N

CrAlN-1 36.5 8.3 – 55.2
CrAlN-2 39.5 4.6 – 55.9
CrAlYN-1 38.6 5.1 1.7 54.6
CrAlYN-2 39.5 5.2 0.4 54.9
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advanced power plant components and steam piping. Its precise
composition is shown in Table 1. Specimens of 10 � 10 � 3 mm
of size were cut from a sheet, ground up to 600# SiC grit paper
and subsequently, the surfaces were thoroughly cleaned in an
ultrasonic bath with ethanol.

CrAlN and CrAlYN coatings were deposited on P92 steel speci-
mens using a commercial direct current (d.c.) magnetron sputter-
ing equipment (CemeCon� CC800/8) with four separated
rectangular targets of 200 � 88 � 5 mm dimensions. Two targets
were 99.9 wt.% Cr, one 99.5 wt.% Al and the last one was
99.5 wt.% Y. Previously, the chamber was evacuated to
1 � 10�4 Pa and the substrate surfaces were sputter-etched with
Ar+ for additional surface cleaning. The deposition process was car-
ried out in a reactive atmosphere of Ar/N2, applying a d.c. voltage of
110–120 V and with a measured temperature due to plasma effect
in the range of 200–400 �C.

Samples were held in the deposition chamber by a welded bar
in such a way that allowed three directional deposition to cover
all the faces of the substrates. In order to obtain the desired com-
position in the coatings the sputtering powers were set at 3000 W
for the Cr and Al targets while 500 or 1500 W were used for the Y
target, maintaining the Ar/N2 ratio at 1.5.

Four different CrAlN based coatings were deposited for this
study: two CrAlN coatings (CrAlN-1 and CrAlN-2) and two CrAlYN
coatings (CrAlYN-1 and CrAlYN-2) with varying concentrations of Y
(1.7 and 0.4 at.%, respectively).

A layer of CrN of approximately 4 lm of thickness was depos-
ited at the coating/substrate interface to favour the adherence of
the coatings. To study the effect of this layer on the coating perfor-
mance during steam oxidation, the CrN interlayer was absent in
one of the CrAlN coatings (CrAlN-1).

Extensive microstructural, mechanical and chemical character-
isation of similar coatings with lower thicknesses deposited on Si
wafers can be found in a previous publication [13]. There, detailed
compositions of those coatings were determined by electron probe
microanalysis (EPMA) with a JEOL Superprobe JXA-8200M. The val-
ues obtained are presented in Table 2.
2.2. Oxidation tests

P92 substrates and coated samples were oxidised at 650 �C in
100% steam atmosphere up to 2000 h. Conditions for oxidation
were chosen to simulate the operation parameters of supercritical
turbine engines employed to increase energy efficiency conversion
in power plants. Although this approach does not take into account
the operating pressure, it provides well-controlled conditions to
study the processes involved in oxidation.

The oxidation was carried out in a tubular horizontal furnace at
650 �C connected to a second furnace in which the steam was gen-
erated from de-oxygenated water. A detailed description of the
experimental set up is shown elsewhere [14].

The oxidation kinetics was determined by mass gain measure-
ments in a five decimal balance. The samples were removed from
the furnace at fixed intervals; in the first hours every 24 h and later
every 150 h approximately. After each of those intervals the fur-
nace was turned off from the mains. To prevent further oxidation
of the samples while the furnace cooled down to room tempera-
ture nitrogen was injected into it. The samples were then allowed
to dry in a nitrogen atmosphere for eight hours, withdrawn from
Table 1
Composition of the ferritic steel P92 used as substrate (% in weight).

Cr V Ni Mo Mn Si W C Fe

ASTM P92 9.07 0.2 0.06 0.46 0.47 0.02 1.78 0.1 87.84
the furnace, weighed and returned to it for subsequent oxidation.
Three specimens of each coating were oxidised to confirm the
reproducibility of the data.
2.3. Characterisation techniques

In order to study the morphology and thicknesses of as-depos-
ited coatings, cross sections of the samples were observed by scan-
ning electron microscopy (SEM) in a JEOL JSM-6400 at 20 kV with a
working distance of 15 mm. Furthermore, their chemical composi-
tions were determined by Rutherford backscattering spectroscopy
(RBS). RBS experiments were carried out using the 5MV HVEE
Tandetron accelerator sited at the Centro de Micro-Análisis de
Materiales of Universidad Autónoma de Madrid using 3.700 MeV
He+ ions. The data were interpreted using the RBX program [15].

After oxidation, characterisation of modified coatings and scales
was performed on the specimens at different oxidation exposure
times. Morphology and thicknesses were studied in planar and
cross-section views of the samples after 2000 h of oxidation by
SEM. Metallographic preparation for a cross-section examination
involved the successive deposition on the surface of a thin gold
layer and a thicker layer of electroless nickel, the assembly of se-
lected samples in conductive resin, grinding and polishing down
to 1 lm diamond paste. Chemical composition information of
scales was achieved by EPMA with a JEOL Superprobe JXA-
8900M at 20 kV and 50 nA using a beam diameter of 1.2 lm.

Depth profile analysis of coating elements after 700 h of oxida-
tion were determined by means of glow discharge optical emission
spectroscopy (GDOES) employing a Horiba Jobin Yvon RF GD
instrument. This equipment was operated in argon plasma of
650 Pa and forward power of 40 W, with a 4 mm diameter copper
anode. The wavelengths of the spectral lines used were 130.21 nm
for oxygen, 149.26 nm for nitrogen, 371.99 nm for iron, 396.15 nm
for aluminium, 425.23 nm for chromium and 371.03 nm for
yttrium.
3. Results

3.1. As-deposited coating characterisation

Fig. 1 shows four representative SEM micrographs of the cross
sections of the as-deposited coatings. Film thicknesses were mea-
sured from these cross-section views and are compiled in Table 3.
The comparison of Fig. 1(a), corresponding to the CrAlN-1 coating,
with the micrographs obtained for the other coatings (Fig. 1(b)–
(d)) evidences the different morphology of the coatings due to
the presence, in the latter, of the CrN layer. All the studied coatings
have parallel and continuous interfaces. However, in the micro-
graphs of the CrAlN-2, CrAlYN-1 and CrAlYN-2 coatings, the adhe-
sion interlayer at the coating/steel interface shows a rough
appearance after polishing, with numerous needle-like features
perpendicular to the interfaces. In contrast, the coatings deposited
on the CrN adhesion interlayer and the CrAlN-1 coating appear
smooth and with low porosity.

Chemical compositions of the as-deposited coatings were deter-
mined by RBS. Experimental and simulated spectra displayed in



Fig. 1. Scanning electron microscopy of the cross sections of as deposited samples of (a) CrAlN-1, (b) CrAlN-2, (c) CrAlYN-1, and (d) CrAlYN-2 coatings.

Table 3
Composition of the deposited coatings by RBS (at.%) and their thicknesses (in lm)
measured from the cross-section SEM micrographs.

Cr Al N Y Thickness

CrAlN-1 35–38 7–8 52–57 – 5.9
CrAlN-2 35–40 7–8 50–56 0 15.6
CrAlYN-1 37 9 52 2 14.3
CrAlYN-2 38 7 55 0.5 16.4
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Fig. 2 reveal a homogeneous composition throughout the coatings.
The slight sequential variations observed are due to the rotation
speed of the plate in the deposition chamber. The results summa-
rized in Table 3 are in agreement with those obtained by EPMA for
the replica coatings deposited on Si wafers.
Fig. 2. Experimental and simulated spectra by RBS of as deposited (a) CrAlN-1, (b)
CrAlN-2, (c) CrAlYN-1, and (d) CrAlYN-2 coatings.
3.2. Oxidation kinetics

Fig. 3 displays the mass gain per unit area versus time curves of
the substrate and the four coatings. The mass gain represented
data are the average of the mass gain per unit area of the three
identical specimens oxidised per each coating. The errors of the
data correspond to the standard deviation of the measurement at
each oxidation time, which are larger than the errors calculated
from the instrumental accuracy.

For comparison, the oxidation data obtained for the P92 sub-
strate and those of the studied coatings are presented together.
Oxidation of P92 substrate occurs with a large increase in weight
due to the formation of a thick scale of iron and chromium oxides
[14]. However, the mass gain for the CrAlN-2 and the CrAlYN-based
coatings increases rapidly with time in the very first stage of the
process stabilizing afterwards at two orders of magnitude smaller
than the value measured for the steel, which indicates a lower oxi-
dation rate (inset of Fig. 3). Interestingly, the stabilization of the
CrAlYN-based coatings mass gain takes place in the first 72 h of
treatment, much faster than in the case of the CrAlN-2 coating
which stabilizes after approximately 500 h of oxidation. The oxida-
tion kinetics follows the expected parabolic law up to 1000 h. After
this exposure time a mass decrease is identified for the coatings
with the CrN adhesion interlayer, being more pronounced for the
coatings with yttrium content. In the case of the CrAlN-1 coating
without Y-doping and CrN adhesion interlayer, the mass variation
with time results in negligible or slightly negative values.
3.3. SEM observations of the oxidised specimens

In Fig. 4 representative micrographs of the surfaces of the coat-
ings after 2000 h of oxidation in 100% steam are disclosed. In all of
them, it is possible to distinguish the lines due to the rough surface
finishing of the substrate and fine droplets up to 10 lm of diameter
approximately (Fig. 4(a)–(d)). The droplets, which are characteris-
tic of the deposition method [3], show identical composition to
that of the coating. However, some differences are noticed in this



Fig. 3. Mass change per unit area versus time of the substrate P92 up to 1000 h and
the nitride coatings under study up to 2000 h at 650 �C in 100% steam atmosphere.
The mass change represented in the graph is total mass change calculated by
subtracting the mass measured per unit area after each oxidation interval from the
initial mass per unit area of the as-received specimen. Mass gain due to the
adsorption of oxygen and mass loss due to the de-nitridation process are reflected
in the weight variations. The inset shows an enlargement of the part of the graph
corresponding to the coated samples.
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singular morphology. The surface of the coatings becomes more
granular and rougher in the yttrium doped samples. The presence
of fine oxidation products of bright appearance decorates the sur-
face of the oxidised coating, particularly the CrAlYN-1 and CrAlN-2
specimens. Finally, the CrAlN-1 sample displays a regular surface
with compacted lines and a few isolated white spots.

Fig. 5(a)–(d) shows the backscattered electron images taken for
the cross-section views of CrAlN-1, CrAlN-2, CrAlYN-1 and CrAlYN-
2 coatings respectively after 2000 h of oxidation. Back-scattered
electron mode was employed to enhance contrast between layers
with different compositions. Comparing the above pictures with
those taken for the initial coatings (Fig. 1), no clear evidence of sur-
face oxidation and film degradation is observed. In contrast to the
coatings with the adhesion layer that conserved the two-layered
Fig. 4. Scanning electron microscopy of the surfaces of oxidised (a) CrAlN-1, (b) CrAl
atmosphere.
morphology after oxidation, the CrAlN-1 coating discloses a homo-
geneous appearance with no features.
3.4. Compositional analysis of the as-deposited and oxidised specimens

In order to determine the composition of the modified coatings
after 2000 h of oxidation at 650 �C in 100% steam, depth profiles by
EPMA are shown in Fig. 6. A protecting nickel layer was deposited
prior to sample preparation to avoid delamination of the oxide
scale. For the CrAlN-1 coating (Fig. 6(a)) the steady value of nitro-
gen, aluminium and chromium signals indicates a homogeneous
composition through the coating thickness. In the case of the coat-
ings with adhesion interlayer the most significant feature, taking
into account the chromium and nitrogen signals, is the oxidation
of the chromium nitride layer at the coating/substrate interface
(Fig. 6(b)–(d)). Certain oxygen enrichment is detected in the film
surfaces as a result of the steam treatment but it is overlapped with
that of nickel protecting layer making its evaluation difficult. With
the aim of further studying the coating oxidation (inner and outer
layer) and ion diffusion processes during the steam tests, analysis
by GDOES of samples after 700 h of treatment were carried out
in the two CrAlN coatings and in the CrAlYN coating with the high-
est Y content.

Fig. 7 shows the GDOES profiles for the CrAlN-1, CrAlN-2 and
CrAlYN-1 coatings ((a)–(c)). The general behaviour observed is
the formation of a surface oxide layer mainly constituted by Al
and Cr as a consequence of the exposure to the steam flow at
650 �C. Moreover, in the samples of CrAlN-2 and CrAlYN-1 the for-
mation of the chromium oxynitride in the interlayer with the sub-
strate, detected after 2000 h of oxidation by EPMA, has already
started at 700 h. Oxygen contents along the film thickness of the
coatings with CrN adhesion interlayer are found in the range 3–
8 at.% suggesting its migration through the film inhomogeneities
and columnar boundaries (particularly in the yttrium-doped sam-
ple). Regarding the iron signal, some Fe diffusion at the interface
with the coating cannot be ruled out. However, the authors tend
to ascribe such iron profile to mixing effects due to a non-flat
geometry of the crater created during GDOES analysis (see for
example [16]). This effect is enhanced by a roughening of the crater
N-2, (c) CrAlYN-1, and (d) CrAlYN-2 coatings at 650 �C to 2000 h in 100% steam



Fig. 5. Backscattered scanning electron microscopy of the cross sections of oxidised (a) CrAlN-1, (b) CrAlN-2, (c) CrAlYN-1, and (d) CrAlYN-2 coatings at 650 �C to 2000 h in
100% steam atmosphere.
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bottom that is a well-known phenomenon in GDOES [17]. Also of
interest, the composition profile of the CrAlN-2 specimen evi-
dences the de-nitridation of the bulk coating. In contrast, in the
depth profiles of the CrAlN-1 specimen the nitrogen signal is con-
stant throughout the coating thickness, except for the superficial
decrease due to oxide formation. In this coating only, the chro-
mium signal indicates the development of a chromium-rich oxide
near to the surface coating.
4. Discussion

In this study the oxidation behaviour of four CrAlN based coat-
ings have been explored in 100% steam atmosphere at 650 �C.
Numerous studies on the oxidation resistance of CrAlN coatings
have shown their good performance in air by the development of
a protective oxide scale of a mixture of Cr2O3 and Al2O3. Likewise,
their thermal stability and corrosion resistance in air can be im-
proved by additions of reactive elements such as Y, which segre-
gate to the oxide scale grain boundaries impeding oxygen
migration [13]. However, extrapolation of these results cannot be
granted when oxidation is taking place in a steam atmosphere,
since in many systems the conjunction of a high temperature
water vapour and oxides have been reported to lead to the forma-
tion of volatile hydroxides [18].

A comparison between the data obtained for the P92 substrate
and the coatings observed in Fig. 3 reveals that any of the sub-
strate-coating systems tested represents a significant improve-
ment of the corrosion resistance of the bare substrate.
Nevertheless, the CrAlN-1 coating shows the best oxidation resis-
tance according to its negligible mass change. The coatings studied
in the present work exhibit comparable oxide growth rates to dif-
fusion aluminide coatings that pursued a similar objective of
improving the performance of P92 in steam turbines [19,20].

The SEM micrographs, GDOES and EPMA analysis corroborate
the idea of the presence of aluminium/chromium protective super-
ficial oxide layers that prevent further ionic diffusion in the four
coatings. However, the CrAlN-1 coating GDOES spectrum reveals
the development of a marked chromium-rich oxide layer of higher
protective ability regarding the optimum coating performance. Be-
sides the superficial oxide layers, an inner oxidation of the chro-
mium nitride interlayer occurs at the coating/substrate interface
of those coatings with adhesion interlayer. It can be assumed that
the weight gain is mainly due to the adsorption of oxygen by the
coating during oxidation and the development of oxidised phases.
Then, the higher mass gains measured after the steam tests of the
CrAlN-2, CrAlYN-1 and CrAlYN-2 coatings compared to that of the
CrAlN-1 coating is related to the oxidation of the CrN adhesion
interlayer. The resultant oxide inner layer suggests there is an in-
ward diffusion of oxygen ions from the atmosphere through the
coating, indicating a lower protection provided by these coatings
compared to that of the CrAlN-1 coating. However, this inner oxy-
nitride layer prevents interdiffusion between the coating and the
substrate. On the one hand, the formation of iron oxides at the
coating/substrate interface and the inward diffusion of oxygen in
the steel substrate are undetected. On the other hand, regarding
the GDOES spectra at 700 h of oxidation, the outward diffusion of
iron ions from the substrate through the coatings is comparable
for all four coatings. The behaviour of the chromium oxynitride
layer should be tested at higher temperatures to clarify its role
as a possible diffusion barrier. Additionally to nitride [7,21,22]
and oxide [23] layers, also oxynitride layers have been reported
to act as effective diffusion barriers [24].

Consequently, the protectiveness of the superficial oxide devel-
oped on the coatings appears to be compromised by the structure
of the coating on which the oxide layers grow. Hence, tailoring the
composition of coatings with the ability to develop protective films
on the surface in extreme environmental conditions is not suffi-
cient to assure a good performance of the coating but other factors
should be taken into account.

The main difference between CrAlN-1 and the CrAlN-2 systems
is the presence of a CrN adhesion interlayer. The deposition of a
thin layer of CrN is a widely used method to improve the bond of
transition metal nitride coatings deposited by PVD to the
substrates, in particular for soft steel [25,26]. Furthermore, San-
chez–Lopez et al. observed a change of coating morphology when



Fig. 6. Compositional depth profiles by EPMA of oxidised (a) CrAlN-1, (b) CrAlN-2, (c) CrAlYN-1, and (d) CrAlYN-2 coatings at 650 �C to 2000 h in 100% steam atmosphere. The
IL acronym stands for the CrN adhesion interlayer.
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Fig. 7. Compositional depth profiles obtained by GDOES of oxidised (a) CrAlN-1, (b) CrAlN-2, and (c) CrAlYN-1 coatings at 650 �C to 700 h in 100% steam atmosphere.
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including aluminium in magnetron-sputtered CrN coatings from
being highly columnar to a denser microstructure [27]. This char-
acteristic feature has a clear influence on the microstructure devel-
oped by the subsequent coating. Therefore, it is reasonable to
expect a template effect of the CrN adhesion layer promoting the
growth of coatings (CrAlN-2, CrAlYN-1 and CrAlYN-2) with a dis-
similar grade of compactness compared to that deposited on the
bare steel (CrAlN-1).

The oxygen migration is facilitated along the columnar grain
boundaries through the less dense nitride coating deposited on
the CrN adhesion layer. Thus, the multilayered systems formed
by CrAl(Y)N coating/CrN adhesion layer/substrate result in a less
protective ability than the CrAlN coating/substrate system. Of
interest here is the work carried out by Franz et al., who observed
an oxidised coating layer near the substrate in AlCrVN coatings
after annealing at 700 �C. They associated this to the oxygen diffu-
sion during the oxidation process along the boundaries of charac-
teristic columnar grains of arc-evaporated coatings [28].
Additionally, the de-nitridation process, which occurred during
oxidization of the coatings with the adhesion layer due to nitrogen
ions migrating through the coating to the surface, seems to be
facilitated. This assumption is supported by the oxidation kinetics
after 1000 h of exposure and taking into account that no delamina-
tion of the coating was observed by either visual examination or
SEM observations of the cross sections of oxidised coatings. The
reduction of nitrogen content has been reported previously by sev-
eral authors for the oxidation of PVD CrAlN based coatings but in
air and above 700 �C [5,7,29]. De-nitridation by the release of N2

was associated with the formation of oxide phases when long-term
oxidation at high temperature was carried out on other nitride
coating systems [30,31].

Regarding the possible additional benefits in the oxidation
resistance by incorporating small concentrations of yttrium into
the CrAlN coatings (0.4 at.% and 1.7 at.%), no clear conclusion can
be obtained. Some mechanisms proposed in the literature explain
that yttrium presence retards diffusional processes when thermal
treatment is carried out in air, including selective segregation to
scale grain boundaries and to the coating/scale interface [10].
Although a similar effect could be expected to that observed in
air oxidation, a different mechanism is anticipated in steam oxida-
tion regarding the oxidation kinetics of the studied coatings. The
oxidation data showed in Fig. 3 reveal a higher mass gain of the
CrAlYN-based coatings and shorter times for the complete oxida-
tion of the CrN interlayer than those of the CrAlN-2 coating. This
result implies that yttrium addition cannot compensate for the
open grain boundaries present in the structure or this last factor
is of primary importance. Additionally, the weight decrease after
1000 h of oxidation of the CrAlYN-1 and CrAlYN-2 coatings sug-
gests that the de-nitridation process is also affected by the yttrium
presence in the coatings indicative of a lower stability. Neverthe-
less, further studies on highly dense coatings are needed to eluci-
date the influence of yttrium in the steam oxidation mechanism.

Undeniably, thickness is an important parameter to fix in a
coating system design. Deposition of thick coatings is ideal to act
as diffusion barriers to prevent high temperature oxidation of the
substrate but involves higher costs and longer production times.
The results of this study demonstrate that layer thickness can be
decreased without deterioration of corrosion protection by opti-
mising of the film properties (structure and composition). Thus,
the best protection is achieved with the CrAlN-1 coating whose
thickness is approximately half of that of the second best perform-
ing coating (CrAlN-2).
5. Conclusions

The protectiveness of CrAl(Y)N coatings deposited by reactive
magnetron sputtering on P92 steel against steam oxidation at
650 �C have been explored. During oxidation, all the coatings de-
velop a superficial mixed chromium and aluminium oxide layer
that prevents the CrAl(Y)N-based coatings from further corrosion.
However, this protective oxide layer cannot avoid the oxidation
of the CrN adhesion interlayer when it is present in the coating.
This is explained by the lower oxidation resistance of the CrN
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and the oxygen migration through more open film structures
developed on top of it. However, the formation of this oxynitride
barrier at the coating/substrate interface avoids the diffusion and
subsequent oxidation of metals present in the steel. The possible
beneficial effect of yttrium in the coating composition, regarding
previous findings in similar coatings oxidised in air, is not evi-
denced. The yttrium role could be hidden by the effect of the grain
structure that facilitates the inward oxygen diffusion. As a final re-
mark, a CrAlN dense coating of around 6 lm without adhesion
interlayer is sufficient to prevent the oxidation of the bare P92
substrate.
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