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Abstract

The main goal of the current study is evaluation and comparison of thermal shock behavior of plasma-sprayed nanostructured and
conventional yttria stabilized zirconia (YSZ) thermal barrier coatings (TBCs). To this end, the nanostructured and conventional YSZ
coatings were deposited by atmospheric plasma spraying (APS) on NiCoCrAlY-coated Inconel 738LC substrates. The thermal shock
test was administered by quenching the samples in cold water of temperature 20-25 °C from 950 °C. In order to characterize elastic
modulus of plasma-sprayed coatings, the Knoop indentation method was employed. Microstructural evaluation, elemental analysis, and
phase analysis were performed using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray
diffractometry (XRD) respectively. The results revealed that failures of both nanostructured and conventional TBCs were due to the
spallation of ceramic top coat. Thermal stresses caused by mismatch of thermal expansion coefficients between the ceramic top coat and
the underlying metallic components were recognized as the major factor of TBC failure. However, the nanostructured TBC, due to
bimodal unique microstructure, presented an average thermal cycling lifetime that was approximately 1.5 times higher than that of the
conventional TBC.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Increased operating temperatures and hence, improved
performance of gas turbines or diesel engines can be
realized by using thermal barrier coatings (TBCs) [1-0].
A typical TBC system consists of a metallic bond coat and
a ceramic top coat. The bond coat (PtAl or MCrAlY,
M = Ni and Co) protects the substrates from oxidation and
improves the adhesion of the ceramic top coat to the
metallic substrate. The ceramic top coat has a significantly
low thermal conductivity and reduces the temperature of
the underlying superalloy in relation to the gas path
temperature [7-11]. Yttria stabilized zirconia (YSZ) is the
current industrial standard material of TBCs, owing to its
low thermal conductivity, phase stability at relatively high
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temperatures, a relatively high coefficient of thermal
expansion (CTE), and chemical inertness in combustion
atmospheres as compared to other ceramics [12-15].
Nowadays, TBCs are usually produced by either atmo-
spheric plasma spraying (APS) or electron beam-physical
vapor deposition (EB-PVD) [16-18]. However, due to the
comparatively cost-effective deposition conditions and
high deposition efficiency, plasma spraying technology
has enjoyed widespread acceptance up to now [3,19].

Due to a high demand for high-temperature operation
of gas turbines, an advanced TBC is essential to improve
the performance of gas turbines. Creation of nano-struc-
tures is a promising approach to fabricate novel TBCs. In
recent years, the nanostructured zirconia based TBCs
deposited by atmospheric plasma spraying have been the
focus of attention. It was reported that nanostructured
thermal barrier coatings had high bonding strength [20],
low thermal conductivity [20-24], and prolonged thermal
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cycling lifetime [25-27]. Accordingly, nanostructured TBCs
are expected to provide better performance than the
conventional TBCs. However, in spite of this, few reports
on plasma-sprayed nanostructured TBCs have been pub-
lished. On the other hand, flawless performance of TBCs is
a very important subject in the industry. Since contribution
of these coatings in turbine engine efficiency is undeniable,
their durability against high temperature thermal cycles is
very important. Therefore, the purpose of the current study
is the investigation and comparison of the thermal shock
resistance of plasma-sprayed nanostructured and conven-
tional YSZ TBCs.

2. Experimental procedures
2.1. Materials

Inconel 738LC Ni-based superalloy was used as the
substrate material. In the atmospheric plasma spraying
process, two kinds of nanostructured and conventional
YSZ powders were used as feedstock for the top coat. The
nanostructured YSZ powder was Nanox S4007 (Inframat
Corp., Farmington, CT). This powder consisted of
agglomerated nanosized particles. The conventional YSZ
powder was Metco 204NS (Sulzer Metco, Westbury, NY).
In addition, the commercially available NiCoCrAlY pow-
der (22 SN 6883, S.N.M.I.-Avignon) was used as a feed-
stock for the bond coat. The feedstock characteristics of
the powders are presented in Table 1.

2.2. Atmospheric plasma spraying

The thermal barrier coatings, composed of a bond coat
(125 4+ 25 pm thick) and a top coat (265 + 25 pm thick),

Table 1
Feedstock characteristics of the powders.

were deposited by an atmospheric plasma spraying (APS)
system. Atmospheric plasma spraying was carried out by
the Plasma-Technik A3000S system (Sulzer Metco, Woh-
len, Switzerland) with a F4-MB plasma torch (Sulzer
Metco AG, Winterthur, Switzerland). The spraying para-
meters are presented in Table 2. In order to improve
adherence capability between the bond coat and substrate,
the substrates were grit-blasted with alumina particles and
then washed with acetone. The measured surface rough-
ness (R,) of substrates was 9.20 pm. During the spraying
process, a cooling system (air blowing) was applied to
reduce the coating temperature.

2.3. Thermal shock test

Thermal shock test was performed by heating and the
water quenching method. The samples were heated at
950 °C for 5min in an electric furnace (Nabertherm N7/
H, Germany), and then they were thrown into cool water
quickly. The temperature of the water throughout the
cycling was 20-25 °C. When the samples were cooled to the
ambient temperature, they were taken out, dried and put
into the high temperature furnace again, repeating the
same process. More than 10% of the visible destroyed
region of the coating surface was adopted as the criterion
for the TBC failure (as the thermal cycling lifetime of the
coating). The repeatability of the test results was verified
by using three test samples in the same way. This type of
thermal shock testing has also been performed by other
researchers [28-30]. The macroscopic images of the sam-
ples in time during the thermal shock test were captured
using a digital camera. The weight changes of the samples
were measured to a precision of 0.1 mg by an analytical
balance (TE214S, Sartorius, Germany).

Commercial powder name Composition (Wt%)

Particle size (um) Morphology

Nanox S4007 ZrO>-7Y,0;5 —150+15 Spherical-agglomerated nanostructured
Metco 204NS Zr0,—8Y,0;3 —125+11 Spherical

22 SN 6883 Ni—23Co-18Cr-6Al-1Y —75+38 Spherical

Table 2

Plasma spray parameters.

Parameter NiCoCrAlY Conventional YSZ Nanostructured YSZ
Current (A) 600 600 600

Voltage (V) 75 61 72

Primary gas, Ar (slpm) 65 35 35

Secondary gas, H, (slpm) 14 12 10

Carrier gas, Ar (slpm) 2.3 2.6 3.5

Powder feed rate (g/min) 40 40 18

Spray distance (mm) 120 120 120

Nozzle diameter (mm) 6 6 6

Injector diameter (mm) 2.5 1.8 1.8

Injector position External External External
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2.4. Coatings characterization

The microstructure of as-sprayed coatings was investi-
gated by a field emission scanning electron microscope
(FESEM; S-4160, Hitachi Ltd., Japan). Phase analysis was
carried out by X-ray diffractometry (XRD; Bruker D8
Advance diffractometer, Germany) with filtered Cu-Ka
radiation (0.15406 nm). In order to cater to microstruc-
tural and elemental analyses of samples after thermal
shock test, a scanning electron microscope (Seron Tech-
nology-AIS-2000, Korea) equipped with an energy disper-
sive spectrometer (EDS) was used. The surface roughness
(R,) of substrates prior to spraying was measured by a
roughness tester (Mitutoyo SJ-201P, Japan).

The Knoop indentation method has been used to
determine the elastic modulus (E) of YSZ ceramic coat-
ings. The elastic modulus (GPa) can be estimated by
measuring the elastic recovery of the residual surface
impression of the indentation diagonals as follows [31-33]:

(—axHg)
b'/a'—b/a)

where Hy denotes the Knoop microhardness (Pa), b'/d’
refers to the ratio of the short to long indention diagonals
after elastic recovery, b/a is the ratio of the known Knoop
indenter dimensions or geometry (1/7.11), and o is a
constant having a value of 0.45. In this study, the Knoop
indentation tests were performed on the polished cross
sections of specimens using a microhardness tester
(Clemex, HT-2001, Canada). The load used was 1.96 N
(200 gf) and the dwell time was 17 s. For the cross sections,
the indentations were applied near the centerline of the
coating thickness. The reported values of elastic modulus
for the coatings were the means of 10 indentations.

E= (1)

3. Results and discussion
3.1. Microstructure of as-sprayed coatings

Fig. 1 presents the polished cross sections of as-sprayed
conventional and nanostructured TBCs, which are com-
posed of the YSZ top coat and NiCoCrAlY bond coat
deposited on the superalloy substrate by APS process. The

15.8kV

X188

fractured cross section morphologies of the conventional
and nanostructured YSZ coatings are shown in Figs. 2 and
3 respectively. It can be seen that the microstructure of
conventional YSZ coating consists of columnar-grain
splats. In contrast, nanostructured YSZ coating exhibits
a bimodal microstructure consisting of nanosized particles
retained from the non-molten part of powder (nano-zones)
and microcolumnar grains formed through the solidifica-
tion of the melted part of powder. The percentage of
nano-zones embedded in the coating structure was
approximately 24%. The nano-zones contain a large
volume fraction of pores with size ranging from several
tens to several hundreds of nanometers.

3.2. Thermal shock behaviors of TBCs

The macroscopic images of the conventional and nanos-
tructured TBCs during thermal shock testing are shown in
Fig. 4. As can be seen, for both conventional and
nanostructured coatings, starting failure from the edges
of the sample occurred and then propagated to the
adjacent areas. Beginning of the failure from the edges is
due to the extreme heating and cooling conditions encoun-
tered and singularity of thermal stresses at the edges. Other

Ty 1&:1;1& ~
k

Fig. 2. FESEM micrograph of the fractured cross section of as-sprayed
conventional YSZ coating.

15.8kV X188

Fig. 1. FESEM micrographs of polished cross section of as-sprayed TBC with conventional YSZ (a) and nanostructured YSZ (b).
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studies [24,34,35] have also mentioned the edge effect on
failure during the thermal cycling. Fig. 5 presents the
weight changes as a function of cycle number for conven-
tional and nanostructured samples during thermal shock
testing. Based on this figure, the nanostructured coating, as
compared to the conventional one, exhibits a better
performance during thermal shock testing. As can be seen,
the weight of both samples was first increased due to
substrate free surface oxidation and then reduced suddenly
after some cycles. After sudden weight loss, a weight gain
was observed that can be due to both substrate and bond
coat oxidation. Since gradual weight loss was not
observed, coatings delamination did not occur. On the
other hand, the sudden weight loss of samples implied that
coatings spallation could have occurred. The polished
cross sections of the conventional and nanostructured
TBCs after thermal shock testing are shown in Fig. 6. As
can be seen, in both coatings, cracks were initiated within
the ceramic top coat near the top coat/bond coat interface.
Based on this figure, the lack of thickness loss of both
coatings during thermal shock also rejects the coating
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Fig. 3. FESEM micrograph of the fractured cross section of as-sprayed
nanostructured YSZ coating (attachment image: non-molten part of
powder (nano-zones) within coating at high magnification).
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delamination mechanism. Therefore, the investigation of
weight changes graphs (Fig. 5) and microscopic images
(Fig. 6) shows that the failure of both nanostructured and
conventional YSZ coatings are in a similar mode, and have
occurred as spallation of the top coat, near and parallel to
the top coat/bond coat interface.

The previous studies [30,36,37] showed that oxidation of
the bond coat and thermal mismatch stress were the main
factors influencing degradation of TBCs. EDS analyses of
top coat/bond coat interfaces of both conventional and
nanostructured TBCs after thermal shock testing are
shown in Fig. 7. Based on this analysis, for both coatings,
thermally grown oxide (TGO) was not formed on the top
coat/bond coat interface. The SEM micrographs of sam-
ples after thermal shock testing (Fig. 6) also confirm the
lack of formation of TGO. Therefore, it can be concluded
that bond coat oxidation did not occur during thermal
cycling, thereby not contributing to the coating failure. It
seems that the lack of visible thickness formation of TGO
is due to short heating time. Other studies [24,38] have also
pointed to this subject.

Fig. 8 presents the XRD patterns of the as-sprayed and
failed YSZ conventional and nanostructured coatings.
According to XRD patterns, the as-sprayed coatings were
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Fig. 5. Weight change as a function of cycle number for conventional and
nanostructured TBCs during thermal shock testing.

Fig. 4. Photographs of conventional (a) and nanostructured (b) samples during thermal shock testing.
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Fig. 7. EDS analyses from top coat/bond coat interface of conventional (a) and nanostructured (b) TBCs after failure.
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Fig. 8. XRD patterns of conventional (a) and nanostructured (b) YSZ coatings before and after thermal shock testing.

completely made of a non-transformable tetragonal (t')
phase. t’ is the typical phase of plasma-sprayed zirconia,
which is formed owing to the quenching of molten droplets
during plasma spraying [20,39,40]. The thermally cycled
coatings also predominantly contained t' phase of zirconia
with a very small amount of calcium zirconium oxide

(CaZrO3). The formation of CaZrO; can be explained by
the observation that the calcium which was present in the
tap water reacted with zirconium during the quenching
operation [19,41,42]. After long-term thermal cycling, the
metastable non-transformable tetragonal phase may be
decomposed into the low stabilizer tetragonal phase by the
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diffusion of the stabilizer (Y»,03), and the low stabilizer
tetragonal phase may be transformed to the monoclinic
phase. The tetragonal-to-monoclinic phase transformation
is martensitic in nature and is accompanied by a significant
volume increase of approximately 3—5 vol%, affecting the
integrity of the coating [19,43]. Anyway, in this study, no
phase change was observed (apart from a very small
amount of CaZrO;) during the thermal shock. Accord-
ingly, stresses resulting from phase transformation had no
contribution to both coatings degradation.

In layered systems, the coefficient of thermal expansion
is an important property because thermal stress resulting
from the CTE mismatch between the layers may lead to
the degradation. Therefore, CTE mismatch can be one of
the key factors responsible for the failure of TBCs. The
typical CTE of Inconel 738 Ni-based substrate, plasma-
sprayed NiCoCrAlY bond coat, and plasma-sprayed YSZ
top coat are reported as 16x107°C~! [44,45],
15x 107%°C~" [46] and 10.7 x 10~%°C~"' [44,45], respec-
tively. The substrate and bond coat, due to the relatively
same chemical compositions, have low CTE mismatch.
But, since the difference in CTE between the ceramic top
coat and the underlying metallic components is high, it can
be anticipated that top coat/bond coat interface stresses
upon heating/cooling of the substrate/coating system are
expected to be more. Therefore, thermal stresses caused by
the mismatch of the thermal expansion are concentrated
on the interface between ceramic top coat and metallic
bond coat. With continuous exposure of samples to
thermal cycles, these stresses result in crack nucleation
and propagation in the ceramic top coat. Later, these
initial cracks assisted each other and with propagation in
the top coat, near and parallel to top coat/bond coat
interface, finally resulted in top coat spallation. Therefore,
during thermal shock testing, the failures of both conven-
tional and nanostructured coatings were dominated by
thermal stresses generated due to the difference in CTE
between the ceramic top coat and the underlying metallic
components. Crack formation and propagation in the top
coat and remaining little parts of top coat on bond coat
(Fig. 6) also confirm this fact.

3.3. Thermal shock lifetime

The thermal cycling lifetimes of the conventional and
nanostructured TBCs are graphically presented in Fig. 9.
It can be seen that the nanostructured TBC exhibits an
excellent average thermal cycling lifetime, approximately
1.5 times higher when compared to the conventional TBC.
Lifetime extension of the nanostructured TBC, as com-
pared to the conventional TBC, can be described according
to different microstructures of the coatings. Porosities and
microcracks improve strain tolerance and durability of
coating due to both reduced elastic modulus, hence the low
stress value, and stress relaxation [23,43—47].

Fig. 10 shows the elastic modulus values of the plasma-
sprayed conventional and nanostructured YSZ coatings.
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Fig. 9. Thermal cycling lifetime of the conventional and nanostructured
TBCs.
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Fig. 10. Elastic modulus of the plasma-sprayed conventional and nanos-
tructured YSZ coatings.

Accordingly, the elastic modulus of the nanostructured
coating, as compared to the conventional coating, is much
lower. According to Fig. 3, it is possible to observe that the
nanostructured YSZ coating, as compared to the conven-
tional YSZ coating, exhibits an extra source of porosity
associated with the nano-zones. The presence of this extra
source of porosity will cause reduction in the elastic
modulus (Fig. 10) and stress relaxation and consequently,
increase in the compliance capabilities of the nanostruc-
tured coating as compared to its conventional counterpart.

The nanostructured TBCs, as compared to the conven-
tional TBCs, have a higher CTE [48]. Since the CTE of the
metallic substrate and bond coat, as compared to the
ceramic top coat, are very high, a larger CTE of the top
coat means a lower thermal mismatch between the top coat
and bond coat layers. Thus, it can be expected that the
main factor of TBC failure, i.e., thermal stress generated
during the thermal cycling, is lower for nanostructured
TBC, as compared to the conventional TBC.
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Comparison of weight change curves (Fig. 5) shows that
the failure (a destruction of more than 10% in the coating
surface) of nanostructured TBC, as compared to the con-
ventional TBC, has occurred in more stages. Based on this,
for nanostructured coating, a smaller surface of the coating is
degraded in each stage than in the conventional coating. This
can be attributed to the ability to control crack propagation
in the thermally-sprayed nanostructured coatings [49-51]. In
the nanostructured coating with a bimodal microstructure,
the splat-boundary structure is periodically interrupted by
non-molten parts of powders (nano-zones). Therefore, cracks
propagating through splat boundaries are arrested and/or
deflected after encountering the nano-zones.

4. Conclusion

In the current study, nanostructured and conventional
zirconia based thermal barrier coatings were prepared by
atmospheric plasma spraying. Thermal shock test was
conducted and the results indicated that the failures of
both the nanostructured and conventional TBCs were due
to the spallation of top coat, near and parallel to top coat/
bond coat interface. Thermal stress caused by the differ-
ence in CTE between the ceramic top coat and the
underlying metallic components was identified as the major
factor of TBC failure. The nanostructured TBC exhibited
improved thermal shock resistance as compared to the
conventional TBC. The excellent thermal shock resistance
of the nanostructured TBC can be attributed to bimodal
microstructure container of nano-zones and the existence
of extra source of porosity associated with the nano-zones.
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