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In thermal barrier coating (TBC) systems, a continuous alumina layer developed at the ceramic topcoat/
bond coat interface helps to protect the metallic bond coat from further oxidation and improve the
durability of the TBC system under service conditions. However, other oxides such as spinel and nickel
oxide, formed in the oxidizing environment, are believed to be detrimental to TBC durability during
service at high temperatures. It was shown that in an air-plasma-sprayed (APS) TBC system, postsp-
raying heat treatments in low-pressure oxygen environments could suppress the formation of the det-
rimental oxides by promoting the formation of an alumina layer at the ceramic topcoat/bond coat
interface, leading to an improved TBC durability. This work presents the influence of postspraying heat
treatments in low-pressure oxygen environments on the oxidation behavior and durability of a thermally
sprayed TBC system with high-velocity oxy-fuel (HVOF)-produced Co-32Ni-21Cr-8Al-0.5Y (wt.%)
bond coat. Oxidation behavior of the TBCs is evaluated by examining their microstructural evolution,
growth kinetics of the thermally grown oxide (TGO) layers, and crack propagation during low-frequency
thermal cycling at 1050 �C. The relationship between the TGO growth and crack propagation will also be
discussed.
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1. Introduction

The metallic bond coat (BC) is an important constituent
of thermally sprayed TBC systems. It enhances the adhe-
sion of the ceramic thermal barrier layer (the topcoat or
TC) to the substrate and also provides oxidation and cor-
rosion protection to the substrate metal. At elevated tem-
peratures, however, oxidation of the bond coat results in
the formation of a TGO layer at the ceramic/bond coat
interface. If the TGO was composed of a continuous scale
of Al2O3, it would act as a diffusion barrier during an
extended thermal exposure in service, thus helping to
protect the substrate from further oxidation and improving

the durability of the system under service conditions.
However, it has been reported that some other oxides, such
as chromia (Cr,Al)2O3, spinel Ni(Cr,Al)2O4, and nickel
oxide NiO (Ref 1-6), may form along with this TGO layer
in thermally sprayed TBC systems. Since oxidation of the
bond coat has been recognized as the cause for separation
of the ceramic layer from the substrate (Ref 2, 3, 7-10), the
formation of the detrimental oxides may accelerate crack
nucleation during thermal exposure, leading to premature
TBC failure. Studies have shown that, when heat treated in
low-pressure oxygen conditions, a continuous Al2O3 layer
may develop at the ceramic/bond coat interface in both
thermally sprayed (Ref 6, 11-13) and electron beam phys-
ical vapor deposited (EB-PVD) TBC systems (Ref 14-18).
Therefore, appropriate postspraying heat treatment(s) may
suppress the formation of detrimental oxides by developing
a TGO composed of a predominantly Al2O3 layer, leading
to improved TBC durability.

In the present investigation, heat treatments in envi-
ronments with low-pressure oxygen were performed to
produce an Al2O3 layer at the interface between the
ceramic topcoat and the bond coat prior to prolonged
thermal exposure in air. The influence of the preoxidation
treatments on oxidation behavior was then studied in
terms of TGO growth, crack nucleation, and propagation
in the TBC system having an HVOF-produced bond coat.

2. Experimental

The TBC samples consisted of a CoNiCrAlY bond coat
and a ZrO2-8wt.%Y2O3 topcoat. The bond coat was
deposited to a thickness of 140 to 180 lm by the HVOF
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technique (Tafa JP5000, Praxair, CT, USA), with powders
of Co-32Ni-21Cr-8Al-0.5Y (wt.%) (CO-210-24, Praxair,
CT, USA), onto ˘16 9 10 mm Inconel 625 disks. On top
of the CoNiCrAlY, the topcoat was deposited to a thick-
ness of 250 to 280 lm by the APS technique (F4, Sulzer
Metco, Westbury, NY, USA), with powders of ZrO2-
8wt.%Y2O3 (Metco 204NS, Sulzer Metco, Westbury, NY,
USA). Grit blasting was not applied prior to the deposi-
tion of the topcoat. The nominal particle size distributions
for the BC and TC powders were 20-45 lm and
11-125 lm, respectively. The BC and TC were produced
based on the spray parameters recommended by the
manufacturers of the torch and feedstock.

Some of the as-sprayed samples were heat-treated in a
vacuum furnace at <10-5 torr (PO2

< 0.00028 Pa) and
1080 �C for 4 h (vacuum heat treatment or VHT), and
some others were heat-treated in a low-pressure oxygen
environment of about 2 9 10-3 torr (PO2

� 0.056 Pa) at
1080 �C for 24 h (low-pressure heat treatment or LPOT).
All samples were subsequently subjected to low-
frequency thermal cycling in air. The thermal cycle con-
sisted of 10 ~ 15-min ramping, 100-h holding at 1050 �C,
and >40-min cooling to the ambient temperature
(25 �C). The oxidized samples were sectioned after
completion of a predetermined time of thermal exposure
between 100 and 2500 h, mounted using epoxy, and
mechanically polished. The specimens were then exam-
ined using a Philips XL30S FEG scanning electron
microscope (SEM) with an energy-dispersive spectrome-
ter (EDS). The area and length of TGO, as well as the
crack length in the TBC, were measured using ImageTool
software, based on the micrographs taken from the cross
sections of the tested samples. TGO area was measured
by drawing a polygon along the ceramic/TGO and TGO/
bond coat interfaces, while TGO length by drawing a line
as short as possible along the TGO. About 20-70 micro-
graphs were taken from each sample for the TGO
measurement. The various oxides were identified by
SEM-EDS, as NiAl2O4 contains approximately 13-16
at.% Ni and 27-30 at.% Al, while Al2O3 and NiO are
very easy to be determined.

3. Results and Discussion

3.1 As-Sprayed and Preoxidized Coating
Microstructures

The ceramic topcoat contained porosity and some
crack-like discontinuities (Fig. 1a). The maximum
dimension of the crack-like discontinuities in the ceramic
was in the range of 70 to 100 lm. The CoNiCrAlY bond
coat, on the other hand, was rather uniform and contained
less porosity compared to the ceramic topcoat. Some
porosity also appeared at the topcoat/bond coat interface.
SEM/EDS semiquantitative analysis showed that the alu-
minum concentration in the bond coat at the ceramic/bond
coat interface was 13 to 19 at.%. After the VHT and
LPOT, a nearly continuous thin Al2O3 layer was devel-
oped at the original ceramic/bond coat interface (Fig. 1b

and c), while the aluminum level in the bond coat
remained nearly unchanged within the interface region.
Meanwhile, some mixed oxide clusters of chromia, spinel,
and nickel oxide (CSN) can also be observed at the
ceramic/bond coat interface.

Fig. 1 Microstructures of (a) as-sprayed (i.e., no preoxidation),
(b) VHT and (c) LPOT TBCs with HVOF-CoNiCrAlY bond
coat
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3.2 Oxidation of TBCs

Upon thermal exposure in air, an oxide layer of pre-
dominantly Al2O3 formed along the interface between the
ceramic topcoat and the bond coat (Fig. 2a). In addition,
some mixed oxides, CSN clusters, also formed at the
ceramic/bond coat interface. The formation of the CSNs
was attributed to the localized low aluminum concentra-
tion at the ceramic/bond coat interface (Ref 13). As such,
the TGO formed in the as-sprayed TBC was composed of
an Al2O3 layer and a number of CSN clusters. As thermal
exposure continued, the TGO layer grew thicker (Fig. 2b).
The amount of CSN clusters appeared to be barely
changed as exposure time increased, and cracking in the
TBC appeared to be very limited.

With a further increase of thermal exposure, preexist-
ing crack-like discontinuities in the ceramic started to
open and develop into cracks (Fig. 3a); however, the
number of cracks in the TBC was still very limited.
Cracking associated with the CSN clusters was also lim-
ited, while cracking associated with the TGO occurred

mostly at the TGO/bond coat interface (Fig. 3b). Yttrium-
rich oxides were observed within the Al2O3 as the TGO
grew, and the formation of these Y-rich oxides appeared
to have no influence on crack nucleation and/or void
formation within the TGO. After prolonged thermal
exposure, the number of cracks remained limited; how-
ever, within 150 lm of the ceramic/bond coat interface,
some individual cracks became rather long (Fig. 4),
extending up to ~200 lm in length.

In the VHT TBC, however, much less CSNs were
formed at the ceramic/bond coat interface (Fig. 5a),
compared to those in the as-sprayed TBC (Fig. 2a). This
suggests that the VHT could, to a certain level, suppress
the formation of mixed oxides during thermal exposure
via developing a thin Al2O3 layer in vacuum at high
temperature. This is consistent with previous observations
reported by many other researchers (Ref 6, 11-18). Similar
to the as-sprayed TBC, cracking in the VHT TBC was
very limited after up to twenty-five 100-h cycles (Fig. 6).
The formation of some Cr-rich oxide was observed during

Fig. 2 As-sprayed HVOF-CoNiCrAlY shows (a) a TGO layer
of predominantly alumina with CSN clusters between the cera-
mic topcoat and alumina layer after one 100-h cycle and (b) the
increased thickness of the TGO after five 100-h cycles

Fig. 3 In the as-sprayed HVOF-CoNiCrAlY, after ten 100-h
cycles, a discontinuity in the ceramic/bond coat interface region
developed into a crack (a), while cracking associated with the
TGO occurred mostly at the TGO/bond coat interface (b)
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the thickening of the TGO (Fig. 7), where crack nucle-
ation/propagation could be seen. The formation of Cr-rich
oxide can be attributed to the aluminum depletion in the
bond coat such that a composition was reached at which
other oxide(s) could form (Ref 19). The microstructure of
the LPOT TBC during thermal exposure was essentially
the same as that of the VHT TBC, which had fewer mixed
oxides than the as-sprayed TBC, along with a slower TGO
thickening process. Cracking associated with mixed oxide
clusters at the ceramic/bond coat interface and Cr-rich
oxide within the alumina layer could be seen after
extended thermal exposure (Fig. 8).

No spallation was observed with any of the three samples
(i.e., as-sprayed, VHT, and LPOT) after thirty-five 100-h
thermal cycles, and the testing is still in progress.

Fig. 4 A discontinuity opened and propagated into a long crack
within 100 lm of the ceramic/bond coat interface in the
as-sprayed HVOF-CoNiCrAlY after twenty-five 100-h cycles.
There are still relatively few cracks in the TBC

Fig. 5 VHT HVOF-CoNiCrAlY shows (a) a TGO layer of
predominantly alumina with limited CSN clusters between the
ceramic topcoat and alumina layer after one 100-h cycle and
(b) thickening of the TGO after five 100-h cycles

Fig. 6 A discontinuity opened and propagated to become a long
crack within 50 lm of the ceramic/bond coat interface in the
VHT HVOF-CoNiCrAlY after twenty-five 100-h cycles. Crack-
ing in the TBC remains quite limited

Fig. 7 After twenty-five 100-h cycles, Cr-rich oxide formed
during TGO growth, leading to cracking in the VHT HVOF-
CoNiCrAlY
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3.3 TGO Growth and Crack Propagation
in the TBCs

To take into account the entire TGO, an equivalent
TGO thickness, deq, is defined as (Ref 20):

deq ¼
R cross sectional TGO areað Þ

R cross sectional length TC/BC interfaceð Þ ðEq 1Þ

Use of this approach was due to the rough ceramic/bond
coat interface, as well as heterogeneous TGO growth
especially when CSN clusters were formed between the
ceramic topcoat and the bond coat (Fig. 2 and 5). The
relationship between deq

2 and exposure time (Fig. 9)
shows a parabolic growth of TGO, which is consistent with
previous observations (Ref 1, 21-23). It can also be seen
that both VHT and LPOT can reduce the growth rate of
the TGO layer; this can be attributed to the reduced for-
mation of mixed oxides during thermal exposure. How-
ever, the difference between the as-sprayed and VHT/
LPOT HVOF-CoNiCrAlY is not nearly as pronounced as

that observed for APS-CoNiCrAlY studied in earlier work
(Ref 24). This is due to the smaller amount of the mixed
oxides formed in the coating as a result of relatively higher
Al content in HVOF-CoNiCrAlY. In the case of APS,
oxidation during spraying results in lower Al contents in
the deposited CoNiCrAlY coating.

In general, the maximum crack length in the TBCs
increased as exposure time increased (Fig. 10). It may be
noticed that cracks propagate faster in the as-sprayed TBC
than in the VHT and LPOT TBCs. When plotting the
maximum crack length as a function of TGO thickness
(Fig. 11), it appears that crack length increases with TGO
thickness, even though the microstructure of the TGOs
varies. Regression analysis shows that the relationship
between the maximum crack length in the TBC and TGO
thickness can be expressed by a power law, i.e., amax =
kdeq

n, where k and n are constants. The value of n is
determined to be 0.891, which is quite different from that

Fig. 8 The LPOT HVOF-CoNiCrAlY TBC coating system
after twenty-five 100-h thermal cycles showing (a) cracking
associated with CSNs and the alumina layer and (b) cracks
nucleated as a result of Cr-rich oxide formation within the alu-
mina layer
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Fig. 9 TGO growth in TBCs with a HVOF-CoNiCrAlY bond
coat during low-frequency thermal exposure
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Fig. 10 The maximum crack length in the TBC as a function of
the time of thermal exposure
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determined in a TBC with an APS-CoNiCrAlY bond coat
under a 45-min thermal cycling condition at the same
temperature (Ref 24), where n was 0.597. This could be
due to the narrow range of TGO thicknesses in the present
study, which was from about 8 to 15 lm. Also, the
increased holding time in the present study would have an
influence on the maximum crack length, since the number
of thermal cycles will definitely have an impact on crack
propagation. It was reported that longer holding times
resulted in a slower mass gain rate during thermal cycling
(Ref 25); however, the relationship between holding time
and crack length has not been reported in the open liter-
ature. Ongoing work by the authors is investigating this
relationship.

It has been shown that the critical crack size for initi-
ating TBC spallation is somehow related to the topcoat
thickness (Ref 26). It is possible that TBCs with different
topcoat thickness values would fail at different TGO
thickness levels. As such, determination of TGO growth
kinetics, as well as the relationship between crack length
and TGO thickness, may be helpful in TBC life prediction.
This suggests that the nature of such a relationship merits
further investigation in both numerical and experimental
studies.

4. Conclusions

The present work investigated the influence of preoxi-
dation treatments in low-pressure oxygen environments
on the low-frequency cyclic oxidation behavior of a high-
velocity oxy-fuel Co-32Ni-21Cr-8Al-0.5Y (wt.%) bond
coat. It was found that both VHT and LPOT could sup-
press the formation of detrimental mixed oxides to a
certain level, and develop a TGO composed of a pre-
dominantly Al2O3 layer. The growth of the TGO showed
a parabolic growth phenomenon up to 2500 h. Crack
propagation in the TBC during thermal exposure pro-
ceeded via discontinuity opening and growth in the

ceramic, as well as limited crack nucleation and propa-
gation associated with the TGO, whereas VHT and LPOT
decreased the crack growth rate. A power law relationship
between the maximum crack length in the TBC and TGO
thickness likely exists, which may be useful to the life
prediction of the thermally sprayed TBCs.
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