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Abstract

The oxidation behavior of an air-plasma-sprayed thermal barrier coating (APS-TBC) system was investigated in both air and low-pressure
oxygen environments. It was found that mixed oxides, in the form of (Cr,Al),O3 - Ni(Cr,Al),O4 - NiO, formed heterogeneously at a very early
stage during oxidation in air, and in the meantime, a layer of predominantly Al,O3 grew rather uniformly along the rest of the ceramic/bond
coat interface. The mixed oxides were practically absent in the TBC system when exposed in the low-pressure oxygen environment, where
the TBC had a longer life. Through comparison of the microstructures of the APS-TBC exposed in air and low-pressure oxygen environment,
it was concluded that the mixed oxides played a detrimental role in causing crack nucleation and growth, reducing the life of the TBC in air.
The crack nucleation and growth mechanism in the air-plasma-sprayed TBC is further elucidated with emphasis on the Ni(Cr,Al),O4 and NiO

particles embedded in the chromia.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thermal barrier coating (TBC) systems, which consist of
an yttria partially stabilized zirconia ZrO,—-8%Y,0;
(ceramic) top coat and a metallic bond coat deposited onto
a superalloy substrate, are favorably used as protective
coatings on hot section components in advanced gas turbine
engines to withstand increased inlet temperatures and thus
improve engine performance [1]. Failure of a TBC system is
often associated with oxidation of the metallic bond coat at
elevated temperatures via formation of a thermally grown
oxide (TGO) layer by depletion of aluminum from the bond
coat [2-8]. In past work, it was observed that plasma-
sprayed TBCs failed by spallation of the ceramic coat near
the original ceramic/bond coat interface but mostly within
the ceramic layer [9—12], whereas EB-PVD-produced TBCs
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failed at the interface between the TGO and the bond coat
[13,14]. The TBC failure could be attributed, in part, to the
biaxial compressive stress state built up at the interface
between the ceramic top coat and the bond coat during
cooling from elevated temperatures to the ambient temper-
ature due to thermal expansion mismatch between the two
constituents [2,5]. These stresses could increase progres-
sively, cycle by cycle, as a result of the reduced deform-
ability of the bond coat [2]. In addition, the biaxial in-plane
compressive stresses could produce a tensile stress normal
to the nominal coating plane at locations where local
undulation of the interface was present. These tensile
stresses, acting on the pre-existing flaws and defects, would
promote crack initiation and delamination in the coating
system [2,15-18]. Finite-element analyses have shown that
the stresses in a TBC increase with a growing TGO layer
[19-21].

Even though a general understanding of TBC failure in
association with TGO formation and thermal mismatch-
induced stress has been achieved, the specific crack
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Fig. 1. Distribution of alloying elements in the NiCrAlY bond coat. The arrow indicates the segregation of nickel. SEM backscatter and digital X-ray images.

nucleation mechanism has not been clarified in relation to
the formation of different components of the TGO. It has
been reported that Ni(Cr,Al),Oy4 (spinels) and NiO formed at
above 1000 °C during the oxidation of thermal barrier
coating systems [11,22-25]. It was suggested that these two
oxides were detrimental to the durability of thermal barrier
coating systems, because of the rapid local volume increase
[24]. Hence, to gain a better understanding of the TBC
failure mechanism, more attention needs to be paid to the
detailed oxidation behaviors of the bond coat.

In the present study, for clarification of the role of
certain oxides in causing crack nucleation and growth,
TBC samples were tested in two different atmospheres: air
and a low-pressure oxygen environment. By comparing the
oxidation and crack formation behaviors of the TBC
system in these two environments, the process of crack
nucleation and propagation is further elucidated in relation
to the formation of particular oxides in the bond coat of
the TBC.

2. Experimental methods

The TBC samples were manufactured to consist of an
yttria partially stabilized zirconia (ZrO,—8%Y,05) top coat
and Ni-22Cr-10Al-1Y (wt.%) bond coat by plasma
spraying in air onto 12.5-mm-diameter Inconel 625
substrate disks. The thickness of the ceramic coat is
250-310 pm, and that of the bond coat is 160—-180 pm.
Thermal exposure tests consisted of a 15-min ramp-up, 23-
h isothermal soak at different temperatures from 930 to

1200 °C, and a 45-min cool-down to ambient temperature
(25 °C). The low-pressure oxygen environment was
prepared in quartz tubes, evacuated to a pressure of about
2x 1072 torr and backfilled with argon. The tested samples
were examined using a Philips XL30S field emission gun
scanning electron microscope (SEM) operating at an
accelerating voltage between 5 and 20 kV.

3. Results
3.1. As-sprayed microstructure

The as-sprayed TBC was comprised of a ZrO,—8%Y,0;
top coat and a Ni-22Cr—10Al-1Y (wt.%) bond coat. The
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Fig. 2. Oxides formed in the original top coat/bond coat interface region
after 1-h exposure at 930 °C in air. Arrows indicate mixed oxides of
(Cr,Al);03, Ni(Cr,Al),O3 and NiO. SEM backscatter image.
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Fig. 3. Granular NiO and Ni(Cr,Al),0O, particles between the ceramic and alumina layer after 1-h thermal exposure in air at 930 °C. SEM backscatter images.

ceramic coat contained porosity and some crack-like
discontinuities, while the as-sprayed bond coat, although
not fully dense, contained fewer such features. Aluminum
was distributed nonuniformly in the bond coat (Fig. 1)
because of pre-oxidation (formation of alumina) during the
thermal spray processes. The aluminum concentration was
found to be very low (<14 at.% or 7.5 wt.%) in some areas
along the top coat/bond coat interface region. Nickel and
chromium, on the other hand, were distributed rather
uniformly in the bond coat. However, segregation of nickel
still could be seen, as indicated by the arrow in Fig. 1.

3.2. Oxidation of NiCrAlY in air

Studies of the oxidation of the bond coat in air showed
that after a 1-h exposure at a temperature of 930 °C, some
relatively large oxide regions had formed, as indicated by
the arrows in Fig. 2. The formation of a thin alumina
(AL,O3) layer (~220 nm) between the ceramic top coat and
the NiCrAlY bond coat could also be observed. Energy-
dispersive spectrometer (EDS) analysis revealed that these
massive oxides contained 15-45 at.% nickel, 824 at.%
chromium and 2-30 at.% aluminum, while the Al,O3 layer
contained >40 at.% Al, with <2 at.% Cr and <2 at.% Ni. The
composition of the massive oxides was similar to that
reported by other researchers [24,25]. These oxides
appeared to be a mixture of chromia ((Cr,Al),0O3), spinels

(Ni(Cr,Al),04) and nickel oxide (NiO) (Fig. 3). They
formed in the Al,Osz/ceramic top coat interface region.
Moreover, a thin (Cr,Al),O5; zone could also be observed
between the Al,O; layer and ceramic coat. For description
purposes, these mixed oxides of chromia, spinel and nickel
oxide are termed as (Cr,Al);O3:Ni(Cr,Al),O4 NiO, or
abbreviated as CSN. As oxidation proceeded, the Al,O3
layer became thicker, which was ~1.1 um after 100 h;
however, the CSN region virtually did not grow as the
exposure time increased (Fig. 4). The oxidation behavior of
Ni—22Cr—10AI-1Y at 950 and 980 °C was practically the
same as at 930 °C.

Upon thermal exposure in air at 1200 °C, the
(Cr,Al),05 - Ni(Cr,Al),O4 - NiO grew more extensively in
the TBC/bond coat interface region, as shown in Fig. 5,
than at lower temperatures. The rapid growth of CSN
caused crack nucleation in Figs. 5 and 6. Cracks usually
nucleated within the (Cr,Al),O;5 - Ni(Cr,Al),O4-NiO (Figs.
5a and 6a) and grew into the ceramic top coat. Sometimes,
they also formed at the interface between the ceramic top
coat and Al,O; layer where a layer of (Cr,Al),O3; was
present (Fig. 5b). At a later stage, these interfacial cracks
coalesced to form a long dominant crack in the ceramic
top coat near the interface (Fig. 6b) in a cleavage mode,
leading to TBC separation from the bond coat after 161 h
(Fig. 7). The feature of this later stage of crack propagation
has been widely observed [9-12]. On the other hand, crack
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Fig. 4. Heterogeneously distributed (Cr,Al),O3 - Ni(Cr,Al),O, - NiO between the Al,O5 layer and ceramic top coat (a) after 100 h at 930 °C. The figure in (b) is

a close-up look of CSN in (a). SEM backscatter images.
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Fig. 5. Crack nucleation via void formation in (Cr,Al),05 - Ni(Cr,Al),O, - NiO (a) and at the interface between ceramic top coat and (Cr,Al),05 (b) after 23 h in

air at 1200 °C. SEM backscatter images.

propagation related to the formation of an Al,O5 layer was
rather limited.

The formation of (Cr,Al),O5 - Ni(Cr,Al),O4 - NiO-mixed
oxides was quite heterogeneous, as shown in the micro-
graphs of Figs. 5-7. Therefore, their growth kinetics were
difficult to quantify. Generally speaking, the higher the
temperature, the greater the volume of (Cr,Al),O5-
Ni(Cr,Al),04-NiO formed, but once formed at a particular
temperature (at least above 930 °C), the CSN volume
fraction did not seem to change with exposure time. On
the other hand, the Al,O3 layer formed rather uniformly
along the original interface between the ceramic and the
bond coat, and its thickness increased monotonically with
exposure time, as shown in Fig. 8a. The behavior of Al,0O;
thickening roughly followed a parabolic function of time,
as further demonstrated in Fig. 8b. This is consistent with
a diffusion-controlled thickening process, where the
relationship between the thickness (6) and exposure time
(1) is expected to be 0%cct. Thus, thickening of Al,O;
layer can be described as

San0,/dt = 2koe” /KT

where kj is a constant, O is the activation energy for the
Al,O5 layer growth, R is the universal gas constant and 7'
is the bond coat temperature, since oxidation is a thermally

=

activated process. The Arrhenius plot of Al,Oz layer
thickening (Fig. 9) gives an activation energy of Q=188
kJ/mol for the present NiCrAlY bond coat. Meier and co-
workers [13] obtained an activation energy of about 231
kJ/mol for the thickening of oxide layer in their study.

3.3. Oxidation of NiCrAlY in the low-pressure oxygen
condition

When exposed for 161 h at 1200 °C in a low-pressure
condition (~2x 1072 torr), a thin Al,Oj layer of about 3—5
um thick formed at the interface between the ceramic top
coat and metallic bond coat, with limited formation of
Ni(Cr,Al),O4 and NiO. The number of cracks formed in
association with the growth of the alumina layer in the
interfacial region was very limited, although a few could be
identified at the interface between the Al,O5 layer and bond
coat as indicated by arrows (Fig. 10). Crack propagation did
occur in the ceramic top coat (some might have penetrated
the Al,O;3 layer), primarily via the coalescence of pre-
existing flaws; nevertheless, the mode did not appear to be
the cleavage type, as in air. However, after 299 h in the low-
pressure oxygen environment, some sintering of the ceramic
top coat had taken place, and separation of the TBC
occurred within the degraded bond coat near the bond coat/
substrate interface (Fig. 11a). At this time, it was observed

Fig. 6. Crack nucleated in (Cr,Al),05 - Ni(Cr,Al),0, - NiO grows into ceramic (a) and crack propagation in the interface region (b). After 138 h in air at 1200

°C. SEM backscatter images.
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Fig. 7. TBC separation after 161 h as a result of coalescence of the
interfacial cracks and preexisting flaws and cleavage crack growth in the
ceramic. SEM backscatter image.

that the Al,Oj3 layer dissolved, and the bond coat was further
oxidized, via the formation of finer Ni(Cr,Al),O4 (Fig. 11b),
an observation similar to that made by Shillington and
Clarke [23].

4. Discussion

The formation of spinel (Ni(Cr,Al),O4) and NiO at the
interface between the ceramic coat and Al,O5 layer has been
reported by many researchers [11,22-25]. It has been
suggested that below 1000 °C, one of the possible causes
of spinel formation between the ceramic coat and the Al,O3
layer in an EB-PVD-produced TBC system is transportation
of nickel through the Al,O3 layer [3], since thermodynamic
considerations indicate that Al,O5; would tend to form first
in NiCrAlY bond coats [3,26]. In the present study,
(Cr,Al),05 - Ni(Cr,Al),O4 - NiO oxides were observed even
after only a 1-h thermal exposure in air at 930 °C (Fig. 3b).
It was noted, as well, that these oxides did not grow during
later extended thermal exposure (Fig. 4). It is thus
postulated that these (Cr,Al),O5 - Ni(Cr,Al),O4 - NiO oxides
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Fig. 9. Arrhenius plot for Al,O5 layer growth between 930 and 1200 °C.

formed in the very beginning of the oxidation process. This
occurred at sites where the aluminum concentration was low
and nickel had segregated as a result of compositional
inhomogeneity in the air-plasma-sprayed (APS) TBC
system. These zones were situated along the original
ceramic/bond coat interface region (Fig. 1), and it is
believed that the mixed oxides were produced because
locally, there was insufficient aluminum reacting to form an
initial alumina layer to serve as an effective diffusion barrier
to nickel.

In the low-pressure oxygen environment, however,
formation of (Cr,Al),O5 - Ni(Cr,Al),O4 - NiO-mixed oxides
was very limited, even though the longer life of the TBC
under this condition resulted in an increase in the
exposure time at high temperature and, hence, the time
available for nickel transportation to occur. Comparing the
(Cr,Al),05 - Ni(Cr,Al),O4 - NiO formation in the two envi-
ronments, it can be concluded that compositional inho-
mogeneity and oxygen pressure may play a more
important role in the (Cr,Al),O5-Ni(Cr,Al),O4 NiO for-
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Fig. 8. Average thickness of Al,O; layer, 8, as a function of exposure time at various temperatures (a) and relationship between 6% and time (b).
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Fig. 10. Limited amount of cracks can be observed at the interface between
Al,O5 layer and bond coat after 161 h in low-pressure oxygen condition.
SEM backscatter image.

mation than nickel transportation via diffusion in air-
plasma-sprayed TBC systems.

The formation of (Cr,Al),O; ‘- Ni(Cr,Al),O4-NiO in air
usually proceeded via the development of (Cr,Al),O;
containing embedded Ni(Cr,Al),O, and NiO particles
(Figs. 3 and 4) and cracks nucleated within the (Cr,Al),
O3 -Ni(Cr,Al),O4 - NiO or at the interface between the
ceramic and (Cr,Al),O; (Fig. 5). It is likely that the fast
growth of Ni(Cr,Al),04 and NiO [24] resulted in a stress
buildup at the Ni(Cr,Al);04/(Cr,Al),O3 and NiO/
(Cr,Al),O5 interfaces, leading to crack nucleation within
the (Cr,Al),O5 - Ni(Cr,Al),O4 - NiO (Fig. 5) and growth into
the ceramic coat in a cleavage mode (Fig. 6a). In contrast,
(Cr,Al),05 - Ni(Cr,Al),O4 -NiO oxides were practically
absent in the low-pressure oxygen-exposed TBC and crack
formation was very limited, albeit a layer of Al,O3 still
formed along the ceramic/bond coat interface. Here, it
should also be mentioned that the thermal mismatch strains
between the ceramic and bond coat would still exist and be
identical in the TBC coupons subjected to the same
thermal cycle but in different environments. Therefore, it
may be postulated that bond coat oxidation plays a critical
role in causing crack nucleation and subsequent growth.
Thus, depending on the type and amount of oxides formed
in a bond coat, the TBC spallation behavior can be quite
different. As such, it can be anticipated that, upon thermal
exposure in air, the (Cr,Al),O3 Ni(Cr,Al),O4-NiO forms

rapidly in areas with low aluminum concentration, along
the original ceramic/bond coat interface, while the Al,O3
layer starts to form. Cracks most likely initiate within the
(Cr,Al),05 - Ni(Cr,Al),04 - NiO or at the interface between
the ceramic and (Cr,Al),O5 and grow into the ceramic top
coat in a cleavage mode. The coalescence of these cracks,
as well as the pre-existing flaws within the ceramic coat,
would take place at a later stage, resulting in long cracks,
which might become the dominant ones causing spallation
of TBC from the bond coat. Whereas some other studies
attributed the root cause of failure to the TGO as a whole
[9-12], the present study provides a detailed description of
the crack nucleation mechanisms, via the formation of
(Cr,Al),03 - Ni(Cr,Al),04 - NiO. The actual crack sizes
have been found to follow log-normal distributions, as
reported elsewhere [27]. By comparing the TBC cracking
behavior in air with that in an inert environment, where the
TBC life is almost double that in air, it is shown that the
Al,O5; is not as detrimental to TBC life as (CrAl),
O3 - Ni(Cr,Al),04 - NiO. Therefore, it can be expected that
reducing the amount of (Cr,Al),O5 - Ni(Cr,Al),O,4-NiO at
the interface between the ceramic and Al,O; layer may
lead to an extended TBC life.

5. Conclusions

Oxidation behaviour of a Ni-22Cr—10Al-1Y bond coat
at temperatures between 930 and 1200 °C and in two
environments, air and a low-pressure oxygen condition, was
investigated. The major findings on the oxidation behavior
in relation to crack nucleation and growth can be
summarized as follows:

Mixed oxides, (Cr,Al),O3 - Ni(Cr,Al),O4 - NiO, formed in
the very beginning of the thermal exposure in air, along with
the formation of the Al,Oj3 layer. This is considered to result
from the segregation of Ni in the interfacial region between
the ceramic coat and NiCrAlY bond coat.

Cracks initiated mostly in association with the forma-
tion of (Cr,Al);O3-Ni(Cr,Al);O4-NiO. In particular, Ni
(Cr,Al),04 and NiO particles embedded in chromia could
act as crack nuclei. Upon the volumetric change induced by

Fig. 11. TBC failed after 299 h in low-pressure condition, after sintering of ceramic coat (a) and degradation of bond coat (b) occurred. SEM backscatter

images.
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the oxidation, cracks thus formed were driven into the
ceramic coat and grew in a cleavage mode, leading to the
separation of the TBC. Whereas in the low-pressure oxygen-
exposed TBC, where the mixed oxides were practically
absent, crack formation was very limited, and the TBC failed
by total degradation of the bond coat.
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