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A high-velocity oxyfuel-sprayed 30 wt.% Ni-20 wt.% Co-30 wt.% Cr-10 wt.% Al-2 wt.% Y-4 wt.% Re-4 wt.%
Ta coating was oxidized between 1000 and 1200 °C for up to 200 h in air, and the oxide scales were examined.
The dense, sprayed coating consisted mainly of Cr3Ni2, Ni3Al, Ni3Ta, Ni, NiO, Al5Y3O12, and Cr2O3. Inter-
metallics and some oxides formed during spraying. During oxidation, mainly �Al2O3, along with some
Al5Y3O12, CoAl2O4, CoCr2O4, Ta2O5, and Ta2O2.2 formed on the coating. The preferential oxidation of Al to
form the Al-rich scales resulted in the formation of an Al-depleted region beneath the scales. Rhenium, being
the most noble element, was distributed throughout the oxide scale and the coating, without forming any
independent oxides.
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1. Introduction

Duplex thermal barrier coatings (TBCs) that consist of a ther-
mally insulating ceramic top coating and an oxidation-resistant
metallic bond coating are used to protect the hot-section compo-
nents of gas turbines against oxidation, corrosion, and erosion in
service. Zirconia, which is partially stabilized by various oxides
(PSZ), is commonly applied to the plasma-sprayed MCrAlY
bond coating (M = Ni, Co). Much effort has been made to de-
velop advanced coatings for the purpose of designing more ef-
ficient engines with greater fuel economy and lower electrical
energy cost (Ref 1, 2). For this purpose, Ni-Co-Cr-Al-Y coat-
ings have been developed, with or without Re or Ta, and their
oxidation behavior has previously been studied.

The oxidation of Ni-Co-Cr-Al-Y + Re coatings between 850
and 1200 °C in air has been extensively studied (Ref 3-9). The
addition of 1 to 10 wt.% Re considerably improved the oxidation
and thermomechanical fatigue properties (Ref 6-8, 10). How-
ever, the high-temperature oxidation of Ni-Co-Cr-Al-Y + Ta
coatings has scarcely been studied. According to Frances et al.
(Ref 11), the oxidation of low-pressure plasma-sprayed (LPPS)
Ni-Co-Cr-Al-Y + 3.5 to 4.5 wt.% Ta coatings (Amdry 997;
Sulzer Metco, Westbury, NY) at 850 °C in air resulted in the
growth of a homogeneous and compact Al2O3 layer, with lim-
ited scale spallation. However, as far as we know, the oxidation
of Ni-Co-Cr-Al-Y coatings containing both Re and Ta has not
been reported.

In this study, gas-atomized Ni-Co-Cr-Al-Y + ReTa alloy
powders were sprayed onto a Ni-based substrate using the high-

velocity oxyfuel (HVOF) process. They were then oxidized at
high temperatures, and the oxide scales that formed were inves-
tigated. The purpose of this study was to clarify the oxidation
products and to discuss the results obtained in comparison with
those of previous studies of Ni-Co-Cr-Al-Y + (Ta or Re) bond
coatings.

2. Experimental Procedure

Gas-atomized 30 wt.% Ni-20 wt.% Co-30 wt.% Cr-10 wt.%
Al-2 wt.% Y-4 wt.% Re-4 wt.% Ta (hereafter, referred to as
Ni-Co-Cr-Al-Y + ReTa) with a particle size of −62 + 11 µm was
HVOF-sprayed onto a Hastelloy-X (Haynes, Int., Kokomo, IN)
(49.0 wt.% Ni-22.0 wt.% Cr-15.8 wt.% Fe-9.0 wt.% Mo-1.5
wt.% Co-2.0 wt.% Al-0.6 wt.% W-0.15 wt.% C) plate using a
Sulzer Metco DJ 2600 system. The compositions indicated in
this study are all in weight percent, unless otherwise stated. Be-
fore spraying, the substrate was grit-blasted with grade 60 alu-
mina powders. The detailed spraying parameters are listed in
Table 1. The coating was about 250 µm thick.

After being cut into samples with a size of 10 × 10 × 15 mm3,
separate samples of the prepared Ni-Co-Cr-Al-Y + ReTa coating
were oxidized isothermally in a muffle furnace in atmospheric
air for up to 200 h at temperatures of 1000, 1100, and 1200 °C,
respectively. The specimens before and after oxidation were in-
spected by x-ray diffraction (XRD), a scanning electron micro-
scope (SEM), and an electron probe microanalyzer (EPMA).
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Table 1 HVOF deposition condition

Parameters Settings

Spray distance 300 mm
Transverse speed 750 mm/s
Fuel gas type H2

Fuel gas flow 1600 ft2/h
Oxygen gas flow 380 ft2/h
Air cap flow 800 ft2/h
Carrier gas flow 29 ft2/h
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3. Results and Discussion

Figure 1 shows the SEM top view and the cross-sectional
image of the as-sprayed Ni-Co-Cr-Al-Y + ReTa coating. The
coating surface shown in Fig. 1(a) displays a relatively rough
surface due to the molten splat strike layer by layer and the tur-
bulent cooling jet during spraying. Because splats strike the sur-
face with considerable supersonic force, flattened splats have a
low level of internal pores, as shown in Fig. 1(b). It is noted that
the amount of internal oxide stringers, cracks, and pores can be
considerably reduced by adopting the HVOF process, rather
than the air plasma spray coating technique (Ref 12). Oxygen
from the atmosphere penetrates into the coating via cracks and
open pores, which results in internal oxidation causing the harm-
ful preconsumption of Al and poor scale adhesion (Ref 12, 13).
On the other hand, pores also have the beneficial effect of im-
proving the thermal shock resistance and thermal barrier effi-
ciency.

Figure 2 shows the XRD patterns of the Ni-Co-Cr-Al-Y +
ReTa coating before and after the high-temperature oxidation.
The XRD pattern of the as-sprayed coating shown in Fig. 2(a)
indicates that the prepared coating consists primarily of Cr3Ni2,

Ni3Al, Ni3Ta, Ni, NiO, Al5Y3O12, and Cr2O3, in order of de-
creasing content. The yttrium present in the coating was highly
susceptible to oxidation during the HVOF spraying process, due
to its high oxygen affinity (Ref 5). The XRD patterns after oxi-

dation are shown in Fig. 2(b) to (d). Because the scales were thin,
some unoxidized coating peaks, such as those corresponding to
Cr3Ni2, Ni3Al, Ni3Ta, and Ni, were seen. As the oxidation pro-

Fig. 1 SEM image of as-sprayed Ni-Co-Cr-Al-Y + ReTa coating:
(a) top view and (b) cross section

Fig. 2 XRD patterns of HVOF-sprayed Ni-Co-Cr-Al-Y + ReTa coat-
ings before and after oxidation between 1000 and 1200 °C for 5 ∼ 200 h
in atmospheric air: (a) before oxidation and (b) to (d) after oxidation
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gressed, the scales thickened, resulting in a decrease in the un-
oxidized coating peaks. Regardless of the oxidation temperature
or time, �Al2O3 was always the oxide phase that played a major
role in protecting the retained coating. The other oxides detected
were Al5Y3O12, CoAl2O4, CoCr2O4, Ta2O5, and Ta2O2.2.

Table 2 lists the phases that were identified before and after
the high-temperature oxidation, as a function of the spraying
method, the oxidation conditions, and the powder composition
used for spraying. In this study, 30Ni-30Co-20Cr-12A-l4Y +
4Re and 40Ni-23Co-20Cr-9Al-4Y + 4Ta coatings were also pre-
pared for comparison.

In the as-sprayed Ni-Co-Cr-Al-Y + (Re and/or Ta) coatings,
Ni was always found. NiAl and Ni3Al were frequently found
and, sometimes, grains of Cr3Ni2, �CrCo (Ref 3-9, 11), and �Cr
(Ref 6-9) were found as well. A very small amount of tiny par-
ticles of Y and MxYy (Ref 3-5, 11), together with the precipitated
oxides of NiO, Cr2O3, �Al2O3, and AlxYyOz (Ref 3-5) were also
found. In particular, Ta formed Ni3Ta in the Ni-Co-Cr-Al-Y +
Ta coatings, whereas Re was never detected in the Ni-Co-Cr-
Al-Y + Re coatings, due to its dissolution in other phases, such as
�Cr and �CrCo (Ref 6-10). Therefore, during spraying, it can be
seen that, among the coating elements, Ni is prone to be trans-
formed into Cr3Ni2, Ni3Al, NiAl, NiO, and, if there is any Ta
present, into Ni3Ta. The fact that only �CrCo was found as a
cobalt containing phase, despite the high Co content, implies
that Co had a tendency to dissolve in the other phases, such as
�(Ni,Co)Al (Ref 6) and �(Ni,Co) (Ref 9). Cr formed Cr3Ni2,
�CrCo, and Cr2O3. Al formed intermetallic compounds of
Ni3Al, NiAl, and a small amount of Al2O3 dispersoids (Ref 3-5).

In the oxidized Ni-Co-Cr-Al-Y + (Re and/or Ta) coatings,
alumina was always the major oxide. Other oxides formed were

Cr2O3 (Ref 3-9, 11), CoAl2O4 (Ref 3-5), CoCr2O4 (Ref 7-9),
NiAl2O4, and (Ni,Co)(Al,Cr)2O4 (Ref 3-5, 7-9). Clearly, some
Al2O3 reacted with CoO and NiO to form more stable spinels. Y
existed as Al5Y3O12 or YAl2O3 (Ref 7-9). It is known that Al2O3

readily reacts with Y2O3 to form AlYO3 (perovskite) and then
Al5Y3O12 (yttria-alumina garnet [YAG]). The presence of YAG
increases the oxidation resistance and scale adherence via the
pegging effect. A modification to the oxide growth mechanism
resulting from the inward diffusion of oxygen ions to the out-
ward diffusion of cations can also be explained as an additional
effect of YAG (Ref 12). Especially, Ta was oxidized to Ta2O5

and Ta2O2.2, whereas no rhenium oxides were detected. As men-
tioned above, various inconsistent phases were found both be-
fore and after oxidation, depending on the investigator. This may
have originated from the nonequilibrium of the rapidly solidified
molten droplets during spraying, the different coating composi-
tion and the oxidation condition used. It was also noted that the
spraying distance, the fuel-to-oxygen ratio, the powder feed rate,
and the heat treatment before and after oxidation exert a major
influence on the microstructure and oxygen content (Ref 14).
Additionally, the nature of the oxidation products depends on
the number of defects and pores, which provide easy diffusion
paths for ionic movement (Ref 15).

Figure 3 shows the Ellingham diagram of the possible oxides
that can be formed on the Ni-Co-Cr-Al-Y + ReTa coating. It can
be seen that the oxide stability increases in the order of ReO2,
NiO, CoO, Cr2O3, Ta2O5, Al2O3, and Y2O3. The selective oxi-
dation of Al from the surface resulted in the formation of Al2O3-
rich scales on the Ni-Co-Cr-Al-Y + (Re and/or Ta) coatings. No
rhenium oxides were detected in the XRD measurements, due
mainly to the dissolution of Re in other oxides. A substantial

Table 2 Phases identified before and after high-temperature oxidation in air, as a function of the spraying method,
oxidation conditions, and the powder composition used for spraying

Spraying
method

Oxidation
temperature/time

Powder composition,
wt.%

Before
oxidation

After
oxidation Reference

HVOF 1000 ∼ 1200 °C/200 h 30Ni-20Co-30Cr-10Al-2Y
+ 4Re4Ta

Cr3Ni2, ��, Ni3Ta,
�, NiO,
Al5Y3O12,
Cr2O3

�Al2O3, Al5Y3O12,
CoAl2O4,
CoCr2O4, Ta2O5,
Ta2O2.2

This study

HVOF 1000 ∼ 1200 °C/200 h 30Ni-30Co-20Cr-12Al-4Y
+ 4Re

��, �, Cr3Ni2,
Cr2O3

�Al2O3, CoAl2O4,
CoCr2O4,
Al5Y3O12

This study

VPS 950 ∼ 1200 °C/260 h Ni-Co-Cr-12Al-Y + 3Re ��, �, �, �,
�-Al2O3

(�, �, �)-Al2O3,
Cr2O3

Toma et al. (Ref 5),
Brandl et al.(Ref 3)

HVOF 950 ∼ 1200 °C/1500 h Ni-Co-Cr-12Al-Y + 3Re ��, �, �, �, Y,
MxYy,
�-Al2O3,
AlxYyOz

�Al2O3, NiAl2O4,
CoAl2O4, Cr2O3

Toma et al. (Ref 5),
Brandl et al. (Ref 3, 4)

LPPS 950 ∼ 1000 °C/10,000 h Ni-Co-Cr-12Al-Y + 3Re,
Ni-Co-Cr-24 at.% Al +
3 at.% Re

�, �, �, �-Cr �Al2O3, Cr2O3,
NiCr2O4, CoCr2O4,
(Ni,Co)(Al,Cr)2O4,
YAl2O3

Czech et al. (Ref 7-9)

VPS 950 °C/20,000 h Ni-Co-Cr-12Al-Y + 3Re �, �, �, �-Cr �Al2O3, Cr2O3,
Ni-oxides

Beele et al. (Ref 6)

HVOF 1000 ∼ 1200 °C/200 h 40Ni-23Co-20Cr-9Al-4Y
+ 4Ta

��, �, Ni3Ta,
Cr3Ni2

�Al2O3, CoAl2O4,
Al5Y3O12, Ta2O5,
Ta2O2.2

This study

LPPS 850 °C/800 h Ni-(22-24)Co-(18-21)
Cr-(7.5-9.5)Al-(0.7-0.8)
Y + (3.5-4.5)Ta

��, �, �, �, M5Y �Al2O3, Cr2O3 Frances et al. (Ref 11)

Note: �, NiAl; �, Ni; ��, Ni3Al; �, CrCo; VPS, vacuum plasma spraying
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amount of Ni was present in the prepared coating. However, no
Ni oxides were detected in the XRD measurements obtained of
the oxidized specimens examined in this study. Any NiO that
formed during spraying and oxidation would react with Al2O3 to
form the more stable NiAl2O4 spinel; however, its content was
too small to detect using XRD. Because Co is more active than
Ni, CoCr2O4, or CoAl2O4 are seen in Fig. 2. Also, Ni and Co can
be partially dissolved in other oxides. Apparently, the CoO-
forming tendency was stronger than the NiO-forming tendency
in the present coating. Our XRD results indicated that Cr2O3 was
absent in the scales, which is inconsistent with the previous re-
sults (Ref 3-9, 11). The chromia that formed reacted with CoO to
become CoCr2O4 in this study. It is worthwhile noting that,

based on the oxidation of Ni-Co-Cr-Al-Y + Re coating, Czech
et al. (Ref 9) reported that Cr2O3 and spinels were observed, as
well as the major oxide of �Al2O3, on the as-sprayed surface in
its initial state, whereas a coherent �Al2O3 scale with inclusions
of YAlO3 formed on the polished surface starting at the begin-
ning of oxidation. The nature of the oxidation products is some-
times dependent on the surface roughness of the coating, be-
cause the higher the surface roughness, the more the surface is
exposed to the atmosphere. However, it should be noted that
Zhao et al. (Ref 15) reported no significant influence of the coat-
ing surface roughness on the oxidation behavior. Considering
that Cr2O3 is completely miscible in Al2O3, the coexistence of
these two oxides reported in previous studies (Ref 3-9, 11) may
have been due to the compositional heterogeneity of the rapidly
solidified coating, the nonequilibrium nature of oxidation, or the
surface roughness. The most active Y always gave rise to con-
spicuous Al5Y3O12 patterns, as explained in Fig. 2, although the
initial amount of Y in the coating was small.

Figure 4 shows the SEM top view of the Ni-Co-Cr-Al-Y +
ReTa coating after oxidation. The size of the oxide particles
formed on the surface changed from fine crystallites to coarse
grains as the oxidation progressed. The surface of the �Al2O3-
rich oxide layer was rougher than the original coating surface.

Figure 5 shows the EPMA results of the cross-sectional
scales formed on the Ni-Co-Cr-Al-Y + ReTa coating. The Al-
rich scales were porous and had cracks owing to the heteroge-
neous volume expansion that occurred during scaling, which de-
teriorated the scale adherence. Their thickness was nonuniform,
owing to the compositional variation of the sprayed coating. The
characteristics of each alloying element in the coating were as
follows.

• Aluminum, being the active metal, preferentially oxidizes
to Al2O3, along with some Al5Y3O12, CoAl2O4, and

Fig. 3 Ellingham diagram of possible oxides that can be formed on a
Ni-Co-Cr-Al-Y + ReTa coating

Fig. 4 Top view of an SEM image of a Ni-Co-Cr-Al-Y + ReTa coating after oxidation between 1000 and 1200 °C for 5 ∼ 150 h in atmospheric air
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Al5Y3O12. The consumption of Al in the scale leads to the
formation of an Al-depleted zone underneath (Ref 16). The
more severe the oxidation, the more distinct the Al-depleted
zone (see 1 in Fig. 5).

• Yttrium, being the most active metal, oxidizes to Al5Y3O12,
the content of which increases with increasing oxidation
temperature and time (Fig. 2). The deficiency of Y (see 2 in
Fig. 5) when compared with the corresponding region (see 3
in Fig. 5) may indicate that Y continuously diffuses outward
from the coating toward the outer oxide surface until ex-
haustion. Yttrium is known to increase the oxidation resis-
tance and scale adherence, but some cracking or breakdown
of the Al2O3-rich scale was still noticed in this study.

• Rhenium, being the most noble metal, is distributed
throughout the oxide scale, probably as dissolved ions, and
in the unoxidized coating, without forming oxides. No pref-
erential oxidation took place, and no subsequent depletion/
enrichment of Re occurred. Based on the high-temperature
oxidation of the Ni-Co-Cr-12Al-Y + 3Re coating prepared
by the LPPS (Ref 8) and VPS methods (Ref 6), Czech et al.
previously reported that Re was not found in the oxide scale
but was segregated underneath the oxide scale. The present

inconsistent result cannot be due to the addition of Ta, be-
cause Re was found in the oxide scale formed on the Ta-free
30Ni-30Co-20Cr-12Al-4Y + 4Re coating prepared for the
purpose of comparison. Hence, it is proposed that Re can be
incorporated within the oxide, depending on the coating
surface roughness (Ref 9), spaying method/parameters,
and, more likely, the coating composition.

• Among the different coating elements, Ta can be described
as having intermediate oxide stability. It is always oxidized
to Ta2O5 and Ta2O2.2 in Ni-Co-Cr-Al-Y + Ta(+ Re) coat-
ings. However, these oxides were not found under mild oxi-
dation conditions, but only under severe oxidation condi-
tions (Fig. 2). They were randomly distributed in the scale.

• Ni, Co, and Cr are more noble than Ta (see Fig. 3). They
exhibit similar concentration profiles, implying that their
activities and diffusivities in the coating are probably simi-
lar during oxidation. Upon exposure to oxygen, they were
oxidized, constituting a proportion of the outer part of the
scale (see 4 in Fig. 5) according to their initial amount. The
ensuing consumption of Ni, Co, and Cr at the outer part of
the scale thereby resulted in the formation of an (Ni, Co,
Cr)-depleted zone underneath (see 5 in Fig. 5). However,

Fig. 5 EPMA results of cross-sectional scales formed on the Ni-Co-Cr-Al-Y + ReTa coating: (a) oxidation at 1000 °C for 200 h; (b) oxidation at
1200 °C for 50 h
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Re and Ta did not form an (Re, Ta)-depleted zone. This
difference is attributed to the different consumption rate at
the outer part of the oxide scale, the availability and diffu-
sivity of these elements in the oxide scale, as well as to the
coating itself.

4. Conclusions

The scales formed on the Ni-Co-Cr-Al-Y + ReTa coating be-
tween 1000 and 1200 °C during oxidation in air for up to 200 h
consisted mainly of �Al2O3, along with some Al5Y3O12,
CoAl2O4, CoCr2O4, Ta2O5, and Ta2O2.2. �Al2O3, which was the
major oxidation product, further reacted with the other oxides to
a certain extent. The coating elements were generally present at
the outer part of the oxide scale, owing to their exposure to high
temperature. The ensuing consumption of Ni, Co, Cr, and Y led
to the formation of an (Ni, Co, Cr, Y)-depleted zone underneath
the outer part of the oxide scale. However, Al was not depleted
within the scale, because there was still enough Al that could be
supplied to the scale. Rhenium, being the most noble element,
was distributed rather uniformly in the scale, without forming
any rhenium oxides. However, the more active element, Ta,
formed Ta2O5 and Ta2O2.2, which were distributed randomly in
the scale, due to the low Ta content.
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