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a b s t r a c t
Rare earth zirconates have lower thermal conductivity, better phase stability, improved sintering resistance and
CMAS (calcium magnesium alumino silicates) inﬁltration resistance than yttria stabilized zirconia (YSZ) at temperatures above 1200 °C. However, their lower fracture toughness and lower coefﬁcient of thermal expansion
(CTE) compared to YSZ lead to premature coating failure. In order to overcome these drawbacks at higher temperatures, a multilayered coating approach is attempted in this study and compared with the single layer YSZ.
Suspension plasma spray of single layer YSZ, single layer gadolinium zirconate (GZ) and double layer GZ/YSZ
was carried out. Additionally, a triple layer coating system, with denser gadolinium zirconate on top of the GZ/
YSZ system was sprayed to impart an added functionality of sealing the TBC from CMAS inﬁltration. Microstructural analysis was done using scanning electron microscopy and optical microscopy. Columnar microstructure
with vertical cracks was observed. XRD analysis was used to identify phases formed in the as sprayed TBC samples. Porosity measurements were done using water impregnation method. Thermal diffusivity of single and
multi-layered coatings was obtained by laser ﬂash analysis and thermal conductivity of the coating systems
was determined. It was found that the thermal conductivity of single layer gadolinium zirconate was lower
than YSZ and that the thermal conductivity of multilayered systems were between their respective single layers.
The single (YSZ), double (GZ/YSZ) and triple (GZ dense/GZ/YSZ) layer TBCs were subjected to thermal cyclic fatigue (TCF) test at 1100 °C and 1200 °C. It was observed that the single layer YSZ had lowest TCF life whereas the
triple layer TBC had highest TCF life irrespective of test temperature.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Thermal barrier coatings (TBC) are applied on the metallic components used in gas turbine engines in order to protect them from being
exposed to high temperatures. Current market need of the gas turbine
industry is to achieve higher efﬁciency in order to improve the fuel
economy and lower harmful emissions. Such an increase in efﬁciency of
gas turbines can be achieved by increasing the combustion temperature
[1–3]. Higher combustion temperatures (N1200 °C) pose severe challenges to the TBCs such as sintering, phase instability, oxidation, and
CMAS (calcium magnesium alumino silicates) inﬁltration. Yttria stabilized zirconia (YSZ) is the standard top coat material used in thermal
barrier coatings. But it undergoes signiﬁcant sintering above 1200 °C,
which is not desirable [4]. Furthermore, YSZ is susceptible to CMAS inﬁltration, which results in loss of strain tolerance and change in near surface
mechanical properties leading to early coating spallation [5–13].
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Due to the drawbacks of YSZ above 1200 °C, the search for new TBC
materials for high temperature applications without compromising the
preliminary requirements such as sintering resistance, excellent phase
stability, lower thermal conductivity, higher coefﬁcient of thermal expansion, good oxidation resistance, and CMAS penetration resistance
is desirable. Pyrochlores are promising TBC topcoat candidates which
can fulﬁll these requirements at higher temperatures [14–19]. Among
the pyrochlores, gadolinium zirconate (Gd2Zr2O7) is an interesting
choice as lanthanum zirconate is difﬁcult to process due to the tendency
of La2O3 to evaporate and result in loss of desired stoichiometry [20–22].
Gadolinium zirconate (GZ) has excellent phase stability and lower bulk
thermal conductivity than YSZ. However, it has a lower fracture toughness [23–25] and also GZ has a tendency to react and degrade alumina
that forms the protective thermally grown oxide (TGO) above 1200 °C
[26]. In order to overcome these drawbacks, a multilayered approach
with GZ on top of YSZ is in use to enhance the lifetime of TBC [27–29].
Conventional thermally sprayed TBC ceramics are processed by APS
(atmospheric plasma spray). The preferable particle size of the feedstock used in APS ranges from 10 to 140 μm. It was found that with
the use of nano sized powders, improvement in thermal shock
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resistance can be obtained due to the lower tensile stress in plane and
higher fracture toughness of nanostructured layers [30–32]. However,
feeding of powders below 10 μm into a plasma jet is considered near impossible and agglomerated nano powders retain only a little of their
original structure in the ﬁnal coating [33–34].
Suspension plasma spray (SPS) is a development of the APS process
that makes it possible to use nano or submicron sized powders
suspended in a solvent that acts as a carrier [35]. In particular, the recent
developments of columnar-type coatings that mimic electron beamphysical vapor deposition coatings have shown great promise as new
TBC coatings [36–39].
To the best of author's knowledge, so far no literature is reported on
the suspension plasma spray of GZ/YSZ multilayered TBC's and also very
limited work is seen on evaluation of thermal conductivity of multilayered ceramic systems. The main objective of this study was to design
high temperature resistant TBC system by suspension plasma spray process and for this purpose a double layer GZ/YSZ approach was chosen.
Also, for CMAS protection, a triple layer system with denser sealing
layer on top was investigated. The multilayered coatings are characterized for microstructure, phase analysis, porosity content, thermal diffusivity, thermal conductivity and thermal cyclic fatigue life. Single layer
YSZ and single layer GZ were also sprayed and compared with the multilayered systems for thermal cyclic fatigue and thermal conductivity
respectively.
2. Experimental method
2.1. Substrate and bond coat preparation
Hastelloy-X substrates of 25 mm × 25 mm × 1.54 mm (square
plates), 50 mm × 30 mm × 6 mm (thermal cyclic fatigue [TCF] plates)
and 25.4 mm × 6.35 mm dimensions were grit blasted with alumina
particles of 220 grit size to create a desired surface roughness Ra proﬁle
of 3 μm. The recently developed high velocity air fuel (HVAF) process was
used to deposit NiCoCrAlY composition (AMDRY 9951, Oerlikon Metco,
Switzerland) bondcoat of 220 μm thickness using M3 (Uniquecoat;
Richmond, USA) gun on all the grit blasted substrates. Surface roughness
of the as sprayed bondcoat was measured to be approximately 5 μm on Ra
scale. Bond coat thickness (220 μm) on all the substrates was kept the
same.
2.2. Suspension plasma spray parameters
For this study, two suspensions were produced by Treibacher
Industrie AG (Althofen, Austria). The ﬁrst was an 8YSZ suspension
with a median particle size of D50 = 500 nm dispersed in ethanol
with a solid content of 25 wt.%. The second suspension was gadolinium
zirconate of the same particle size (D50 = 500 nm), suspended in ethanol with a solid content of 25 wt.%.
Suspensions were sprayed using an Axial III plasma gun and
Nanofeed 350 suspension feeding system (Northwest Mettech Corp.,
North Vancouver, Canada). A 3/8 in. plasma exit nozzle was utilized
with internal axial injection of suspension via a 250 μm diameter oriﬁce.
In all cases the suspension was fed at a rate of 45 ml/min. Spray parameters for the coatings are shown in Table I. Two different parameters
were selected for coating production with the ﬁrst designed to produce
columnar coatings. The second parameter was designed for production
of denser coatings by virtue of being hotter (higher enthalpy) and
slower (lower total gas ﬂow) than the columnar parameter. Additionally the atomization gas ﬂow to the axial injector was reduced. Overall the
process changes have the effect of increasing the overall size of the
atomized suspension droplets due to decreased plasma velocity [39].
According to the understood theory of SPS coating deposition, larger
droplets will lead to more continuous or dense coatings rather than
columnar coatings [36,39].

Table I
Spray parameters used for depositing different layers of single and multilayered TBCs.
Parameters

Columnar layer(s)

Dense layer

Total gas ﬂow
Power
Jet enthalpy
Stand off distance
Atomizing gas ﬂow

245 l/min
89 kW
7 kJ/l
75 mm
20 l/min

200 l/min
103 kW
11 kJ/l
70 mm
5 l/min

Three variations in the ceramic coating structure were produced according to the schematic shown in Fig. 1. The ﬁrst variation comprised of
a single layer columnar coating of YSZ with a thickness of 300 μm. The
second variation was a dual-layered columnar ceramic coating comprising of GZ (260 μm thick) as the top coat on YSZ base layer (60 μm thick).
The total thickness of the double layered ceramic coat (GZ/YSZ) was approximately 320 μm. The third variation was a three layered ceramic
coat comprising of a denser GZ (sealing layer for CMAS) on top of the
dual-layer, columnar GZ/YSZ system. The thickness of the denser GZ
was approximately 30 μm, whereas the thickness of relatively porous
gadolinium zirconate and YSZ lying beneath was 230 μm and 60 μm respectively. The spray parameter for the dense layer was modiﬁed in
order to achieve a dense microstructure rather than the porous, columnar structure desired for the other layers in the coating system. Additionally, a single layer GZ was also sprayed using the same set of spray
parameters as that for the single layer YSZ for thermal conductivity
measurement.
2.3. Coating characterization
2.3.1. Metallography and microstructure
In order to analyze the cross section of as sprayed TBC samples, sectioning was carried out using a slow speed diamond cutting blade and
then later cold mounted by a 5:1 combination of epoxy resin and hardener. Polishing was carried out on 220 grit, 140 grit size disks successively and then with diamond paste of 9 μm, 6 μm, 3 μm respectively.
Final polishing step was carried out on 0.05 μm silica paste until a
scratch free mirror ﬁnished surface was obtained. Thickness measurements from 15 different locations of the coating cross section were
done by optical microscopy and the average thickness value of each
layer was determined. Scanning electron microscope (TM 3000,
HITACHI, Japan) in back scattered electron (BSE) mode was used to observe the cross section and top view of the sprayed ceramic layers.
2.3.1.1. Column density and column width measurement. A horizontal
straight line of ﬁxed length passing through half of the coating thickness
was drawn on the cross sectional SEM micrographs at 300× magniﬁcation and all the columns gaps intercepting the line were considered. The
column density was calculated using Eq. (1). A total of 25 micrographs
of same magniﬁcation were considered for the column density measurements and the average values for each variation is reported.

Column density


Columns
No:of column gaps intercepted by the line
¼
mm
True length of the line

ð1Þ
Also, the distance between two column gaps, which is known as the
‘column width’, was calculated from the same 25 cross sectional SEM
micrographs used for column density measurements and the average
column width is reported.
2.3.2. Porosity measurements
Porosity content of the as sprayed TBC samples was analyzed by
water impregnation method. In this method, free standing coatings
were produced by dipping the TBC samples in a solution containing nitric acid and hydrochloric acid in 1:3 volume ratio for a time period of

S. Mahade et al. / Surface & Coatings Technology 283 (2015) 329–336

331

Fig. 1. Coating architectures of investigated samples. Coatings with similar colors have the same spray parameters.

1 h. The samples were washed with water and dried in an oven, after
which the dry weight of free standing coatings was measured. Later
on, the free standing coatings were impregnated with water in a vacuum chamber and vacuumed several times to allow water to inﬁltrate
the pores of coating. Wet weight of the coatings was measured and
the difference between dry and wet weight was calculated. The densities of ceramic and water was known and the weight of the water and
coating was also known. The total volume fraction of porosity content
(P) was calculated. Bulk densities (ρb) of gadolinium zirconate, YSZ
and GZ/YSZ multilayered systems are 6.32, 6.1 and 6.27 g/cm3 respectively and the actual densities (ρa) of as sprayed coatings after taking
into account the obtained porosity value were calculated according to
Eq. (2).

was measured before calculating the diffusivity of the unknown ceramic
layer.
Speciﬁc heat capacity measurements were made using the NETZSCH
404 DSC equipment (Netzsch Thermophysics, Selb, Germany) utilizing
ceramic powders obtained from crushing free standing coatings.
Sapphire was used as the reference and Cp ratio method was used to
evaluate the speciﬁc heat capacity in the range of 25 °C to 1000 °C.
Thermal conductivity of the as sprayed coatings was calculated according to Eq. (4), where ‘λ’ is the thermal conductivity, ‘α’ is the obtained thermal diffusivity, Cp is the obtained speciﬁc heat capacity and ‘ρ’ is
the coating density. The accuracy of thermal conductivity calculation
depends on the accuracy in measurement of the three variables on the
right hand side of Eq. (4).

ρa ¼ ρb ð1  P Þ

λ ¼ α ðT Þ:C p ðT Þ:ρ

ð2Þ

2.3.2.1. Image analysis. Porosity content of the as sprayed coatings was
also measured by Image J, image analysis software [40]. SEM micrographs of 1500 × magniﬁcation were chosen to capture ﬁner pores
and also to ensure better contrast between pores and the ceramic.
Twenty ﬁve different SEM micrographs of same magniﬁcation were
used to evaluate the porosity and their mean values along with standard
deviations were obtained. Column gaps in the microstructure were not
considered for the porosity measurements by this method.
2.3.3. Thermal diffusivity and conductivity measurements
Thermal diffusivity measurements were made using a NETZSCH 427
laser ﬂash analysis (LFA) equipment (Netzsch Thermophysics, Selb,
Germany). All measurements were performed under an argon environment. TBC samples of 10 mm diameter were water jet cut from square
plates (25 mm × 25 mm × 1.54 mm) and gold sputtered (approximately
500 nm thick) in order to prevent the direct transmission of infra-red
light though the ceramic layer and also to improve the energy transfer
to the sample. A thin layer of graphite is also coated in order to impart
better absorption and emission properties. During the diffusivity measurements, rear surface of the 10 mm diameter sample was exposed
to a laser of known pulse width and the infra-red detector placed
above the front face of sample recorded the rise in temperature.

α¼



2
0:1388  d
t 0:5

ð3Þ

Thermal diffusivity values were obtained according to the Eq. (3),
where ‘α’ is the thermal diffusivity (mm2/s), ‘d’ is the coating thickness
(mm) and ‘t0.5’ is the half time taken for rise in temperature measured
by the LFA equipment. The analysis was performed using a Cowan
three layer model (substrate + bond coat + ceramic) with pulse correction. In this model, only the diffusivity of ceramic layer is the unknown
and the thermal diffusivity, speciﬁc heat, density and thickness of the
other two layers (substrate and bond coat) were measured in previous
experiments. Also, the thermal contact resistance between each layer

ð4Þ

2.3.4. Phase analysis
X Ray Diffraction (XRD) analysis of the as sprayed coatings was done
using SEIFERT TT 3003 equipment to examine the various phases present in the top coat. Cu Kα of 1.541 Ao wavelength was used. Slow scan
rate with a step size of 0.01° and time per step of 10 s was used.
2.3.5. Thermal cyclic fatigue
TCF testing was carried out at 1100 °C and 1200 °C in a specially designed computer controlled furnace with a periodic quenching capability. It comprises of two chambers. In the ﬁrst chamber, the TCF test
plates are heated to 1100 °C for a time period of 1 h. Samples are then
moved to the second chamber where photographs are captured by a
high resolution camera and the samples are cooled down to 25 °C in
10 min by compressed air. The samples are subjected to thermal cycling
until a visible 20% spallation of the top ceramic layer is observed. Three
samples from each variation of as sprayed TBCs were considered for the
test. The failed TCF plates were cold mounted in epoxy resin, prepared
as described previously and then analyzed by SEM.
3. Results and discussion
3.1. Microstructural analysis
The cross sectional SEM micrograph of as sprayed single layer YSZ, as
seen in Fig. 2(a), shows a columnar microstructure with evenly distributed pores and the top view microstructure in Fig. 2(b) shows a
cauliﬂower-like top surface structure. The average thickness of bond
coat and the top YSZ layer were 220 μm and 300 μm respectively. The
average column density was found to be 12 ± 3 columns/mm and the
average column width was 64 ± 10 μm.
The double layer GZ/YSZ microstructure in Fig. 3(a) also displays a
columnar microstructure and a cauliﬂower-like microstructure from
the top, as seen in Fig. 3(b). Columns within the GZ layer have continued
to build on those ﬁrst formed by the YSZ base layer due to almost identical deposition conditions. Also, at higher magniﬁcations, the GZ/YSZ
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Fig. 2. SEM micrographs of as sprayed single layer YSZ TBC (a) cross section (b) top surface morphology.

interface was continuous showing good bonding between the layers.
The average thickness of bond coat, YSZ and the top gadolinium
zirconate was 220 μm, 60 μm and 260 μm respectively. The average column density was found to be 11 ± 2 columns/mm and the average column width was 70 ± 8 μm.
In the case of triple layered GZ (dense)/GZ/YSZ, the top denser gadolinium zirconate layer meant for CMAS penetration resistance does not
build on the columns of underlying GZ/YSZ system, as seen in Fig. 4(a);
but instead forms a layered structure. The number of spray passes for
denser GZ layer can be easily seen from the coating cross section. The
top view SEM micrograph, as seen in Fig. 4(b), showed cauliﬂower microstructure. The average column density of underlying GZ/YSZ was
found to be 11 ± 2 columns/mm and the average column width was
68 ± 10 μm.
3.2. Thermal diffusivity
Thermal diffusivity values obtained from the laser ﬂash analysis
equipment are plotted in Fig. 5. The thermal diffusivity of multilayered
(double and triple) ceramic system was calculated by treating the entire
ceramic system as a single unit. Single layer YSZ and single layer gadolinium zirconate were also investigated. In all the coating systems, ﬁve
different measurements were made at each temperature (25, 200,
400, 600, 800 and 1000 °C) and their arithmetic mean value along
with the mean standard deviations were obtained. The error (precision) in thermal diffusivity measurements were in the order of 0.001
to 0.012 mm 2 /s and the experimental uncertainty associated to
accuracy in thermal diffusivity measurement by laser ﬂash analysis
is 2% (as claimed by the equipment manufacturers). Gauss law of
error propagation was used to estimate the overall error (precision
and accuracy) in thermal diffusivity measurement.
Thermal diffusivity values of all the coatings tend to increase at
about 900 °C to 1000 °C. This may be attributed to two possible factors.
Firstly, at temperatures above 900 °C, sintering of the ceramic structure

begins to occur; causing an increase in thermal conductivity. Secondly,
the radiative mode of heat transfer in ceramic coating begins to show
a greater inﬂuence above 900 °C. A similar trend in thermal diffusivity
of APS sprayed YSZ and GZ was reported by Moskal et al. [41] using
the three layer (substrate + bond coat + ceramic) thermal diffusivity
model.
3.3. Porosity measurement
3.3.1. Water intrusion method
Free standing coatings were used to measure the porosity content by
water impregnation method. This method estimates only open porosity
content of a coating system as water cannot inﬁltrate pores which are
closed and isolated. Results of porosity content of different coating systems investigated in this study are plotted in Fig. 6. Single layer GZ had a
higher porosity content of 22% followed by the GZ/YSZ double layered
system with 20.5% and triple layered system with 17.4% respectively.
Single layered YSZ coating had the lowest porosity content of 17%. The
porosity values of double and triple layered systems lie in between
their respective single layers, which was as expected. Also, the triple
layer had almost 15% lower porosity relative to the double layer system
due to the presence of a denser top layer. If the porosity of double layer
GZ/YSZ coating was estimated by weighed average (thickness proportions) using the porosity value of the single layer systems; then the
value would have been 21.04%, which is slightly higher than the estimated value of 20.5% obtained by water intrusion method but in good
agreement with the results.
3.3.2. Image analysis method
Porosity values and ranking of the as sprayed TBCs estimated by
image analysis at 1500× are different from the values and ranking obtained by water intrusion method, as seen in Fig. 6. The reason could
be due to the presence of higher number of closed pores in the case of
YSZ than GZ which cannot be detected by water intrusion method.

Fig. 3. SEM micrographs of as sprayed double layer GZ/YSZ TBC (a) cross section (b) top surface morphology.
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Fig. 4. SEM micrographs of as sprayed triple layer GZdense/GZ/YSZ TBC (a) cross section (b) top surface morphology.

Fig. 5. Thermal diffusivity versus temperature plot of the as sprayed TBCs.

Image analysis can estimate the total porosity of a coating provided the
image resolution is sufﬁciently high to identify the smallest scale pores.
However, this software does not consider column gaps or vertical cracks
into account as it is difﬁcult to capture them at higher magniﬁcation.
These column gaps make a signiﬁcant contribution towards the total
porosity content of a coating which is estimated by water intrusion
method and hence explains the higher porosity value compared to
image analysis. Additionally, image analysis helps in measuring porosity
of each individual layer of a multilayered coating. The individual

porosity contribution of denser GZ sealing layer in the case of triple layered TBC was found to be approximately 6.8% by image analysis.
3.4. Thermal conductivity
Thermal conductivity of the different coating systems was calculated
according to Eq. (4) using experimentally obtained thermal diffusivity,
speciﬁc heat capacity and density values. The error in thermal conductivity measurement in the temperature range of 25 °C to 1000 °C was

Fig. 6. Porosity content of the as sprayed TBCs obtained by water intrusion method and image analysis method.
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Fig. 7. Thermal conductivity versus temperature plot of the as sprayed TBCs.

calculated as per law of error propagation principle after taking into account the experimental uncertainty (accuracy and precision) associated
while measuring speciﬁc heat capacity, density and thermal diffusivity
of the coatings. Porosity values estimated by water intrusion method
were used for the density calculation for the sake of simplicity. The thermal conductivity values of single layer YSZ, single layer GZ, double layer
GZ/YSZ and triple layer GZ (dense)/GZ/YSZ along with error in measurement are plotted in Fig. 7.
Thermal conductivity of YSZ obtained in this work was similar to the
trend reported by Pawlosky et al. [42] and Curry et al. [37,43] on suspension plasma sprayed YSZ coatings. In the case of standard APS sprayed
YSZ, thermal conductivity decreases with increase in temperature up
to 800 °C and then begins to increase due to sintering effects. However,
in SPS sprayed YSZ, the thermal conductivity increases with temperature, as shown in Fig. 7. In SPS coatings, the presence of ﬁne scale microstructural features, which include ﬁne scale porosity and ﬁne grains,
contribute to multiple interfaces. These imperfections within the coating can affect the mean free path of phonons and eventually affect the
thermal conductivity of the coating. Single layer GZ had a lower thermal
conductivity compared to single layer YSZ, as seen in Fig. 7, in the temperature range of 25 to 1000 °C due to the lower thermal diffusivity and
lower speciﬁc heat capacity of GZ than YSZ [18]. SPS sprayed GZ had a
lower thermal conductivity (absolute value) compared to APS sprayed
GZ but their trend was similar as reported by Moskal et al. [41]. Thermal

Fig. 8. X-ray diffraction patterns of the single, double and triple layer as sprayed TBCs.

conductivity values of the double and triple layered TBCs lie in between
the thermal conductivities of single layer YSZ and single layer GZ.
3.5. XRD analysis
The XRD proﬁles of as sprayed single layer (YSZ), double layer
(GZ/YSZ) and triple layer (GZ (dense)/GZ/YSZ) are plotted in Fig. 8.
The peaks were identiﬁed by JCPDS standard and labeled. The obtained
XRD proﬁles indicate that double and triple layered systems have peaks
at same positions (angles) indicating the presence of same composition
(Gd2Zr2O7) and crystal structure (cubic) irrespective of spray parameters. Additionally, it also conﬁrms that there is no change in the stoichiometry during GZ spraying. Loss in stoichiometry of the ceramic while
spraying may lead to degradation in thermo chemical (CMAS resistance) and thermo mechanical (TCF life) properties of the coating. In
the case of YSZ, tetragonal (t′) phase of ZrO2 with no presence of monoclinic phase was observed. Monoclinic phase of ZrO2 is not desirable in
the as sprayed TBC as it undergoes phase transformation during thermal
cycling, leading to large volume changes which causes premature coating spallation.
3.6. Thermo cyclic fatigue test
Results of thermal cyclic fatigue (TCF) at 1100 °C are shown in
Fig. 9. Single layer YSZ had the lowest TCF life whereas the double
layer GZ/YSZ system was better than single layer YSZ system by approximately 40 cycles. The reason for improvement in thermal cyclic fatigue
life of double layer system may be attributed towards the better oxygen

Fig. 9. Thermo cyclic fatigue lifetime of different TBCs at 1100 °C and 1200 °C.
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Fig. 10. Thermo cyclic fatigue failed single layer YSZ (a) cross sectional SEM micrograph
(b) photograph.

Fig. 12. Thermo cyclic fatigue failed triple layer GZdense/GZ/YSZ (a) cross sectional SEM
micrograph (b) photograph.

penetration resistance of pyrochlores than YSZ [44–45]. This is due to
the presence of vacant ‘48f’ position and an interstitial oxygen anion
at ‘8b’ position in the crystal structure of pyrochlores which together
constitute a stable oxygen anion frenkel pair [46–50]. Also, atomistic
simulation studies showed that rare earth zirconates (pyrochlores)
have higher oxygen anion frenkel pair energy and therefore it requires
higher activation energy for oxygen migration [51–52]. Further improvement in thermal cyclic life of up to 28 cycles compared to the double layer was observed in the triple layered GZ (dense)/GZ/YSZ. The
reason for improvement in TCF life is probably due to the presence of
a 30 μm thick denser gadolinium zirconate layer on top of the 230 μm
gadolinium zirconate layer and 60 μm YSZ. It is an established fact in
TBCs that oxygen gains access to the bond coat of a TBC system through
vacancies in the ceramic crystal structure and porosity in the coating.
The denser gadolinium layer helps in further reducing oxygen penetration into the coating system due to almost 15% lower porosity content
(according to water intrusion results) than the double layer TBC. A similar trend of triple layer TBC outperforming the double and single layer
TBC was observed in TCF test at 1200 °C, as seen in Fig. 9. However the
cyclic fatigue life decreased drastically due to the severity of temperature and absence of thermal gradient across the cross section of TCF
sample.
The photographs and SEM micrographs of the failed samples after
TCF testing at 1100 °C are shown in Figs. 10, 11 and 12. The failed photograph of triple layer TBC, Fig. 12(b), was taken well beyond its reported lifetime as the failure occurred in the absence of manual inspection.
But the lifetime is calculated at 20% coating spallation by looking at
the images captured by high resolution camera after each cycle. SEM
micrograph of TCF failed single layer YSZ in Fig. 10(a) showed that spallation occurred at the bond coat and YSZ interface, which is the common

mode of failure observed in suspension plasma sprayed coatings [37–
39].
Failure in the GZ/YSZ double layer TBC, as seen in Fig. 11(a) and (b),
occurred in GZ layer very near to the interface with YSZ layer. Reason for
such a failure may be due to the CTE mismatch between the GZ and YSZ.
Also, GZ exhibits a lower fracture toughness compared to YSZ which
leads to crack propagation at lower stress levels in the GZ layer. Similar
cracking was reported previously for YSZ stabilized in the cubic phase,
potentially due to its reduced fracture toughness [39].
In the case of TCF failed triple layer TBC, as seen in Fig. 12(a), failure
occurred at the bond coat and YSZ interface. Higher enthalpy and higher
power was used to deposit the denser GZ layer in triple layer TBC, according to Table I. Reason for a different TCF failure mode compared to
GZ/YSZ double layer TBC could be due to release of fraction of energy
stored in the coating in the form of horizontal crack propagation at
the interface of GZ dense and GZ layer, as seen in Fig. 12(a). Average
TGO thickness was calculated from the failed TBC SEM micrographs at
higher magniﬁcations and it was found that all the three TBCs had a
TGO thickness of approximately 5 μm. The TGO thickness at failure in
SPS coatings obtained is in close agreement with literature reported
on failure of APS sprayed YSZ, where 6–7 μm thick TGO was observed
in the TCF test [53].
4. Conclusions
Suspension plasma spray of multilayered (double and triple layer)
TBCs was carried out and their functional performance (thermal conductivity and thermal cyclic fatigue) was compared with the current
standard YSZ single layer TBC. It was shown that
1. Columnar microstructure in both single and double layer TBCs could
be achieved.
2. A denser third layer on top of the columnar coatings could be created
by spray parameter alterations.
3. Lower thermal conductivity and improved thermal cyclic fatigue life
compared to single layer YSZ can be achieved using the multilayered
(GZ/YSZ) TBC approach.
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