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Nanostructured thermal barrier coatings (TBCs) were deposited by plasma spraying using agglomerated
nanostructured YSZ powder on Inconel 738 substrate with cold-sprayed nanostructured NiCrAlY
powder as bond coat. The isothermal oxidation and thermal cycling tests were applied to examine failure
modes of plasma-sprayed nanostructured TBCs. For comparison, the TBC consisting of conventional
microstructure YSZ and conventional NiCrAlY bond coat was also deposited and subjected to the
thermal shock test. The results showed that nanostructured YSZ coating contained two kinds of
microstructures; nanosized zirconia particles embedded in the matrix and microcolumnar grain structures
of zirconia similar to those of conventional YSZ. Although, after thermal cyclic test, a continuous,
uniform thermally grown oxide (TGO) was formed, cracks were observed at the interface between TGO/
BC or TGO/YSZ after thermal cyclic test. However, the failure of nanostructured and conventional
TBCs mainly occurred through spalling of YSZ. Compared with conventional TBCs, nanostructured
TBCs exhibited better thermal shock resistance.

Keywords bond coat, cold spraying, nanostructure, plasma
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1. Introduction

Thermal barrier coatings (TBCs) are favorably used as
protective coatings on hot section components in ad-
vanced gas turbine engines to withstand increased inlet
temperatures and thus improving engine performance
(Ref 1, 2). Failure of a TBC system is often associated with
the formation of a thermally grown oxide (TGO) layer
resulting in Al depletion in the bond coat. It has been
shown that failure of plasma-sprayed TBCs often occurs
through spalling of the ceramic layer near the ceramic/
bond coat interface but mostly within the ceramic layer
(Ref 3-5).

Recently, nanostructured coatings have received wide
interest because of their extraordinary properties includ-
ing hardness, strength, ductility, and toughness. Accord-
ingly, nanostructured materials are expected to be applied
to advanced thermal barrier coatings. In the last decade,
several papers (Ref 6-12) have dedicated to systematic
study of nanostructured materials in the area of surfaces
and coatings, including thermal spray coatings.

One of the biggest challenges in thermal spraying
nanomaterials is to retain the nanostructure of the feed-
stock to deposit. If nanostructured powder particles are
completely melted during spraying, the traditional
behavior of thermal spray particles, such as solidification,
nucleation, and growth, will take place. Such processes
will destroy the original nanostructured features of the
feedstock. During plasma spraying of nanostructured
ceramics it is necessary to partially melt the powder par-
ticles to achieve the necessary physical conditions for
cohesion and adhesion. Therefore, a bimodal microstruc-
ture will be present in the deposited coating. The low
elastic properties of nanostructured YSZ fraction may
benefit from the tolerance of TBCs to the thermal strain
(Ref 8). However, the performance of a superior TBC is
greatly associated with the features of the bond coat
underlying YSZ topcoat. In a previous study (Ref 10), it
was found that a uniform oxide can be formed on a cold-
sprayed nanostructured NiCrAlY coating surface.

In this study, the nanostructured YSZ and conventional
YSZ were deposited on a cold-sprayed nanostructured
NiCrAlY bond coat and a conventional NiCrAlY bond
coat, respectively. The failure behavior of the plasma-
sprayed nanostructured TBCs was investigated in com-
parison with that of the conventional TBCs. The features
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of TGO and cracking in the vicinity of TGO during
thermal cyclic test were examined.

2. Experimental Materials and Procedures

The conventional and nanostructured Ni-20Cr-10Al-1Y
and ZrO2-8Y2O3 powder were used to deposit the bond
coat and the ceramic coat, respectively. The nanostruc-
tured NiCrAlY powder was produced by the mechanical
milling process in a planetary ball miller (ND6-2L,
Nanjing University Tianzun Electron Co. Ltd., Nanjing,
China) using conventional Ni-20Cr-10Al-1Y powder
(KF-343, BGRIMM, Beijing, China). The mean particle
size of the nanostructured and conventional NiCrAlY
powder were 37 and 23 lm determined by laser size
measurement (MASTERSIZER 2000, Malvern Instru-
ments Ltd., UK), respectively. The oxygen contents of the
conventional NiCrAlY powders, nanostructured NiCrAlY
powders, and as-sprayed NiCrAlY bond coat were deter-
mined using an oxygen determinator (RO-316, LECO,
USA). The oxygen contents of the conventional and
nanostructured NiCrAlY powders were 0.028 and
0.75 wt.%, respectively. The particle size of the agglom-
erated nanostructured YSZ (DiDa Nano-Materials Co.
Ltd., Hubei, China) is nominally from 40 to 90 lm, and
the particle size of the conventional YSZ (XianDao
Plasma Materials Co. Ltd., YiYang, China) is from 30 to
45 lm. An IN738 superalloy was used as a substrate.

The nanostructured and conventional bond coating in a
thickness of 100-150 lm was deposited on the IN738 sub-
strate by cold spraying (CS) using a homemade system (Ref
13). Helium was used as accelerating gas, operating at a
pressure of 2.5 MPa. The spray nozzle has a circular shape
with a throat diameter of 2 mm and exit diameter of 6 mm.
The nanostructured and conventional YSZ of 200-250 lm
thick was deposited on the nanostructured and conven-
tional NiCrAlY bond coat, respectively, by air plasma
spraying (APS) using a commercial plasma spray system
(GDP-K, Jiujiang, 80 kW class). Argon was used as the
primary plasma operating gas and hydrogen was used as an
auxiliary gas. The pressures of argon and hydrogen were
operated at 0.7 and 0.5 MPa, respectively. The flow rate of
argon and hydrogen was fixed to 33 and 2 L/min, respec-
tively. Nitrogen was used as powder feed gas. Plasma jet
was operated to deposit the coating at the power of 40 kW.

Crystalline structure of YSZ powder and coating was
characterized by X-ray diffraction diffractometer (XRD-
6000, Shimadzu, Kyoto, Japan) using Cu-Ka radiation.
The mean grain size of YSZ powders was calculated using
the Scherrer equation (Ref 9). The average grain size of
the YSZ powder was approximately 36 nm.

Figure 1 shows morphology of the nanostructured YSZ
powder. Clearly, powder particles are spherical (Fig. 1a).
The examination of the fractured particle cross-section at
a high magnification suggests that the particle is porous
(Fig. 1b). The grain size of the nanostructured NiCrAlY
coating was reported elsewhere (Ref 13). The estimation
yielded a grain size ranging from 15 to 50 nm.

The surface layer of the deposited nanostructured bond
coat was densified through shot-peening treatment. Sub-
sequently, the bare bond coatings were heat treated at a
temperature of 1000 �C for 4 h in an argon atmosphere
prior to YSZ deposition. The thermal cyclic test of TBCs
samples consisted of a 2 min oven-preheated heating at
1000 �C, 1000 �C 9 27 min holding and cooling down to
room temperature in 3 min by a forced air cooling in each
cycle. To speed up the thermal cyclic test, after 300 cycles
at a furnace temperature of 1000 �C, the same thermal
cyclic test was continued except that the holding temper-
ature was raised to 1150 �C. Isothermal oxidation test was
carried out under a temperature of 1000 �C. The coating
microstructure and compositions were characterized using
a scanning electron microscope (SEM, VEGA II-XMU,
TESCAN, Czech) with an energy dispersive spectrometer
(EDS) through the cross-section. The TGO thickness was
measured from the SEM micrographs. TGO thickness
measurements were made at different positions for 30
times using three SEM micrographs along the interface
between YSZ and the bond coat.

Fig. 1 General surface morphology (a) and the morphology (b)
of the fractured nanostructured YSZ powder

Journal of Thermal Spray Technology Volume 17(5-6) Mid-December 2008—839

P
e
e
r

R
e
v
ie

w
e
d



3. Results and Discussion

3.1 Microstructure of the As-Sprayed
Nanostructured TBC

Figure 2(a) shows the microstructure of the TBC con-
sisting of the as-sprayed nanostructured YSZ. It can be
noted in Fig. 2(b) that two types of microstructure are
present in the nanostructured YSZ coating: columnar
grains solidified from the melted fraction of YSZ powder
and the loose microstructure retained from the unmelted
YSZ powder. Therefore, YSZ coating exhibits a bimodal
microstructure consisting of nanosized particles retained
from the powder and microcolumnar grains formed
through the solidification of the melted fraction in spray
particles. The porous structures will enhance the thermal
insulation effect of TBCs (Ref 6-12, 14-16). The coating
porosity depends on the melting degree of powder parti-
cles during deposition. The as-sprayed bond coat was
compacted and oxides were not present in the bond coat,
as shown inn Fig. 2(c) and (e), although some pores were
present in the nanostructured bond coating. The oxygen
contents of the nanostructured and conventional bond
coats were 0.72 and 0.024 wt.%, respectively, which were
similar to those of the nanostructured and conventional
powders. This fact indicates that the in-flight particles are
subjected to little oxidation. It can be observed from
Fig. 2(a), (d), and (f) that a uniform and exclusive oxide
layer was formed at the interface between the YSZ and
bond coating. The average thickness of oxides on the
nanostructured and conventional bond coats was 1.1 ± 0.3
and 0.7 ± 0.1 lm, respectively. EDS analysis shows that
the coating surface layer is rich in Al and O. This fact
indicates that a dense Al2O3 was preferably nucleated
during the heat treatment in argon atmosphere of both
nanostructured NiCrAlY and conventional NiCrAlY
coatings prior to YSZ deposition. Moreover, the oxide
scale formed on the nanostructured NiCrAlY bond coat
was denser than that on the conventional NiCrAlY bond
coat. This fact implies that the uniform oxide film on the
nanostructured NiCrAlY coating surface grew very rap-
idly during the initial stage of oxidation. This may be
attributed to the nanostructure features of the nano-
structured NiCrAlY coating. The small grains promote
fast diffusion of elemental Al toward the surface, to pro-
vide a sufficient Al source for Al2O3 growth (Ref 17-19).

3.2 Microstructure of TGO Formed by Isothermal
Oxidation of TBC

The typical microstructure of the nanostructured TBC
sample and conventional sample isothermally oxidized for
100 h at 1000 �C are shown in Fig. 3(a) and (b). The
average thickness of the oxide layer on the nanostructured
and conventional bond coat, measured on polished cross-
sections, was approximately 2.2 ± 0.3 and 2.0 ± 0.4 lm,
respectively. It can be seen in Fig. 3(a) and (b) that the
oxide layer on the bond coatings was uniform and con-
tinuous. EDS analysis shows that the oxide film mainly is
composed of Al and O elements, indicating the formation

of Al2O3. In addition, the adhesion of the bond coating to
YSZ coating is enhanced by forming an exclusive a-Al2O3

scale at the interface between the bond coat and YSZ. No
cracks were observed in the vicinity of the TGO.

3.3 Cracking of the TBCs During Thermal Cycling
Test at 1000 �C

Figure 4 shows a typical cross-sectional view of a nano-
structured TBC specimen after 300 times thermal cycles at
the holding temperature of 1000 �C. The YSZ coating was
intact after the test. A highly undulated bond coat/TGO
interface was observed. These undulations are due to the
deliberate roughening of the bond coat surface prior to
topcoat deposition for improving the topcoat adhesion by
mechanical keying. However, these undulations may give
rise to an out-of-plane tension, which is primarily respon-
sible for the ultimate failure of TBCs (Ref 1, 2).

It is worth noting in Fig. 5 that the TGO formed at the
interface between the top YSZ coat and the bond coat
exhibits a uniform morphology along the interface, which
depends evidently on the surface morphology of the as-
deposited bond coat. Microstructural observations showed
cracks in the vicinity of the TGO. Cracking occurred
within the topcoat at the interface between TGO and YSZ
or near the crest of the bond coat undulations. The linkage
of such cracks through propagation likely results in the
ultimate failure of the TBC. Crack was also present at the
interface between TGO and bond coat, where the TGO is
thick, which is possibly due to thermal expansion mis-
matching, as shown in Fig. 6(a) and (b). It can be observed
from the higher magnification view of the bond coat
undulation crest in Fig. 6 that the separation occurred
between the bond coat and the TGO at the crest or be-
tween the TGO and the topcoat. Crack also runs across
the TGO. These features were commonly observed
around the undulations in these TBCs. However, in local
domains cracking also occurred within the topcoat and no
crack was presented at the interface of the TGO/YSZ.
This fact suggests that the nanostructured YSZ exhibits a
high strain tolerability.

3.4 Failure Mode After Thermal Cycling at 1150 �C

Table 1 shows thermal cyclic life of two different TBCs
under different thermal cyclings. It was found that the
number of thermal shock cycles to failure at 1150 �C of the
nanostructured TBCs was about two to four times larger
than the conventional TBCs after the thermal cyclic test for
300 cycles at 1000 �C, and exhibited a little increase after
the isothermal oxidation for 100 h at 1000 �C. These facts
indicate that the influence of the low-temperature thermal
cycling on the thermal cyclic lifetime is larger for the
conventional TBCs than the nanostructured TBCs.

Figure 7 shows the cross-sectional micrograph of the
failed nanostructured TBCs subjected to thermal cyclic
test at 1150 �C. The sample shown in Fig. 7(a) has expe-
rienced thermal cyclic test for 300 cycles at 1000 �C before
the thermal cyclic test at 1150 �C, while the sample in
Fig. 7(b) experienced the isothermal oxidation test at
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1000 �C for 100 h. Two nanostructured TBCs samples
withstood further 38 and 36 thermal cycles at 1150 �C,
respectively. The failure of the coatings in two nano-
structured TBC samples occurred within the topcoat

through spalling of YSZ within YSZ coating close to the
YSZ/thermal growth oxide interface. The failed cross-
sectional microstructure of the conventional TBCs was
shown in Fig. 8. It was noted that the failure also occurred

Fig. 2 Cross-sectional microstructure of intact TBCs with nanostructured NiCrAlY/nanostructured YSZ (a); fractured surface of
nanostructured YSZ in the TBCs (b); microstructure of nanostructured bond coat (c); typical morphology of TGO formed on the
nanostructured bond coat prior to YSZ deposition (d); microstructure of conventional bond coat (e); and typical morphology of TGO
formed on the conventional bond coat (f)
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Fig. 3 Cross-sectional microstructure of nanostructured TBCs
(a) and conventional TBCs (b) after the isothermal oxidation for
100 h at 1000 �C

Fig. 4 Cross-sectional micrograph of nanostructured TBCs
after thermal cyclic test for 300 cycles at 1000 �C

Fig. 6 Cross-sectional micrograph of nanostructured TBCs
showing crack formed near the crest after thermal cyclic test for
300 cycles at 1000 �C. (a) and (b) taken by different zone

Fig. 5 Cross-sectional micrograph of nanostructured TBCs
showing crack formed in the vicinity of the TGO after thermal
cyclic test for 300 cycles at 1000 �C
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within the topcoat above TGO, which indicates that the
failure of the nanostructured TBCs is similar to the failure
scenario of the conventional TBCs (Ref 3-5). However, it
was found that the TGO adheres well to the underlying
bond coat. Possibly, such well-adhered TGO is attributed
to the nanostructure of the bond coat, which promotes the
rapid formation of a uniform Al2O3 scale on the bond coat
surface during the pre-heat treatment (Ref 20-24). More-
over, it was observed in Fig. 9 that the buckling of the
nanostructured YSZ topcoat occurred before it spalled
out. The buckling may suggest the possibly sealing of YSZ

Table 1 Thermal cycles of the nanostructured and conventional TBCs

Type:

Nanostructured TBCs Conventional TBCs

Pretreatment: 1000 �C 3 300 cycles 1000 �C 3 100 h 1000 �C 3 300 cycles 1000 �C 3 100 h

Life 19 38 38 23 36 45 7 10 10 24 29 35
Mean life 32 34 9 29

Fig. 7 Cross-sectional micrograph of the failed nanostructured
TBCs. (a) The sample experienced 38 cycles at 1150 �C after 300
cycles at 1000 �C; (b) the sample experienced 36 cycles at
1150 �C after isothermal oxidation for 100 h at 1000 �C

Fig. 8 Cross-sectional micrographs of the failed conventional
TBCs. The sample experienced 29 cycles at 1150 �C after iso-
thermal oxidation for 100 h at 1000 �C. (a) and (b) taken by
different zone in the failed interface

Fig. 9 Cross-sectional micrograph of the failed nanostructured
TBCs showing the overview of a buckle. The samples experi-
enced 36 cycles at 1150 �C after isothermal oxidation for 100 h at
1000 �C
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topcoat surface through sintering. Although the failure
mechanism of the TBC deposited by nanostructured YSZ
in the present study is not yet clear, therefore, possibly the
sintering of the nanosized YSZ fraction in the coating
during high-temperature cyclic test is responsible for the
failure of top YSZ coat (Ref 8, 25). This effect is possibly
associated with the influence of the thermal cycling at
1000 �C on the thermal shock life of two different TBCs
owing to much less sintering and possibly sustainable
higher strain tolerability of the nanostructured TBCs.
Further detailed study is necessary to reveal the influence
of sintering effect and strain tolerability on the thermal
failure of the nanostructured TBCs and different failure
behavior of two types of the TBCs.

4. Conclusions

Nanostructured YSZ coating was deposited by partially
melted YSZ particles. The nonmelted fraction of spray
particles retained the porous nanostructure of the starting
powder into the deposit. As a result, the nanostructured
YSZ coating exhibits a bimodal microstructure consisting
of nanosized particles retained from the powder and mi-
crocolumnar grains formed through the solidification of
the melted fraction in spray particles. The oxidation of the
cold-sprayed nanostructured and conventional NiCrAlY
bond coat occurred during the heat treatment in Ar
atmosphere, and the denser oxides were formed on the
nanostructured NiCrAlY bond coat compared with the
conventional bond coat. The uniform oxide can be formed
during isothermal test at the interface between the bond
coat and YSZ in two different TBCs. On the other hand,
the cracks were observed at the interface between TGO/
BC or TGO/YSZ after thermal cyclic test. However, the
failure of both TBCs mainly occurred within the ceramic
TBC near the ceramic/TGO coating interface through
spalling of YSZ within YSZ coating. Nanostructured
thermal barrier coatings exhibits relatively longer lifetime
than the conventional coating at cyclic testing at 1150 �C.
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