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Chemical composition and surface morphology of MCrAlY coatings are factors which influence the
oxidation behavior and the thermal durability of thermal barrier coatings. In this study, Cold-sprayed
Ni20Cr10AlY and Ni23Co20Cr8.5Al4.0Ta0.6Y coatings with polished surfaces were employed to study
the effect of composition on the oxidation behavior. The cold-sprayed MCrAlY coatings at the
as-sprayed and shot-peened surface conditions, along with the low pressure plasma-sprayed MCrAlY
coating with sputters adhered weakly on the surface, were employed to investigate the effects of surface
morphologies of MCrAlY coatings on their oxidation behavior. Cold-sprayed Ni20Cr10AlY coating
exhibited a two-stage oxidation behavior and a higher TGO growth rate than that of the cold-sprayed
Ni23Co20Cr8.5Al4.0Ta0.6Y coating at the rapid growth stage. After 10-h oxidation, the TGO on the
as-cold-sprayed coating surface was mainly constituted by Al2O3, while the TGO on the coating surface
attached with sputters was composed of Al2O3 and Cr/Ni-oxides. After 500-h oxidation, Cr2O3 and
porous spinel appeared in the TGO on the surface of the as-cold-sprayed coatings with different com-
positions. The growth of Cr/Ni-oxides was attributed to the Al depletion. The content of spinel decreased
on the cold-sprayed NiCrAlY with a shot-peened surface compared with the as-sprayed coating.

Keywords cold spray, composition, low pressure plasma
spraying, MCrAlY coating, oxidation behavior,
surface morphology

1. Introduction

Durability and performance of advanced gas turbines
for aircraft and industrial engine applications have been
improved with the application of thermal barrier coatings
(TBCs) to high pressure turbine airfoils (Ref 1-4). Their
application can reduce the in-service surface temperature
of the underlying superalloy blades (Ref 1, 2). Thermal
barrier coatings are composed of superalloy blade,
MCrAlY bond coat, yttria-stabilized zirconia (YSZ)

coating, and a thermally grown oxide (TGO) which grows
at the interface between the bond coat and the YSZ
coating (Ref 1, 5-8). The uniformity along the interface
and the constituents of TGO are significantly influenced
by the surface morphology of the bond coat before YSZ
deposition (Ref 9, 10).

Either atmospheric plasma spraying (APS) or electron
beam physical vapor deposition (EB-PVD) is used to
deposit YSZ coating as the thermal insulator (Ref 1, 7, 8,
11). The demands for bond coat surface condition are
different when each of the above mentioned YSZ depo-
sition methods is employed. With APS, an undulating
metal/ceramic interface is required for a better interlock-
ing adhesion. Such interface morphology produces the
out-of-plane stresses responsible for in-service failure (Ref
10). The out-of-plane stress due to the undulating bond
coat surface induces the spalling between the TGO and
the bond coat at the undulation crest (Ref 12, 13), and
promotes the formation of local accumulated TGO pro-
trusion (Ref 14). In contrast to the APS, the bond coat
surface can be smooth before deposition when EB-PVD is
applied to deposit YSZ coating. It was reported (Ref 9, 15-
18) that TGO usually penetrates into bond coat when a
smooth bond coat surface is applied to EB-PVD TBCs.
The difference of TGO growth behavior on the MCrAlY
bond coat with an undulation surface from a smooth sur-
face indicates the important effect of the surface mor-
phology of bond coat on TGO growth and evolution.

The influence of bond coat surface morphology on its
oxidation behavior and even the TBCs durability was less
experimentally investigated because of the difficulty to
control its surface morphology. The bond coats at a
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polished surface condition are used for YSZ deposition by
EB-PVD. When the surface roughness of the MCrAlY
bond coat changed from 3.76 to 0.82 lm, the lifetime of
the EB-PVD deposited TBCs increased from about 500 h
(1000 cycles) to 700 h (1400 cycles) (Ref 19). Hesnawi
et al. (Ref 10) reported that the bond coat with a shot-
peened surface shows a better oxidation resistance as
compared to a polished surface. a-Al2O3 and h-Al2O3 are
developed on the polished surface. Only a-Al2O3 is de-
tected on the shot-peened surface after the pre-oxidation
treatment. The results reported by Gil et al. (Ref 9)
showed that the as-sprayed NiCoCrAlY surface after the
oxidation at 1100 �C become different in the morphology
of oxide scale at the concave area from the convex surface
area. The convex surface areas exhibited relatively thin
alumina scale and frequent spinel-formation on the top of
the scale. In contrast, on the concave surfaces, the scale is
thicker with hardly any spinel formed on the top of the
scale. The surface morphology also influences the micro-
structure change of bond coat during oxidation. The cross-
sectional microstructure images reported by Gil et al.
(Ref 9, 20) and Rabiei and Evans (Ref 21) showed that the
b-NiAl depletion zone in LPPS bond coat is much thicker
beneath the convex area than that beneath the concave
area.

The surface morphology of MCrAlY bond coat is
influenced by its deposition method and the melting state
of feed-stock powder particles during deposition. Atmo-
spheric plasma spraying (APS), high-velocity oxygen-fuel
spraying (HVOF) and low pressure plasma spraying
(LPPS) have been employed to deposit MCrAlY coating
(Ref 22, 23). Generally, the coatings by the above men-
tioned thermal spray processes are deposited through the
stacking of spray particles in a completely or partially
melted state. The rough surface of the MCrAlY coating
will cause splashing on impact, which results in the
adherence of sputters. Our previous report (Ref 24)
showed that the sputters on the MCrAlY bond coat sur-
face influence significantly the composition of TGOs and
consequently the thermal fatigue behavior.

Cold spraying is also being investigated to deposit
MCrAlY coating (Ref 24-27). A cold-sprayed coating is
formed through the plastic deformation upon the impact
of sprayed particles at a temperature well below the
melting point of the spray material, which makes the cold
spraying become an alternative method to deposit a dense
MCrAlY bond coat in thermal barrier coatings without
oxidation (Ref 24-28). The simulation results reported by
Li et al. (Ref 29) and Grujicic et al. (Ref 30) indicate that
the intensive deformation occurs mainly at the bottom of a
particle, while the upper surface of an impacting particle
may experience less deformation. The simulation result is
supported by the images of the cold-sprayed MCrAlY
coating surface reported in Ref 31 and 32. Accordingly,
the particles deposited on the top surface of the MCrAlY
coating may maintain their original powder particle sur-
face condition. This fact suggests that the surface mor-
phology of the cold-sprayed MCrAlY coating is possibly
much different from the thermally sprayed ones. Our
previous study (Ref 24) indicated that the MCrAlY bond

coats deposited by cold spraying and LPPS exhibited dif-
ferent surface morphologies which led to the different
thermal fatigue behavior of TBCs. In order to further
clarify the influence of the surface morphology of
the MCrAlY coating on the oxidation behavior, besides
the surface conditions at the as-sprayed state reported
in the previous study (Ref 24), the surfaces of the cold-
sprayed MCrAlY coatings was subjected to polishing and
shot-peening treatment before oxidation and the influence
of the surface morphologies of the MCrAlY coatings on
its oxidation behavior was investigated. Moreover, the
influence of the MCrAlY coating composition on the
TGO growth behavior was also investigated.

2. Materials and Experimental Procedures

2.1 Cold Spraying of MCrAlY Coating

Inconel 738 superalloy machined to the dimensions of
˘ 16 9 3 mm was used as the substrate. Ni-20Cr-10Al-1Y
(Fig. 1a) and Ni-23Co-20Cr-8.5Al-4.0Ta-0.6Y (Fig. 1b)
powders with d0.5 equal to 37.4 and 23 lm, respectively,

Fig. 1 Morphologies of starting powders for the cold spraying of
MCrAlY coating: NiCrAlY (a); NiCoCrAlTaY (b)
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were used as the feedstocks for cold spraying. The coat-
ings were deposited using the cold spray system (CS-2000)
developed in Xi�an Jiaotong University, China. During
cold spraying, helium was employed as the accelerating
and powder feeding gas operating at 2.0 and 2.6 MPa,
respectively. The temperature of the accelerating gas was
maintained at 580 ± 20 �C during cold spraying. The
spray gun traversed at a speed of 150 mm/s and the spray
distance was kept at 20 mm.

2.2 Preparation of LPPS MCrAlY Coating

With LPPS, a commercial plasma spray system (GTV-
MFP1000 LPPS system) was employed to deposit NiCo-
CrAlTaY coating. The LPPS coating was deposited at a
chamber pressure of 0.008 MPa charged with Ar in
Guangzhou Research Institute of Non-ferrous Metals,
China. The arc current and voltage during LPPS were
625 A and 65 V, respectively. Argon was used as the
primary plasma gas operating at a flow of 60 slpm.
Hydrogen was used as the secondary plasma gas operating
at a flow of 4.5 slpm. The spray distance was 250 mm.

2.3 Surface Preparation of MCrAlY Coating

The surfaces of MCrAlY coating were prepared to the
following different conditions: as-sprayed surface (LPPS
and cold spraying), polished surface (cold spraying), shot-
peened surface (cold spraying). The surface polishing was
carried out using 1.5 lm diamond polishing agent. The
shot-peening treatment was carried out using a commer-
cial shot-peening machine (MT1500) by glass beads of a
diameter of 0.3 mm at a working distance of 150 mm
between the nozzle and the coating surface. The pressure
was 0.3 MPa during shot-peening.

2.4 Oxidation Experiment

The coatings at the as-sprayed, polished, and shot-pe-
ened conditions were subjected to the isothermal oxida-
tion at 1000 �C in air atmosphere. The details of the
oxidation experiment conditions are listed in Table 1.
The coatings with a polished surface being used for the
investigation of the effect of MCrAlY composition on the
oxidation behavior were positioned in the furnace once
the set temperature was reached, and then allowed to soak
for durations of 1, 2, 4, 10, 50 and 200 h, respectively, to
remove the effect of slow heating process. To study the
effect of surface morphologies on the oxidation behavior,
the cold-sprayed coatings at the as-sprayed and

shot-peened surface conditions and LPPS coating at the
as-sprayed surface condition were soaked in static atmo-
spheric air at 1000 �C for duration of 10 and 500 h. After
the oxidation for the given periods, the samples were
moved out from the furnace and were cooled down to
room temperature. Ni-electroless plating was employed to
deposit a layer of Ni on the surface of the oxidized sam-
ples to protect the TGO scale from spalling during the
metallographic sample preparation. After the polishing of
sample cross-sections, the thickness of TGO was exam-
ined through scanning electron microscopy (SEM, VEGA
II-XMU, TESCAN, Czech) in order to investigate the
oxide growth rate on the coatings with different compo-
sitions, and the effect of the surface morphologies of the
coating on the TGO growth. X-ray diffraction (XRD,
Rigaku D/max-2400) and EDS were employed to char-
acterize the composition of TGO.

3. Results and Discussion

3.1 Characterization of MCrAlY Coating Surface
Morphology

Figure 2 shows the typical surface morphology of cold-
sprayed NiCoCrAlTaY coating. Some large partially
deformed spherical particles were observed on the
as-sprayed coating surface, as shown in Fig. 2(b). Evi-
dently, these large spherical particles almost retained their
original powder morphology. The surface of these parti-
cles was smooth with little deformation, as shown in
Fig. 2(b). Moreover, the cross-sectional microstructure of
the cold-sprayed coating shows that such particles adhered
well to the sub-layer, as shown in Fig. 2(c).

The surface morphology of the NiCoCrAlTaY coating
deposited by LPPS is shown in Fig. 3(a). Large spherical
particles deposited by partially melted spray particles were
recognized from the surface of the LPPS coating. A close
examination revealed that substantial small particles with
a diameter less than 1 lm attached to the surface of these
large particles, which makes the surface of spherical par-
ticles less smooth (Fig. 3b) compared with the surface of
these particles (Fig. 2b) on the as-cold-sprayed coating
surface. Such characteristics of the surface morphology
have been reported in our previous report (Ref 24). Pos-
sibly such surface morphological feature results from the
splashing of the melted fraction of the partially melted
spray particles upon their impacts during LPPS.

Some large near spherical particles were contained on
the surfaces of both the LPPS and the cold-sprayed
coating. However, those particles were deposited by dif-
ferent deposition mechanisms. The large spherical parti-
cles appeared on the LPPS coating surface were recoated
by the sputters which weakly adhered to the underlying
particles and increased the coating surface areas. On the
other hand, no such phenomenon was observed on the
cold-sprayed coating surface. To less extent, part of
the particle area on the surface of cold-sprayed coating
was impacted by rebound particles, resulting in a concave
profile, as shown in Fig. 2(b).

Table 1 Surface conditions of the MCrAlY bond coat
samples and oxidation conditions employed

Surface
conditions

Cold spraying

LPPS
NiCoCrAlTaYNiCrAlY NiCoCrAlTaY

Polished 1, 2, 4, 10, 50,
200 h

1, 2, 4, 10, 50,
200 h

As-sprayed 500 h 10, 500 h 10 h
Shot-peened 500 h
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The application of shot-peening to the cold-sprayed
MCrAlY coating modified the coating surface morphol-
ogy. The spherical particles on the as-sprayed coating (see
Fig. 2a) disappeared after the shot-peening (Fig. 4). Local
flat surface and some extrusion were formed because of
the impacting during the shot-peening treatment. The
shot-peening may also wipe off some particles that were
much weakly bonded to the sub-layer.

3.2 Effect of MCrAlY Coating Compositions
on the Oxidation Behavior

Figure 5 shows the phase compositions of the TGOs
formed on the polished surface of two types of cold-
sprayed MCrAlY coatings with different compositions
after 1 and 200 h oxidation. The TGOs formed on both
the cold-sprayed MCrAlY coatings with a polished surface
exhibited the same compositions after 1 h oxidation. Only
a-Al2O3-based TGO was formed on both the coatings. A
little fraction of NiAl2O4 was formed on the NiCrAlY
coating after 200 h oxidation, while only a-Al2O3-based
TGO was observed on the NiCoCrAlTaY coating after
200 h oxidation. Figure 6 shows the cross-sectional
microstructure of the TGOs formed on two cold-sprayed
coatings. After 1 h oxidation, the average TGO thick-
nesses on the NiCrAlY and the NiCoCrAlTaY coatings
reached 0.55 and 0.21 lm, respectively (Fig. 6a, b). After
200 h oxidation, 2.3 lm versus 1.4 lm thick TGO (Fig. 6c,
d) grew on the surface of the cold-sprayed NiCrAlY and
NiCoCrAlTaY coatings, respectively. Y-Al oxides in
bright contrast (as marked by arrows in Fig. 6c) were also
observed in the TGO of NiCrAlY coatings after 200 h,
while it was too little to be detected by x-ray diffraction.
These results show that an uniform a-Al2O3-based TGO
scale was primarily formed on both the coatings with the
polished coating surfaces.

Figure 7 shows the dependence of the oxide thickness
on two cold-sprayed MCrAlY coatings with the surface

Fig. 2 Surface morphology of the cold-sprayed NiCoCrAlTaY coating (a); the detailed surface morphology of spherical particle
observed at a higher magnification (b); cross-sectional microstructure of the MCrAlY coating (c)

Fig. 3 Surface morphology of LPPS NiCoCrAlTaY coating (a); detailed indication of sputters on the LPPS coating surface (b)

Fig. 4 Surface morphology of the cold-sprayed NiCrAlY coat-
ing after shot-peening
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polished on the oxidation time. The cold-sprayed NiCo-
CrAlTaY coating exhibited a lower TGO growth rate than
the NiCrAlY coating. Evidently, the TGO growth on the

NiCoCrAlTaY coating followed a parabolic rule with the
oxidation time:

h ¼ 0:103t1=2 ðEq 1Þ

where t is the exposure time in hours and h is the thickness
of TGO in micrometers. Moreover, the oxidation of the
NiCrAlY coating could be divided into two stages: a rapid
growth stage and a steady oxidation stage. During the
rapid growth stage, the parabolic growth constant Kp is
0.365 lm/h2. This means that the growth rate of TGO on
the cold-sprayed NiCrAlY coating is increased by a factor
of 3.5 compared to the cold-sprayed NiCoCrAlTaY coat-
ing. The rapid growth occurred for about 10 h. After the
rapid growth model, the TGO growth occurred in a
fashion as that observed for NiCoCrAlTaY, which is
referred to as the steady oxidation model. During the steady
oxidation stage, the TGO growth rate Kp was reduced to
0.104 lm/h2, close to that of the NiCoCrAlTaY coating.

Seo et al. (Ref 33) reported that the vacuum plasma
sprayed (VPS) NiCrAlY coating showed the highest

Fig. 5 XRD patterns to show the phase compositions of TGO
grew on the cold-sprayed coatings at the surface polished con-
ditions with NiCrAlY composition (a) and NiCoCrAlTaY com-
position (b) after different times of oxidation

Fig. 6 Cross-sectional microstructure of TGO formed on the polished surfaces of the cold-sprayed coatings: (a) NiCrAlY, 1 h; (b)
NiCoCrAlTaY, 1 h; (c) NiCrAlY, 200 h, Y-Al oxides marked by arrows; (d) NiCoCrAlTaY, 200 h

Fig. 7 Thickness of TGO against the oxidation time for two
cold-sprayed MCrAlY coatings
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oxidation rate among four VPS MCrAlY coatings (M =
CoNi (8%), Co (13%), NiCo (13%), Ni (11%), percentage
in the bracket stands for the Al content of each powder)
and a two-stage TGO growth behavior similar to the
present study. This two-stage oxidation behavior was also
observed for FeCrAlY coating (Ref 34).

Although it was suggested (Ref 33) that the porosity in
the NiCrAlY coating was responsible for the two-stage
oxidation behavior, the characterization of the present
cold-sprayed coating as shown in Fig. 2(c) suggested the
formation of the NiCrAlY coating with a dense micro-
structure. The two-stage oxidation behavior observed in
the present study is possibly associated to the surface
morphology evolution of the Al2O3-based TGO. Figure 8
shows the surface morphology of the TGOs formed on the
polished NiCrAlY surface after 1 and 200 h oxidation. It
was found that the TGO exhibited a relative rough surface
after 1 h oxidation and rod-like oxides were observed in
the TGO. The rod-like oxide, resulting in the formation of
a rough surface, is possibly because of the preferential
growth of the transient oxide such as h-Al2O3 at the early
oxidation stage during temperature ramping. h-Al2O3 in
the shape of needle or rod is preferentially formed at a

temperature range lower than 940 �C (Ref 35). The pref-
erable growth of the transient oxide results in a high local
growth rate at very early oxidation stage, which results in a
high apparent TGO growth rate. Investigations (Ref 1, 27)
indicated that the surface morphology of Al2O3-based
TGO does not change after the transformation of the
transient h-Al2O3 to the stable a-alumina. With the growth
of a-Al2O3 at a temperature of 1000 �C, the thickness of
the TGO tends to become uniform because the length of
diffusion path of elements is proportional to the TGO
thickness, which possibly leads to the reduction of the
apparent TGO growth rate with the progressing of oxi-
dation. Accordingly, after long time oxidation such as
200 h, the rod-like oxide was not observed and the surface
of TGO becomes less rough.

3.3 Effect of Surface Morphologies on the TGO
Composition

3.3.1 Features of TGOs Formed on the As-Cold-
Sprayed and LPPS Coating Surfaces. The distinct TGO
compositions (Fig. 9, 10) were observed for the coatings
with the surfaces formed by different deposition mecha-
nisms. Table 2 shows the EDS point analysis results for
the composition of the TGO (Fig. 9) on the as-cold-
sprayed NiCoCrAlTaY coating surface. Al and O ele-
ments dominated the TGO composition. The content of O
element was underestimated because of its low atomic
weight. The appearance of Ni, Co, Cr and Y elements in
the EDS result is attributed to the small TGO thickness
compared to the interaction volume between the electron
beam and the target material. It can be confirmed that the
TGO with a black contrast under the BEI mode was
Al2O3. After 10 h oxidation, only Al2O3 formed on the
MCrAlY coating surface. The thickness of the Al2O3-
based TGO was uniform, as shown in Fig. 9. Because of
the good adhesion of particles exposed on the cold-
sprayed coating surface with its sub-layer (Fig. 2c), during

Fig. 8 Surface morphology of TGOs evolved on the polished
surface of the cold-sprayed NiCrAlY coating after 1 h oxidation
(a) and 200 h oxidation (b)

Fig. 9 Microstructure of TGO on the surface of the as-cold-
sprayed NiCoCrAlTaY coating after 10 h exposure in air and the
indication of the position for EDS point analysis for the confir-
mation of TGO composition
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oxidation, the rapid Al diffusion without barrier promoted
the growth of the Al2O3-based TGO.

On the other hand, with the surface of the LPPS
NiCoCrAlTaY coating covered with sputters, the com-
positions of TGO became complex (Fig. 10) as reported in
the previous paper (Ref 24). The results of the EDS
analysis (as listed in Table 3) indicate that the TGO
exhibited different compositions at different locations of
the TGO. The EDS analysis results at two points indicate
that Cr/Ni-rich TGO formed on the Al2O3 layer (Fig. 10).
The high Ni content (10.64 at.%) in the point 2 is possibly
attributed to the limited thickness of the Al2O3-based
TGO scale compared with the effective spot diameter
(2.74 lm) of the electron beam during EDS. The average
thickness of TGO was about 8 lm which was much thicker
than that of the TGO formed on the cold-sprayed coating
surface without sputters. When compared with the cold-
sprayed coating, splashing during LPPS led to the modi-
fication of the deposited particle surface by sputters.
Those sputters weakly adhered to the surface of the LPPS
coating. Moreover, sputters increase the surface area of
MCrAlY coating. Consequently, an increased surface area
results in the rapid consumption of Al during oxidation.

It has been reported (Ref 36, 37) that, compared to other
oxides triggered by the oxidation, Al2O3 preferably forms
at MCrAlY coating surface, since the oxidation of Al
requires the least oxygen pressure and the lowest Gibbs
free energy of formation than other metal elements, such
as Ni, Cr, etc. The rapid consumption of Al during the
oxidation requires its diffusion supply from underlying
splats/particles. The weak bonding between the sputter
and the underlying splat in LPPS coating limits or delays
the diffusion of Al to sputter surface after Al depletion
occurred in the sputter. Cr/Ni oxides grow fast due to the
diffusion of Ni, Cr elements through Al2O3 grain bound-
aries in spite of the formation of Al2O3 scale underlying
(Ref 24, 38), leading to the formation of Cr/Ni oxides on
the surface of sputters.

3.3.2 The Characteristics of TGO on the As-Sprayed
Surface and Shot-Peened Surface. In order to examine
the oxidation behavior after a long time (500 h) exposure,
the cold-sprayed NiCrAlY coatings at the as-sprayed
and shot-peened conditions were employed. With the
as-sprayed coating, both the dense oxide and porous oxide
(as marked by the white arrows in Fig. 11a) formed on the
surface. According to the TGO morphology (Ref 25, 33),
image contrast taken in the BEI (SEM) mode and the
EDS elements mapping results on the cross-section
(Fig. 11b) of the oxidized coating, it was considered that
the porous oxides is spinel. The dense TGO exhibited a
double layer structure, within which the outer layer was
Cr2O3, and the inner TGO near to the NiCrAlY coating
was Al2O3, as shown in Fig. 11(b). On the other hand, the
application of the shot-peening treatment induced a local
flat surface, and the porous oxides disappeared at these
places (Fig. 12a). However, at the surface areas less flat,
the porous oxides were also observed, as shown in
Fig. 12(b), but its content at the whole surface was largely
reduced (Fig. 12a). The shot-peening treatment seems
only effective to reduce the porous spinel. The TGO on
the shot-peened surface still exhibited a double layer
structure and was composed of Al2O3 at the inner layer
and Cr/Ni oxides at the outer layer, as shown by the EDS
line analysis in Fig. 12(c).

In order to understand the formation of the Cr/Ni-
oxides on the NiCrAlY coating, the cold-sprayed NiCo-
CrAlTaY coating was also oxidized for 500 h (Fig. 13a).
Firstly, the TGO (3 lm thick) formed on the NiCoCrAl-
TaY coating was thinner than that on the NiCrAlY coat-
ing (7 lm). Secondly, the Cr/Ni-oxides occasionally
formed at the outer layer of the TGO, as marked by black
arrows in Fig. 13(b). The comparison of the oxidation
behavior of two cold-sprayed MCrAlY coatings suggests
that Cr/Ni-oxides still formed on both the cold-sprayed
MCrAlY coatings after long time (500 h) oxidization, al-
though a continuous and dense Al2O3-based TGO formed
during the earlier time of oxidization. However, the dis-
tribution of Cr/Ni oxides at coating surface indicated that
the time when Cr/Ni-oxides initially appeared was differ-
ent and determined by the coating composition and the Al
depletion rate. With the NiCoCrAlTaY coating, the 500 h
oxidation possibly corresponds to the onset of the Cr/Ni-
oxides growth. On the other hand, with the NiCrAlY

Fig. 10 Microstructure of TGO on the as-sprayed surface of
LPPS NiCoCrAlTaY coating with sputters attached after 10 h
exposure in air and the EDS points used for the confirmation of
TGO composition

Table 2 TGO compositions in Fig. 9 by EDS point
analysis

Point in Fig. 9 Ni Co Cr Al Y O

Point 1, at.% 5.17 2.51 3.51 67.87 1.28 19.65

Table 3 TGO composition results in Fig. 10 by EDS
analysis

Points in Fig. 10 Ni Co Cr Al Y O

Point 1, at.% 38.10 16.50 24.55 14.25 11.80
Point 2, at.% 10.64 0.50 1.41 64.17 2.56 20.72
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coating, the 500 h oxidation corresponded to the excessive
growth of the Cr/Ni-oxides. When Al is depleted in the
zone near the NiCrAlY coating surface to a certain extent,

the continuous formation of a-Al2O3 would terminate
(Ref 39). In this case, Cr, Ni and Co might diffuse through
a-Al2O3 scale to the surface of the a-Al2O3 layer to form

Fig. 11 Surface morphology of TGO formed on the as-sprayed NiCrAlY coating surface after 500 h oxidation (a). Porous oxides (white
arrows) were formed on the surface; cross-sectional microstructure of TGO formed on the as-sprayed coating surface after 500 h
oxidation and elements mappings (b)

Fig. 12 Surface morphology of TGO formed on the shot-peened NiCrAlY coating surface (a) after 500 h oxidation; cross-sectional
microstructure of TGO formed on the shot-peened coating surface after 500 h oxidation (b). EDS line analysis results along the TGO
indicating the TGO compositions after 500 h oxidation (c)
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Cr2O3 and (Ni,Co)(Cr,Al)2O4 spinel (Ref 1) on the con-
dition that the duration time was sufficient. The diffusion
of Cr in Al2O3 coating is confirmed by Dressler et al.
(Ref 40) who prepared a Al2O3 coating on the surface of
Inconel-718 supperalloy by sol-gel method, and a layer of
Cr2O3 layer grows at the outside of alumina coating after a
long oxidation duration. In fact, the diffusion of Al, Cr, Ni
and Co elements in the Al2O3 scale was persisting from
the beginning of oxidation to the end. The initially formed
Al2O3-based TGO is due to the low Gibbs free energy of
Al2O3 formation (Ref 38, 41, 42). In other words, it is
more thermodynamically favorable for the Al2O3 rather
than the Cr/Ni oxides to form. However, after sufficiently
long duration of oxidation, Al depletion occurs in the
region beneath the surface of coating owing to a reduction
of the amount of b-NiAl phase (Ref 43). At the initial
10 h, no Cr/Ni oxides (Fig. 9) were observed at the
as-sprayed surface of the cold-sprayed NiCoCrAlTaY
coating, while they formed at the top of TGO after the
long time oxidation. This fact indicates that Ni and Cr

elements diffused to the surface of the alumina scale and
formed the Cr/Ni oxides. Tang et al. (Ref 38) also re-
ported that the Cr/Ni oxides formed at the outer layer of
Al2O3-based TGO after 24 h oxidation at 1000 �C due to
the diffusion through alumina scale, while they are absent
after 1-h oxidation. Excessive Al depletion even leads to
the formation of NiAl2O4 at the expense of Al2O3 when
thermodynamic conditions are satisfied according to the
following reaction:

3Niþ 4Al2O3 ¼ 3NiAl2O4 þ 2Al ðEq 2Þ

The Al2O3 consumption may lead to the thickness
reduction of Al2O3 scale under the porous spinel, which is
previously observed (Ref 43), as shown in Fig. 11(b). The
Cr/Ni oxides at the outer-layer of TGO are not an
uncommon, and many investigations (Ref 23, 30, 36, 41,
44, 45) reported the same oxidation results.

Compared with the NiCoCrAlTaY coating, Al de-
pleted faster in the NiCrAlY coating due to high oxidi-
zation rate of the NiCrAlY coating, which induced the
earlier formation of the Cr/Ni-oxides. The Al depletion
zone extended to the whole thickness of the NiCrAlY
coating (Fig. 11b), and no b-NiAl phase could be observed
in the NiCrAlY coating after 500-h oxidation. While with
the NiCoCrAlTaY coating, the thickness of b-NiAl
depletion zone was in the range of 30-40 lm which was
less than half of the coating thickness (Fig. 13a). The
thickness of b-NiAl depletion zone is consistent with
the effect of Al depletion resulting in the formation of
Cr/Ni-oxides.

4. Conclusions

The effects of chemical compositions and surface
morphologies of the MCrAlY coating on the TGO growth
were investigated using Ni23Co20Cr8.5Al4.0Ta0.6Y and
Ni20Cr10AlY as the starting powders. The polished sur-
faces were employed to study the effect of the composi-
tion on the oxidation behavior. The cold-sprayed MCrAlY
coatings, under the as-sprayed and shot-peened surface
conditions along with low pressure plasma-sprayed
MCrAlY coating with sputters adhered weakly on the
surface, were employed to investigate the effect of surface
morphologies of MCrAlY coatings on the oxidation
behavior. The surface of the particles on the cold-sprayed
MCrAlY coating surface presented a smooth and spheri-
cal configuration similar to that of the original powder
surface morphology. The surface of particles on the LPPS
coating surface was roughen by the attachment of sputters.
The different compositions and surface conditions led to
remarkably different oxidation behavior. Cold-sprayed
Ni20Cr10AlY coating exhibited a two stage oxidation
behavior and a higher TGO growth rate than that of the
cold-sprayed Ni23Co20Cr8.5Al4.0Ta0.6Y coating at the
rapid growth stage. The growth of the TGO on the cold-
sprayed Ni23Co20Cr8.5Al5.0Ta0.6Y coating followed a
parabolic rule. The TGO on the as-cold-sprayed MCrAlY

Fig. 13 The cross-sectional microstructures of NiCoCrAlTaY
coating (a) and detailed indication of TGO (b) after 500-h oxi-
dation, showing the formation of Cr/Ni oxides (marked by black
arrows) at the out-layer of TGO after 500 h oxidation
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coating surface was constituted by Al2O3 after 10-h oxi-
dation. After 500-h oxidation, Cr2O3 and porous spinel
appeared in the TGO on two types of the as-cold-sprayed
coatings. However, the TGO formed on the LPPS
MCrAlY coating with the surface recoated by splashed
sputters was composed of Al2O3 and Cr/Ni oxides because
of the increased surface areas and weakly adhered sputters
on the coating surface. The content of spinel on the cold-
sprayed NiCrAlY coating with a shot-peened surface was
lower than that on the NiCrAlY coating with the as-cold-
sprayed surface after 500-h oxidation. The Cr/Ni oxides
grown at the surface of Al2O3 were attributed to the Ni,
Cr elements diffusion in the Al2O3 scale and the Al
depletion in the MCrAlY coating.
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