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Influence of TGO Composition
on the Thermal Shock Lifetime of Thermal
Barrier Coatings with Cold-sprayed MCrAlY
Bond Coat
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NiCoCrAlTaY bond coat was deposited by cold spraying to assemble thermal barrier coatings (TBCs).
The microstructure of the cold-sprayed bond coat was examined using scanning electron microscopy.
TBC:s consisting of cold-sprayed bond coat and plasma-sprayed YSZ were pretreated at different con-
ditions to form different thermally grown oxides (TGOs) before thermal cycling test. The influence of the
TGO composition on the thermal cyclic lifetime was quantitatively examined through the measurement
of the coverage ratio of the mixed oxides on the bond coat surface. The results showed that the bond coat
exhibited a dense oxidation-free microstructure, and TGOs in different morphologies and constituents
were present after thermal cyclic test. The formation of TGOs was significantly influenced by pre-
treatment conditions. Two kinds of TGO were detected on the surface of bond coat after the spallation of
YSZ coatings. One is the a-Al,O3-based TGO and the other is the mixed oxide. It was found that the
thermal cyclic lifetime is inversely proportional to the coverage ratio of the mixed oxides formed at the
bond coat/YSZ interface. The high coverage ratio of the mixed oxide on the interface leads to the early

spalling of YSZ coating.

Keywords cold spraying, bond coat, thermal barrier coatings
(TBCs), thermally grown oxide (TGO)

1. Introduction

Thermal barrier coatings (TBCs) are widely used in gas
turbine for propulsion and power generation (Ref 1-4) due
to its ability to reduce the surface temperature of super-
alloy blades and to prolong the lifetime of blades
(Ref 4-6). Constituents in a TBC system include the
superalloy substrate, superalloy bond coat, ceramic coat-
ing (which is typically yttria-stabilized zirconia, YSZ), and
a thermally grown oxide (TGO) formed at the interface
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between the bond coat and ceramic coating during high
temperature operation (Ref 1, 6). Recent investigations
(Ref 7-10) revealed that TGO plays an important role in
the failure of TBCs.

The thickness of TGO increases with the thermal
exposure time following a parabolic law (Ref 1, 11-13).
Thickness of TGO determines the stresses within YSZ
coating, TGO, and the interface of TGO-bond coat
(Ref 1). Rabiei and Evans (Ref 9) observed that the prop-
agation of crack in YSZ coatings moves toward the interface
between YSZ coating and TGO with increasing TGO
thickness. There exists a critical TGO thickness /., below
which the delamination of YSZ was exclusively within the
TBC. A critical TGO thickness about 5.5 um was reported
(Ref 9). The stress at the TGO-bond coat interface changes
with TGO thickness, increasing at convex asperity and
concave asperity, according to the simulation of Hsueh and
Fuller (Ref 7) based on a three-concentric-circles model.
Chen et al. (Ref 14) found that the maximum crack length in
YSZ coating increase as a function of TGO thickness.
Moreover, the constitutions of the TGO exert different
influences on the thermal fatigue behavior.

Four kinds of oxides are generally present in TGO,
which are associated with the failure of TBCs in different
mechanisms. Those include a-Al,O3, Cr,O3, NiO, and (Ni,
Co)(Cr, Al);O4 (Ref 15). A uniform and dense a-Al,O;
scale is desirable for its low growth rate (Ref 16). The
continuity of o-Al,O3; formed at the YSZ/bond coat
interface in the pretreatment is critical for the growth of
TGO during thermal cycling. A discontinuous o-Al,O3
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scale results in the formation of other oxides which exhibit
a weak protection to the underlying alloy coating (Ref 17).
Cr,0;, being a protective scale against oxidation, is usu-
ally formed in a relatively high oxygen partial pressure
when compared with the formation of a-Al,O5 (Ref 14). It
protects the underlying alloy from oxidation only at low
temperature environment (Ref 18). NiO easily forms in an
atmosphere with high oxygen partial pressure. Maier et al.
(Ref 19) reported that the parabolic rate constant for NiO
scales growing in air at 1100 °C, for example, is typically
three orders of magnitude higher than that of the pro-
tective o-Al,O3. The high growth rate of NiO easily
introduces a high level of stress to the TBC system. The
most undesirable oxide at the YSZ/bond coat interface is
spinel that is usually stoichiometrically expressed as (Ni,
Co)(Cr, Al);04 (Ref 16). Its growth is usually accompa-
nied with local and rapid volume increase. Among those
oxides, a-Al,O3 exhibits a better adhesion to YSZ coating
than other three oxides, and spinels are porous, brittle,
lacking of capability in antioxidation (Ref 20). In litera-
ture (Ref 15, 21-24), the Cr,05, NiO, and spinel are gen-
erally referred as mixed oxides. The depletion of Al in
bond coat is one of the main reasons for the formation of
the mixed oxides (Ref 15, 17, 25).

Many investigators have confirmed qualitatively the
deteriorative effect of the mixed oxides on the durability
of TBCs (Ref 9, 23, 26). However, it is still not clearly
understood quantitatively how the mixed oxides within
the TGO affect the durability of TBCs.

It is known that the formation of different oxides on the
surface of a bond coat is influenced by its compositions
and microstructure which are dependent on preparation
process of a bond coat. Low pressure plasma spraying
(LPPS) and high velocity oxy-fuel (HVOF) spraying have
been widely employed to prepare bond coat (Ref 14,
27-29). The typical feature of these processes is that a
bond coat is deposited usually by semi-melted spray
droplets. The splashing of partially melted droplets on
impact modifies the surface condition of deposited parti-
cles from its starting state. Moreover, inevitable oxidation
during HVOF modifies the compositions of deposit from
the starting powder (Ref 27, 28). On the other hand, with
recently developed cold spraying, the compositions and
microstructure of superalloy feedstock powders and sur-
face morphology of powder particles as well may be
retained into bond coat (Ref 30). This makes cold spraying
to be a promising process to deposit superalloy as a bond
coat.

In order to understand the performance of cold-
sprayed bond coat during high-temperature cycling, in this
study, TBCs were prepared consisting of cold-sprayed
MCrAlY bond coat and plasma-sprayed YSZ coatings,
and thermal cycling test was performed. TBCs were sub-
jected to annealing treatment under different conditions
to control TGOs with different contents of spinel and
Cr,0;. TBCs were subjected to thermal cyclic test till
failure of the TBCs, and the influence of the mixed oxides
content on the lifetime of TBCs was quantitatively
examined in terms of the coverage ratio on the bond coat.
The effect of the mixed oxide growth on the failure
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of atmospheric plasma-sprayed ceramic top coat was
discussed.

2. Experimental Procedures

2.1 Materials and Coating Deposition Methods

Nickel-based superalloy (Mar-M247) in a disc shape
with dimensions of &25.4 mm x 3 mm was used as the
substrate. The nominal compositions of the spray powder
for bond coat are Ni23Co20Cr8.5A14Ta0.6Y (—37 um,
Amdry 997, Sulzer Metco Inc., New York, USA), exhib-
iting a spherical morphology as shown in Fig. 1(a). The
8 wt.% yttria-stabilized zirconia (8YSZ) hollow spheroi-
dized powder (—75+45 um, Metco 204B-NS, Sulzer
Metco Inc., New York, USA), shown in Fig. 1(b), was
employed to prepare YSZ top coating.

A cold spray system (CS-2000, Xi’an Jiaotong Univer-
sity, China) and an atmospheric plasma spraying
(APS) system (GP-80, Jiujiang, and 80 kW Class) were
employed to deposit the bond coat and the YSZ top coat,

Fig. 1 SEM images of (a) NiCoCrAlY powder for bond coat
and (b) 8YSZ powder for top coat
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respectively. During cold spraying, helium was employed 3. Results and Discussion

a spray distance of 20 mm. During plasma spraying, argon
and hydrogen were used as the primary plasma operating
gas and secondary gas, respectively. Argon was used at a
pressure of 0.8 MPa and a flow rate of 30 L/min. Hydro-
gen was used at a pressure of 0.4 MPa and a flow rate of
0.5 L/min. Nitrogen was used as the powder feeding gas at
a pressure of 0.1 MPa and a flow rate of 0.25 L/min. Spray
distance was fixed at 80 mm. Plasma jet was generated at a
plasma arc power of 39 kW.

8 as the accelerating and powder feeding gas at 2.0 and

% 2.6 MPa, respecti\fely.. The temperature of the a.ccelerat- 3.1 Microstructure of the As-Deposited TBC

'S ing gas was maintained at 580 £ 20 °C during cold ) ) )

S:) spraying. The feeding rate of powder particles was 27.4 g/ Figure 2(a) shows the microstructure of the as-deposited
N min. The spray gun traversed at a speed of 150 mm/s with TBCs. The bond coat exhibited a dense microstructure, and
O

(1]

Q

2.2 Pretreatment and Thermal Cyclic Test
for TBCs

Thermal shock test was carried out under a thermal
cycling at 1150 °C with a 27-min hold and cooling down to
room temperature in 4 min. The failure of the TBCs was
defined as 50% of the YSZ coating delaminated and/or
spalled. Before the thermal cyclic test, the TBCs samples
were subjected to various heat treatments after the
deposition of YSZ coating, as shown in Table 1, to
introduce various types of TGOs at the YSZ/bond coat
interface.

2.3 Measurement of the Content of the Mixed
Oxides

The content and distribution of the spinel and Cr,O3
along the bond coat/YSZ interface influences significantly
the thermal cyclic behavior. The coverage ratio of these
mixed oxides on the bond coat after YSZ spalling was
estimated based on the scanning electron microscope
(SEM, VEGA II-XMU, TESCAN, Czech) image in the
backscattered electron image (BEI) mode. On a bond coat
surface area with YSZ spalling, nine pictures were taken
with 500-um intervals in two orthogonal directions,
respectively. Twenty-seven pictures were taken on three
areas for each specimen. Through image processing based
on the contrast among spinel, Cr,O3, and Al,O5 on the
BEI, the coverage ratio of the mixed oxide was estimated,
which is defined as the ratio of the covered areas by the
mixed oxides on the bond coat surface to the whole areas
of the image.

Table 1 Pretreatment conditions of TBC samples

Treatment

types Treatment details

Type-1 1080-1160 °C for 4 h in Ar (ramping)

Type-2 1080-1160 °C for 4 h in Ar (oven preheated)

Type-3 1080-1160 °C for 4 h in Ar (ramping)+ 1000-1080 °C
for 10 h in air . . .

Type-4 1150 °C for 30 min in air (oven preheated) Fig. 2 Microstructure of the as-deposited TBC (a), the
+1080-1160 °C for 4 h in Ar (oven preheated) as-deposited bond coat (b), and the surface morphology of bond

coat (c)
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no evident oxidation was observed during coating deposi-
tion. Limited pores were present in the bond coat, as shown
in Fig. 2(b). The dense microstructure was attributed to the
successive impacting of solid particles at a high velocity. It
can be observed that the amount of internal oxide stringers,
and pores in the bond coat deposited by APS (Ref 27) or
HVOF technique (Ref 28, 29) can be considerably reduced
by employing cold spraying process. When compared with
the bond coat deposited by LPPS (Ref 28), no evident dif-
ference can be observed on cross-sectional microstructure.
However, it was noticed that cold-sprayed alloy coat pre-
sents a much different surface morphology from any other
bond coat deposited by thermal spray process, such as the
LPPS/VPS (vacuum plasma spraying), HVOF, and APS.
The cold spray bond coat may retain locally the spherical
smooth surface morphology (Fig. 2¢). On the other hand,
the splashing of liquid particle fraction during droplet im-
pact during conventional thermal spray deposition may lead
to the bond coat surface to be in a highly irregular mor-
phology, which can be clearly observed in the results
reported in the literature (Ref 31, 32). Accordingly, oxida-
tion and thermal cyclic behavior of cold-sprayed bond coat

-<

may be largely different from the bond coat deposited by
thermal spray processes due to the different morpholo-
gies according to the results supplied by Haynes et al.
(Ref 33).

3.2 Characteristics of TGO After Pretreatment

Figure 3 shows the typical microstructure and surface
morphology of TGOs evolved on the cold-sprayed bond
coat surface during preannealing treatments. A Ni pro-
tective layer was deposited on the surface prior to the
preparation of the sample for examination of cross-
sectional microstructure by electroless plating. Figure 3(a)
and (b) show these of TGOs observed when bond coat was
pretreated at the Type-1 condition. A uniform continuous
TGO was formed (Fig. 3a), while the surface morphology
indicated that in some local places, especially in the region
of the concavity, needle-like alumina which is proposed as
the theta alumina (Ref 34) was observed (Fig. 3b). Such
needle-like theta alumina was possibly formed at low-
temperature range during heating up of the sample. The
TGOs on the bond coat surfaces pretreated at Type-2 and

Fig. 3 Cross-sectional microstructure and surface morphology of TGOs evolved under different pretreatments. (a, c, ) and (g-h) show
the microstructure of TGOs formed at Type-1, Type-2, Type-3, and Type-4 conditions, respectively; (b), (d), and (f) show the surface
morphology of the TGOs formed at Type-1, Type-2, and Type-3 conditions, respectively. The cross-sectional microstructure was
observed at BSE mode and the surface morphology was observed at SEM mode
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Fig. 3 Continued

Type-3 conditions exhibited a morphology of an exclusive
and uniform a-Al,Oj3, as showed by Fig. 3(c-f). Moreover,
it was observed that the thickness of TGO formed at the
Type-3 conditions was statistically a little thicker than that
of Type-2 and Type-1 due to longer exposure time to
oxidation atmosphere during pretreatment.

However, TGO on the bond coat pretreated at the
Type-4 condition exhibited a different morphology and
composition from the Type-1 to Type-3 as can be seen
from Fig. 3(g) and (h). It is clear that porous and large
TGO in volume covered the surface of the bond coat after
preoxidation of cold-sprayed bond coat. Such TGO was
composed of the mixed oxides of spinel and Ni/Cr oxides.
On the other hand, it can be clearly observed that the
bond coat presents a much dense microstructure without
splat interfaces after heat treatment. This is because the
oxidation-free feature of cold-sprayed coating promotes
the element diffusion at the interfaces between splats in
the coating during high-temperature treatment. More-
over, evidently the dense microstructure feature of the
cold-sprayed coating prevented the coating from the
inner oxidation even it was exposed directly to high-
temperature oxidation atmosphere in air as in Type-4
treatment. It was also observed that the phase in white
contrast was precipitated in the bond coat during

172—Volume 19(1-2) January 2010

pretreatment, which are dispersed in the grain boundaries
in the bond coat. The EDS analysis confirmed this phase
to be Ta-rich one.

The above results clearly show that with cold-sprayed
MCrAlY bond coat, the different preoxidation conditions
may lead to formation of TGOs with different morphology
and compositions. It was confirmed that the direct expo-
sure of cold-sprayed NiCoCrAlTaY coating at high tem-
perature of 1150 °C in air results in formation of the oxide
mainly composed of spinel with a high growth rate.

3.3 The Constituents and Characteristics of TGO
in the Failed TBCs

The examination of the TGO from the cross section
and surface of the failed TBC samples after the thermal
shock test revealed that three different types of oxides
including spinel-based oxide, Cr,Oj;-based oxide, and
a-Al,O3-based oxide were formed along the cold-sprayed
bond coat/YSZ interface as shown in Fig. 4.

The TGOs, shown in Fig. 4(a-d), were present at the
bond coat/YSZ interface as large protrusions which were
mainly composed of spinel and Cr,0O3, being referred as
the mixed oxides. It was observed (Fig. 4a) that cracks
propagated through the porous spinel. The Cr,O3-based

Journal of Thermal Spray Technology
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Fig. 4 Three types of TGOs after thermal cyclic test and the corresponding crack propagation style. (a) Spinel through which crack
propagated, 84 cycles. (b) A fractured surface after YSZ spalled in the spinel, 84 cycles. (c) Cr,Os3, crack propagated along the interface
between Cr,O3 and YSZ, 84 cycles. (d) An irregular surface of the Cr,03, 6 cycles. (e) The multilayered a-Al,Os3, 213 cycles. (f) The
adherence between grains of YSZ and a-Al,O5 pointed by black arrows, 435 cycles

oxide was detached from the interface between the YSZ
and the TGO (Fig. 4c), which means that the Cr,O3-based
oxide was adhered weakly to the YSZ coating.

On the other hand, the a-Al,O3-based TGO was con-
tinuous and uniform in thickness at the troughs of the
interface. However, a-Al,O5 at the undulation crest was
several times thicker than that of the TGO at troughs and

Journal of Thermal Spray Technology

exhibited a multilayered structure, as shown in Fig. 4(e).
Cracks in the layered a-Al,O3-based TGO were almost
parallel to the TGO/BC interface. It was also observed
that a layer of Al,O5 was attached to the YSZ coating, as
shown in Fig. 4(e), which means that the a-Al,O3-based
TGO was strongly adhered to the YSZ coating. As shown
in Fig. 4(f), on the concave surface of the YSZ coating, it
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was found that a layer of Al,O3 grains was bonded to the
YSZ grains. The bonding interface was marked by the
black arrows in Fig. 4(f). Therefore, a-Al,O3-based TGO
is desirable for its excellent protection and adherence to
the YSZ coating in comparison to the non-alumina TGO.

3.4 Effect of the Mixed Oxides on the Lifetime
of TBCs

3.4.1 The Thermal Cycling Lifetime of TBCs. The
thermal cycling lifetime of TBCs is shown in Table 2.
Three samples were tested with each pretreatment con-
dition. It was found that the lifetimes of TBCs deposited in
this study were distributed in a large range from 6 to 435
cycles. With the Type-4 treatment, TBCs samples only
exhibited lifetimes from 6 to 26 cycles. The lifetime is less
than one-tenth of the maximum in this study. With the
pretreatments under Type-2 and Type-3, most samples
exhibited lifetime around 200 cycles. However, it was
found that three samples exhibited a lifetime over 300
cycles and even over 400 cycles. Qualitatively, the differ-
ent thermal cyclic lifetime is attributed to the develop-
ment of different types of TGOs at the interface between
bond coat and YSZ. It is known that a fast grown spinel
would be deteriorative to failure of TBCs. To reveal the
origin of such different thermal cyclic lifetimes, the rela-
tionship between the mixed oxides content and the life-
time of TBCs is quantitatively examined as shown in the
following section.

3.4.2 Relationship Between the Content of Mixed
Oxides and Lifetimes. The examination of the effect of
TGO on the cracking of the YSZ coating indicated that
the mixed oxides of spinel and Cr,O3 are deteriorative to
the lifetime of TBCs. The examination of the TBCs failure
models revealed that the premature failure is directly
associated to the TGO compositions. Formation of spinel
and Cr,O5 was fatal to the lifetime of TBCs. The surface
coverage ratio of the mixed oxides consisted of both spinel
and Cr,0O3 formed on the bond coat surface after the
sample failure was estimated. As shown in Fig. 5, it was
clear that with the increase of the surface coverage of
spinel and Cr,0Oj;, the thermal cyclic lifetime decreased
rapidly. An improved thermal cyclic lifetime was associ-
ated to the reduced spinel and Cr,O5 coverage ratio. With
thermal cyclic lifetime being longer than 168 cycles, the
growth of the multilayered a-Al,O; dominated the failure
of TBCs, instead of the spinel and Cr,O3, as shown in
Fig. 6. In the failed TBCs with a lifetime of over 400
cycles, almost no spinel and evident Cr,O3 was observed.
Therefore, to prevent the mixed oxide formation during
thermal cyclic test is critical to improving the cyclic life-
times of the TBCs.

Table 2 The thermal cycling lifetime of TBCs

Treatment types Thermal cyclic lifetimes

Type-1 84, 144, 434
Type-2 168, 195, 301
Type-3 213, 185, >400
Type-4 6, 19, 26
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3.4.3 Effect of Mixed Oxide on the Stability of YSZ
Coatings. Figure 7 shows the typical cracks between the
bond coat and the survived YSZ after thermal shock
test. Two types of cracks (Fig. 7a) were present in the
YSZ coating and the YSZ/TGO interface, respectively.
Evidently, such cracks originated from the tip of the
TGO and propagated along the lamellar interface in the
YSZ coating. The growth of the TGO at the interface
between the YSZ and bond coat (Fig. 7b) causes the
localized expansion which exerts the additional tension
to the YSZ surrounding the oxide. When the intensity
of the tension exceeds the cohesive strength of the YSZ
lamellae, the crack will propagate into the bonded
interface area along the nonbonded interface area
between the lamellae and possibly into the nonmolten

200

160 -

120

Lifetime (cycles)
3

S
S
T

10 15 20 25 30 35 40
Coverage ratio of the mixed oxides (%)

Fig. 5 Relationship between the surface coverage of the mixed
oxides on the bond coat surface and thermal cyclic lifetime after
TBC failure

Fig. 6 A typical cross section of TBC sample experienced 435
thermal cycles demonstrating the failure caused by the growth of
a layered alumina
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Fig. 7 (a) Cracks which are supposed to be induced by mixed
TGO, lifetime: 19 cycles and caused by the growth of mixed
oxide; (b) a closer view on the mixed oxides and cracks sur-
rounding it

YSZ porous particles (Fig. 7b), which may cause the
spalling of the YSZ from the TGO. Cracks propagation
induced by the mixed oxides terminated after cracks
propagated to certain distance propagation, as shown in
Fig. 7(a) marked by the black arrows.

A model, as shown in Fig. 8, was proposed based on
Fig. 7 to elaborate the effect of mixed oxide on the YSZ
coating. In this model, P stands for the compressive force,
acting on the YSZ coating by the local protruding TGO
(MO) including the abovementioned three oxides at the
YSZ/bond coat interface. The magnitude of this com-
pressive force is determined by the growth rate of TGO.
The higher the growth rate the higher the compressive
force. The alumina-based TGO with the lowest growth
rate introduced the smallest compressive force among
various TGOs. On the other hand, plasma-sprayed YSZ
coating shows a lamellar microstructure with a limited
interface bonding (Ref 35). The nonbonded areas are
virtually present in the coating as the cracks parallel to the
interface of the YSZ coating/bond coat which reduce the

Journal of Thermal Spray Technology

TGO

Bond coat

Fig. 8 A schematic diagram to show the cracking style of the
YSZ coating near the undulation troughs. MO stands for the
mixed oxide

100 pm A

Fig. 9 Typical cross-sectional microstructure of TBC experi-
enced 84 thermal cycles to show the bridging of the cracks
between two neighboring mixed oxides

thermal conductivity (Ref 36-38) and the toughness of the
YSZ coating at the direction parallel to the surface of the
YSZ coating (Ref 35, 39). The crack propagation will be
initiated through the YSZ coating with a low toughness by
the tensile force P, being the compressive stress exerted by
the growth of protruding TGO, as illustrated by the
model. With the growth of the local protruding TGO, the
length of cracks is increased. However, the propagation of
cracks stops as the stress and associated strain energy
density is alleviated where the effect by the growth of the
MO becomes much limited. The propagation style of
cracks caused by the single protrusion is much the same as
that in Obreimoff experiment (Ref 40). The length of
cracks caused by a single protruding TGO is limited when
the spacing of neighboring protrusions is large. However,
the growth of large number of protruding TGOs at the
YSZ/bond coat interface, as pointed by arrows in Fig. 9,
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causes the bridging of cracks. The delamination of the
YSZ coating from the bond coat was resulted from the
bridging of the crack propagation induced by the growth
of protrusions.

4. Conclusions

Thermal cyclic test was employed to evaluate the life-
time of TBCs pretreated in different conditions. The
TBCs consisted of a dense cold-sprayed NiCoCrAlTaY
bond coat without oxidation during spraying. The results
showed that oxidation behavior of the cold-sprayed bond
coat can be significantly influenced by preoxidation con-
ditions, which further significantly influence the thermal
cyclic lifetime of TBCs. Three types of TGOs including
spinel, Cr,0O3, and multilayered a-Al,O3; were detected.
Spinel was brittle and porous. Chrome oxide exhibited a
weak adhesion to YSZ coating. o-Al,Os-based TGO
exhibited a strong bonding to the YSZ coating. The direct
exposure of cold-sprayed bond coat to air at a high tem-
perature of 1150 °C led to the formation of fast grown
spinel-based mixed TGO at the interface between the
bond coat and YSZ. It was quantitatively revealed that
the thermal cyclic lifetime was inversely proportional to
the coverage ratio of the mixed oxides formed at the bond
coat/YSZ interface. The high coverage of the mixed oxide
on the interface led to the early spalling of the YSZ
coating. The local growth of the mixed oxides induced the
cracking along the weak-bonded areas between the
lamellae in the YSZ coating. Moreover, the results suggest
that through controlling of pretreatment condition, the
dominant oxide to TBCs failure can be changed from fast
grown spinel to exclusive a-Al,O3 due to limited oxida-
tion of superalloy bond coat during cold spraying, which
led to the increase of thermal cyclic life time even by a
factor of 10.
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