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Abstract—A plasma-sprayed thermal barrier coating is observed to spall after oxidation at 1121°C from a
CoNiCrAlY bond-coated superalloy at the interface between the thermally grown oxide (TGO) and the zir-
conia thermal barrier coating (TBC). Phase characterization by photostimulated luminescence and X-ray
diffraction, as well as microstructural characterization by scanning electron microscopy, indicates that the
spalling is associated with the conversion of the initially formed «-alumina thermally grown oxide to o-
chromia and a (CoNi)(CrAl) spinel. It is proposed that the phase conversion occurs after the alumina
TGO has cracked on thermal cycling and the underlying bond-coat alloy is depleted of aluminum with
concurrent enrichment of the oxide by Cr, Co and Ni. The observations suggest that monitoring the lumi-
nescence intensity as a function of oxidation time might form the basis of a nondestructive tool for detect-
ing the onset of failure based on the disappearance of o-alumina. © 1999 Acta Metallurgica Inc. Published

by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Although thermal barrier coatings (TBCs) are
already being widely used in a variety of gas turbine
and diesel engine applications, greater benefits are
expected to accrue with TBCs that can be used in
critical applications, namely those in which a loss
of the coating would expose the underlying metal to
a temperature in excess of its design specifications.
This requires an increase in the reliability of the
coatings particularly with regard to failure by spal-
ling since the TBCs are usually under biaxial com-
pression, as a result of the smaller coefficient of
thermal expansion of most TBCs compared with
the underlying metal.

Considerable increases in the reliability of TBCs
have come from improvements in the processes
used for deposition, in large part because of
improvements in coating consistency. However,
one of the difficulties in choosing a combination
of alloy/bond-coat/TBC for improved reliability is
that the mechanisms by which TBCs spall have
not been fully identified. There is an additional
complication in that there is circumstantial evi-
dence to suggest that different failure mechanisms
pertain in the failure of TBCs deposited by elec-
tron beam evaporation and plasma-spraying. This
is further complicated by the fact that plasma-
sprayed coated materials tend to be used at lower
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temperatures than those deposited by electron
beam evaporation. In this work we present exper-
imental observations suggesting that one failure
mode is associated with a compositional change in
the thermally grown oxide from alumina to a mix-
ture of chromia and spinel, and that this is, in
turn, associated with depletion of Al from the
bond-coat and concurrent enrichment of Co, Ni
and Cr in the oxide. Failure of alumina scales on
overlay oxidation coatings has previously been as-
sociated with aluminum depletion effects [1-3] and
it has recently been implicated in the failure of
TBCs on a MCrAlY bond-coat [4].

The coated system investigated in this work was
an IN939 superalloy with a MCrAlY (CT102)
bond-coat of nominal composition 38Co—32Ni—
21Cr-8AI1-0.8Y (wt%) and a plasma-sprayed ther-
mal barrier coating of nominal composition ZrO,—
9% Y,03. For purposes of evaluating the depen-
dence of the thickness of the TBC coating on the
residual stress, the TBC had been polished at an
angle of 1:100 to produce a gradient in TBC thick-
ness across the sample as well as to expose the
bond-coat on one side. The sample is shown in the
optical micrograph of Fig. 1, with the exposed
bond-coat at the left-hand side. (The vertical bands
correspond to different thicknesses of the TBC and
the dark, circular dot is a hole drilled in the speci-
men so as to suspend it in the furnace during oxi-
dation.)
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2. RESIDUAL STRESS EVOLUTION ON OXIDATION

The specimen was oxidized in air at 1121°C for
successively longer periods of time (1, 2, 4, 8, 16,
32 h). After each oxidation the sample was cooled
to room temperature and the photostimulated Cr’ ™"
fluorescence (luminescence) spectrum recorded. The
luminescence was studied as both a probe for the
presence of o-alumina and the piezospectroscopic
measurement of residual stress in the oxide formed
at the interface between the TBC and the bond-coat
alloy. The experimental procedure and the data
analysis have been described previously [5-8]. The
nominal compressive stress was determined from
the observed frequency using the phenomenological
equation:

c
AVgiress = Hijo',‘j = Hijakialjokl (1

where Il is the jjth component of the piezospectro-
scopic tensor and o} the stress state in the crystallo-
graphic basis of the host crystal. (The Einstein
summation convention is assumed.) In a general
coordinate system, the stress state, o;, is related to
afj by the transformation matrix, a;. Because the
off-diagonal terms of the piezospectroscopic tensor
are nearly zero for alumina [9], equation (1) may be
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substantially reduced:

Avgiress = o5 — [ (apap + azap)
+ (ana + apap) + He(aiap
+ apap)loj; 2

where the subscripts a, m and ¢ refer to the respect-
ive crystallographic directions in the corundum
structure. For an untextured polycrystalline ma-
terial, provided the volume probed by the exciting
laser beam is large compared to the grain size, the
piezospectroscopic shift can be shown to depend
only on the hydrostatic component of the stress:

— 1
Ay = gﬂﬁajj (3)

where equation (3) is obtained by averaging

equation (2) over all spatial orientations. For oxide
scales having no crystallographic texture, the stres-
ses can be assumed to be equi-biaxial, such that
Oxx = 0y, =0 and ¢.. = 0. In this limit, equation (3)
reduces to

Av = %nﬁa 4)

Fig. 1. Optical micrograph of the plasma-sprayed TBC after taper polishing the TBC so that the bond-
coat is exposed at the left-hand side. (The hole is used to suspend the sample in the oxidation furnace.)
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Fig. 2. The nominal biaxial compressive residual stress in the thermally grown alumina as a function of
oxidation time at 1121°C. The stresses were calculated from the measured frequency shift of the R2 flu-
orescence line using equation (4) in the text.

where & is the net effect of the growth stresses
established at the oxidation temperature and the
thermal expansion mismatch stress arising upon
cooling. The experimentally measured value of ITj;
is 7.60 cm™!/GPa for both of the ruby lines [9]. The
term, nominal compressive stress, is used since the
relationship of equation (1) assumes that the oxide
is formed on a flat surface. When the surface is not
flat, the determination of the residual stress state
from the observed frequency shift requires a
detailed and quantitative knowledge of the surface
roughness [10]. (The same proviso of course, per-
tains to the interpretation of residual stress from X-
ray diffraction measurements [10].)

Not normally considered is that changes in chro-
mium concentration in the o-alumina also cause a
shift in the characteristic luminescence lines.
According to Kaplyanskii et al. [11], the frequency
shift varies linearly with chromium concentration,
Cms a8 Av = 0.99¢,, so increasing chromium concen-
tration has the same effect as decreasing hydrostatic
stress.

Since the bond-coat was exposed in polishing the
wedge, both thermally grown oxide on the bare
bond-coat as well as under the TBC could be
probed after each oxidation exposure. The evol-

ution of the nominal compressive stress in the ther-
mally grown oxide is shown in Fig. 2. (Note, the
oxidation time is plotted on a logarithmic scale.)
The stress under the TBC builds up slowly with
time for the first 10 h and then remains almost con-
stant at about 2.5 GPa up to about 128 h. In this
respect it behaves in a similar manner to the stress
evolution on the same bond-coat under an EB-PVD
coating. In contrast, the compressive stress in the
thermally grown oxide on the polished bond-coat
surface continued to increase up to a maximum of
about 7.5 GPa. The higher value of the nominal
stress on the polished bond-coat than under the
TBC is attributed to the fact that the bond-coat is
rough under the TBC and so it is not in a state of
biaxial compression as it is on the polished surface.
As a result, there are out-of-plane stresses in the
thermally grown oxide and so the simple relation of
equation (4) cannot strictly be used. Nevertheless,
for comparison purposes, as is done in this work, it
is used. (The effect of sinusoidal roughness is to
decrease the observed frequency shift [10] but with-
out quantitative knowledge of the detailed geometry
of the roughness of the coating, the actual stress in
the alumina cannot be determined.)
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Fig. 3. An example of the occasional localized spalling noted after oxidation. The spalling in these
cases occurs at the interface with the bare bond-coat as indicated by the specular optical reflection from
these regions and the absence of any luminescence.

1 mm

Fig. 4. The surface of the small region of still adhering TBC after the majority of the TBC had spalled
away. Extensive cracking and buckling of the TBC is apparent. Scanning electron micrograph.
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Fig. 5. Energy dispersive X-ray spectrum recorded from the bond-coat surface exposed by spalling.

Then, with subsequent oxidation after 128 h the
frequency shift, and hence the nominal compressive
stress, began to decrease in magnitude on both the
polished bond-coat surface and under the thermal
barrier coating, as shown by the data in Fig. 2. In
addition, small isolated spalls, such as shown in the
photomicrograph of Fig. 3, also began to occur
after 128 h with the spalling occurring at the bond-
coat/TGO interface exposing the bare metal.
Finally, after a total of 512 h oxidation at 1121°C,
most of the TBC spalled, in one piece, from the
bond-coat on cooling. The spalled piece was pre-
served for analysis as was the bond-coat surface
exposed by the spalling.

3. POST-SPALLING CHARACTERIZATION

Although most of the TBC had spalled away, a
small region remained adhered to the specimen. The
intensity of the fluorescence was very low, almost
two orders of magnitude smaller than that from the
coating after 128 h. In addition, the nominal com-
pressive stress determined from the Iuminescence
frequency was almost zero (Fig. 2). Examination of
both the bond-coat surface exposed by the spalling
and the underside of the spalled TBC revealed that
fluorescence was only obtained from small isolated
patches, a few microns across, suggesting that little
o-alumina remained on either the bond-coat or the
TBC surfaces.

The adhered piece of the TBC and the bond-coat
surface exposed by the spalling were examined
using scanning electron microscopy. As shown in

Fig. 4, the adhered TBC was extensively cracked
and appeared to have buckled. Scanning mi-
croscopy of the exposed bond-coat surface was not
useful in identifying the nature of the surface but
EDAX analysis of the surface revealed a high con-
centration of Cr and only comparatively low con-
centrations of Al, Co, Ni, Ti and Nb (Fig. 5). X-
ray diffraction analysis of the surface, Fig. 6,
revealed a much more complex picture indicating
mainly Cr,O; and a spinel phase, possibly a
(Co,Ni)(Cr,Al) spinel, as well as the presence of
weaker peaks of Al,O3 and zirconia and rutile. The
X-ray diffraction analysis identification of chromia,
spinel and the other phases was thus consistent with
there being little detectable fluorescence from a-
Al,O3 over most of the surface. Interestingly, the
lattice parameters, determined from the X-ray dif-
fraction peaks, of both the «-Cr,O; and the remain-
ing o-Al,O3 corresponded to that of the bulk,
unstrained oxides.

4. PHASE EVOLUTION IN THE THERMALLY
GROWN OXIDE

In order to elucidate the changes in the thermally
grown oxide during oxidation a series of exper-
iments were performed to characterize the phases
and their spatial distribution at different oxidation
times. Pieces of the same bond-coated alloy were
oxidized for different times (64, 128, 256, 384, 512
and 640 h) at 1121°C and the plasma-sprayed coat-
ing was then pried from the samples to facilitate X-
ray diffraction of the oxide. They were then cross-
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Fig. 7. X-ray diffraction data from the oxidized bond-coat
surface for the oxidation times indicated. In each case, the
TBC had been pried off to make the measurements.

sectioned and the phases in the oxide characterized
on both the free surface and in the cross-section.
After 128 h, the only phase detectable by X-ray dif-
fraction (Fig. 7) and microscopy (Fig. 8) was a-
alumina, as expected from the photoluminescence
observations. (The peak from zirconia was from
pieces of the zirconia coating still remaining after
removing the bulk of the TBC.) After 256 h oxi-
dation, however, the first indications of the for-
mation of the spinel and a-chromia were detected
on the surface by X-ray diffraction and in the cross-
section by optical microscopy. These two phases
became successively more pronounced with further
oxidation exposure until, as shown in Fig. 7,
alumina was no longer detectable by X-ray diffrac-
tion from the free surface after 512 h. This finding
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was in agreement with the observations of the
spalled surface (Fig. 6). Additionally, the alumina
phase was no longer continuous after 384 h oxi-
dation and the oxide was principally a mixture of
the (Co,Ni)(Cr,Al) spinel and oa-chromia.
Furthermore, “veins” of alumina, identified by their
characteristic photoluminescence, appeared in the
bond-coat alloy indicating that alumina was form-
ing by internal oxidation rather than at the oxide
surface (Fig. 8). Isolated alumina particles within
the thermally grown mixed oxide could also be
detected by their photoluminescence but were diffi-
cult to distinguish in the optical micrograph.
Longer oxidation served to thicken the mixed oxide
layer as well as increase the depth into the bond-
coat where the alumina formed by internal oxi-
dation.

5. DISCUSSION

The principal finding of this work is that spon-
taneous failure of the TBC occurred on cooling
once the thermally grown oxide had converted from
an initially continuous alumina scale to a mixed
chromia, spinel scale. The delamination failure, pre-
sumably driven in by the increasing strain energy
from the edge of the wedge-shaped TBC, suggests
that the interfacial fracture resistances of the TBC/
0-Cry03 and the TBC/spinel interfaces are lower
than that of the TBC/x-Al,O5 interface originally
present. This finding then raises the question as to
the reason for the oxide phase conversion. Under
equilibrium conditions, it is difficult to understand
why an initially continuous, and presumably protec-
tive, alumina scale is replaced by the formation of
a-chromia and spinel since alumina is the thermody-
namically more stable oxide. As pointed out by
Petit [12] those phases can form below the alumina
scale once the activity of aluminum in the bond-
coat has fallen below that necessary to form more
alumina at the interface. However, they do not dis-
rupt the alumina scale. One possibility is that the
same process occurs as in breakaway oxidation of
alloys [2]. In this scenario, prompted by thermal
cycling, the alumina coating on the highly convo-
luted bond-coat surface cracks on cooling as a
result of the high local curvatures and thermal
expansion mismatch. Such cracks would, on heating
back to the oxidation temperature, provide a direct
transport path through the alumina for oxygen to
react with the bond-coat and maintain a high par-
tial pressure of oxygen at the interface. If, as is
usually the case in high aluminum containing alloys,
the bond-coat contains sufficient aluminum, more
alumina will form and re-establish the protective
film. However, if the alloy is locally depleted of
aluminum, the other oxides can form. If the large
volumetric change associated with the formation of
these oxides is constrained, as it is likely to be by
the overlying TBC, then this can lead to further
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Fig. 8. Cross-section of the thermally grown oxide formed on the bond-coat after 128 h (top), 384 h
(middle) and 512 h (bottom). Optical micrographs.

cracking of the alumina thereby further enhancing
the formation of chromia and spinel. Without a
protective scale, oxygen can diffuse well into the
bond-coat alloy and form alumina by internal oxi-
dation, as is observed.

The formation of Cr,O; also provides an expla-
nation for the unusual dependence of the apparent
residual stress in the thermally grown alumina on
oxidation time. As oxidation proceeds, the compres-
sive stress in the alumina under the TBC increases
over short times and then remains essentially
unchanged for about 100h at 1121°C. In this

respect, the evolution in residual stress in the ther-
mally grown oxide is similar to that seen on the oxi-
dation of NiAl [13], Ni3Al [14] and of TBC coated
NS5 superalloy with a PtAl bond-coat [15].
However, in contrast to the behavior of those
alloys, the apparent compressive stress, shown in
Fig. 2, then decreases with continued oxidation.
The decrease coincides with the observed formation
of Cr,0; and is consistent with an increase in chro-
mium concentration in the o-alumina phase. Also,
since Cr,03 is a strong absorber of the photostimu-
lated Cr’* luminescence, its formation may also be



SHILLINGTON and CLARK: SPALLING FAILURE

responsible for the decrease in luminescence inten-
sity observed after about 100h. In fact, this
suggests that the intensity of the photostimulated
luminescence could be used as the basis for a non-
destructive technique for monitoring the stability of
the protective alumina scale. Although several fac-
tors influence the luminescence intensity, the inten-
sity generally increases with thickness of the
alumina scale and provided any chromia formed is
beneath the alumina it does not affect the lumines-
cence intensity from the alumina scale. However,
when the volume of alumina decreases, for instance
by dissolution to form spinel, or chromia forms
above the alumina scale, the luminescence intensity
will decrease. Furthermore, once the chromia layer
completely covers the alumina, the intensity falls to
zero. (This is the reason the alumina formed by in-
ternal oxidation could be detected in the polished
cross-section but not through the mixed oxide scale
from above.)

Finally, although Al depletion-based spalling was
found to occur in only ~512 h it should be borne in
mind that the oxidation temperature used (1121°C)
is considerably higher than that to which this par-
ticular alloy/bond-coat/TBC combination would
normally be exposed, or indeed is probably
designed for. However, what was, in essence, an
accelerated, high temperature test, does highlight
the need for sufficient Al content in the bond-coat
and underlying alloy to compensate for Al de-
pletion during oxidation. This is especially import-
ant for the MCrAl bond-coats since there is
sufficient Cr, Ni and Co in many of these bond-
coats to shift the composition of the thermally
grown oxide from Al,O; to one of the other oxides
over a prolonged time. Further experiments are
underway to quantify the kinetics of this behavior.

6. CONCLUSIONS

Spalling of a plasma-sprayed thermal barrier
coating from a 38Co-32Ni-21Cr-8Al-0.8Y bond-
coated superalloy is found to occur at the interface
between the thermally grown oxide and the zirconia
TBC after 512h at 1121°C. Luminescence and X-
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ray characterization indicate that the spalling is as-
sociated with the formation of a (Co,Ni)(Cr,Al)
spinel and a-chromia, replacing the initially formed
o-alumina thermally grown oxide in contact with
the TBC. It is proposed that this phase conversion
occurs, after thermal cycle induced cracking of the
TGO, as a result of depletion of Al and enrichment
of Co, Ni and Cr from the bond-coat alloy as oxi-
dation proceeds.
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