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Abstract Improvement in the performance of thermal

barrier coatings (TBCs) is one of the key objectives for

further development of gas turbine applications. The

material most commonly used as TBC topcoat is yttria-

stabilized zirconia (YSZ). However, the usage of YSZ is

limited by the operating temperature range which in turn

restricts the engine efficiency. Materials such as pyro-

chlores, perovskites, rare earth garnets are suitable candi-

dates which could replace YSZ as they exhibit lower

thermal conductivity and higher phase stability at elevated

temperatures. The objective of this work was to investigate

different multilayered TBCs consisting of advanced top-

coat materials fabricated by suspension plasma spraying

(SPS). The investigated topcoat materials were YSZ, dys-

prosia-stabilized zirconia, gadolinium zirconate, and ceria–

yttria-stabilized zirconia. All topcoats were deposited by

TriplexPro-210TM plasma spray gun and radial injection of

suspension. Lifetime of these samples was examined by

thermal cyclic fatigue and thermal shock testing.

Microstructure analysis of as-sprayed and failed specimens

was performed with scanning electron microscope. The

failure mechanisms in each case have been discussed in

this article. The results show that SPS could be a promising

route to produce multilayered TBCs for high-temperature

applications.
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Introduction

Development of thermal barrier coatings (TBCs) allowing

higher combustion temperatures is of great interest for all

gas turbine manufacturers since it results in a more efficient

combustion which in turn results in higher fuel efficiency

as well as environmentally cleaner emissions. The most

commonly used TBC material is yttria-stabilized zirconia

(YSZ). YSZ has been used extensively for the past thirty

years due to its favorable thermal and mechanical proper-

ties. However, at operating temperatures above 1200 �C,
YSZ undergoes phase transformation with increase in

volume which leads to increased residual stress level in

coatings and hence early failure of the TBC (Ref 1, 2).

Moreover, at temperatures above 1200 �C, the YSZ coat-

ings also undergo sintering at a high rate and are suscep-

tible to CMAS (calcium–magnesium–alumino-silicates)

attack, both of which may significantly affect the TBC

lifetime (Ref 3, 4).

New ceramic materials such as the pyrochlores, per-

ovskites, and co-doped zirconia have been identified as

alternative candidates to YSZ for high-temperature appli-

cations (Ref 5, 6). However, these materials usually exhibit

a lower fracture toughness and thermal expansion coeffi-

cient than YSZ (Ref 7) and some of them (e.g., gadolinium

zirconate) also have compatibility issues with the bondcoat
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layer due to oxidation at higher temperatures (Ref 8). In

order to overcome these drawbacks, a multilayered TBC is

preferably applied with a first layer of YSZ and top layer

made of an advanced TBC material which can result in a

significantly enhanced lifetime (Ref 9, 10). In this multi-

layer system, the YSZ layer provides a good fracture

toughness close to the topcoat–bondcoat interface and high

thermal expansion coefficient, while the subsequent mate-

rial layers provide low sintering, high thermal stability and

CMAS attack resistance (Ref 11). Studies done on these

materials sprayed by atmospheric plasma spraying (APS)

showed that multilayered thermal barrier coatings show

good functional performances while their thermal proper-

ties can be well preserved (Ref 8, 11, 12).

Columnar microstructures produced by suspension

plasma spraying (SPS) are of significant commercial

interest as SPS offers a cheaper alternative than the con-

ventionally used electron-beam physical vapor deposition

(EBPVD) process, whereas the coatings’ thermal conduc-

tivity and lifetime are preserved or even improved (Ref 13-

16). Multilayered TBCs produced by SPS are of high rel-

evance for the gas turbine industry as they can allow higher

combustion temperatures and enhanced functional

performances.

In previous work done by Gupta et al. (Ref 17), thermal

cyclic lifetime of SPS bilayer YSZ topcoat architecture

with dense first layer followed by columnar second layer

was compared to columnar single-layer YSZ. The experi-

mental results showed that the bilayer TBC had a higher

lifetime than the single-layer TBC. It was concluded based

on modeling results that the first dense layer and column

gaps are beneficial for lifetime as they reduce the thermally

induced stresses (Ref 17). In other works done on SPS

multilayered TBCs, Mahade et al. (Ref 18-20) studied two

multilayered architectures: first with columnar gadolinium

zirconate (GZO) sprayed on dense YSZ and second with an

additional dense GZO layer on top of the first architecture,

and compared these two TBCs with single-layer columnar

YSZ TBC. It was shown that the multilayered TBCs

resulted in a lower thermal conductivity and improved

thermal cyclic fatigue life compared to the single-layer

YSZ (Ref 18). It was also found that multilayered TBCs

showed a different failure mode in thermal cyclic fatigue

testing where the failure occurred in the columnar GZO

layer close to the GZO–YSZ interface (Ref 19). The

sintering resistance of SPS GZO layer was shown to be

higher than YSZ (Ref 19). The multilayered TBCs also

showed a higher lifetime in burner rig testing (Ref 20).

These results indicate that multilayered TBCs with

advanced materials fabricated by SPS can enhance the

functional performance of TBCs. However, these results

were limited to GZO as the only advanced topcoat

material.

The objective of this work was to investigate the thermal

cyclic lifetime of different single-layer and double-layer

topcoat architectures deposited by SPS using three

advanced topcoat materials namely dysprosia-stabilized

zirconia (DySZ), GZO, and ceria–yttria-stabilized zirconia

(CeYSZ). The failure mechanism under thermal cyclic

testing conditions in each case was examined.

Experimental

Sample Preparation

Two topcoat architectures were investigated in this study—

single layer and bilayer. The single-layer topcoat archi-

tectures investigated were 8 wt.% YSZ and 10 wt.% DySZ,

while the bilayer topcoat architectures investigated were

GZO and CeYSZ sprayed on top of YSZ layer. The reason

for selecting these architectures was to understand the

influence of advanced materials on TBC performance in

the form they would normally be applied in industry.

The total thickness of topcoats was kept the same as

300 lm for all samples. In case of bilayer topcoats, the first

layer deposited was 100 lm in thickness, while the second

layer was 200 lm in thickness. All topcoats were sprayed

by SPS using the TriplexPro-210TM spray gun (Oerlikon

Metco) and all suspensions were developed by Oerlikon

Metco, Westbury, USA. The TBCs produced in this study

are summarized in Table 1. All suspensions were made in

ethanol with 25% solids load and similar particle size

distributions. The spray parameters used for spraying top-

coats in this study are given in Table 2. As can be seen in

Table 2, same spray parameters were used for all materials

except the spray distances that were backed off on top

layers of systems to reduce heat input and stress levels.

While it may be argued that each of these materials may

require an individual set of parameters to fully optimize

Table 1 TBCs produced in this

study
Sample ID Topcoat material (suspension ID)/coating thickness, lm

YSZ YSZ (AE10966)/300

DySZ DySZ (AE10873)/300

YSZ/GZO YSZ (AE10966)/100 GZO (AE10874)/200

YSZ/CeYSZ YSZ (AE10966)/100 CeYSZ (AE10876)/200
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their microstructure, the spray parameters were not chan-

ged in this case (except spray distance) as it is difficult to

interpret the results if too many variables are changed at

the same time (changing both material and spray parame-

ters) when comparing different TBCs.

The bondcoat material for all samples was NiCoCrAlY

(AMDRY 386-2, Oerlikon Metco), while the substrate

material was Hastelloy-X. The thickness of bondcoat was

150 lm. Button-shaped substrates in dimensions 25.4 mm

diameter 9 6 mm thickness were used for microstructure

analysis and thermal shock testing, while for thermal cyclic

fatigue (TCF) testing, plate substrates in dimensions

50 mm 9 30 mm 9 6 mm were used.

Preheating was done on all layers of each set of samples

before spraying topcoats. Principles from prior multilayer

systems were used while spraying where the first topcoat

layer was sprayed slightly denser than the second topcoat

layer (Ref 11).

Microstructure

For metallographic preparation, the samples were first

cold-mounted in low-viscosity epoxy resin, then sectioned

using a cutting disk, and cold-mounted again in high vis-

cosity epoxy resin for polishing. The polishing was per-

formed using an automated routine with a Buehler

PowerPro 5000 equipment.

Microstructure of both as-sprayed as well as failed

samples after lifetime testing was analyzed by scanning

electron microscopy (SEM) using a Hitachi TM3000

tabletop SEM equipment.

Porosity Measurement

In this work, image analysis technique was used to evaluate

the porosity in the TBCs. Since SPS coatings show porosity

in a wide range from several micrometers to a few

nanometers, image analysis was performed in two steps by

taking SEM images at low and high magnifications similar

to the approach undertaken by Ganvir et al. (Ref 13, 21).

Images at low magnification (500 9) could capture large

features in the coatings such as intercolumnar gaps, large

cracks and micrometric pores, while the images at high

magnification (5000 9) could capture the fine porosity

mainly inside the columns. Ten images were taken at each

magnification across the coating cross section. The images

were processed using the open source software Fiji (Ima-

geJ) (Ref 22). The images were first converted from

grayscale to binary. Then the 500 9 images were filtered to

contain porous features only larger than 2 lm2 area, and

the 5000 9 images were filtered to contain porous features

only smaller than 2 lm2 area. This step was performed to

ensure that there is no overlapping of the porous areas

between the 500 9 and 5000 9 images. The total porosity

of the coating was then calculated by adding the coarse and

fine porosity evaluated from the 500 9 and 5000 9 images,

respectively.

Thermal Cyclic Fatigue Testing

TCF testing is performed to analyze the performance of

TBCs under long exposures at high temperature. This test

allows for significant oxide growth due to bondcoat oxi-

dation. The failure in TCF testing is mainly driven by crack

propagation due to swelling of thermally grown oxide

(TGO) and mismatch in thermal expansion coefficients of

different layers in the TBC system. In addition to this,

sintering of topcoat as well as the thermal fatigue induced

by thermal cycling also plays a significant role in failure.

In this study, TCF testing was performed at Siemens

Industrial Turbomachinery, Sweden. The samples were

exposed to cycles of firstly isothermally heating up to dwell

temperature of 1100 �C for one hour, and then cooling

down to around 100 �C in ten minutes with compressed air.

The samples were cycled until failure which was deter-

mined by 20% spallation of the topcoat. A photograph of

the samples was recorded after each cycle to determine the

failure.

Two samples of each coating set were tested by TCF

testing in this study that were tested in two separate runs in

order to observe the scattering between test runs.

Thermal Shock Testing

Thermal shock testing is performed to analyze the perfor-

mance of TBCs under short exposures at high temperatures

Table 2 Spray parameters used

for spraying the topcoats in this

study

Gun Triplex 210

Nozzle 9 mm

Current 480 A

Plasma gases Ar ? H2

Plasma gas flow 58 nlpm

Suspension feed rate 32 g/min

Spray distance YSZ: 64 mm, DySZ: 70 mm, GZO and CeYSZ: 76 mm
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and then rapid quenching. This test normally does not

allow significant TGO growth due to short exposure times

at high temperatures. However, the coatings are subjected

to much higher thermal gradients and transients as com-

pared to TCF testing. The failure in thermal shock testing is

mainly driven by crack propagation in the topcoat near the

topcoat–bondcoat interface due to thermal mismatch

between the different layers in the TBC system. Fracture

toughness and strain tolerance of the topcoat play a sig-

nificant role in failure as it determines the resistance of the

topcoat against thermal fatigue induced by thermal cycling.

In this study, thermal shock testing was performed at

GKN Aerospace, Sweden, using their burner rig testing

(BRT) equipment which has been developed in-house.

During this test, the samples were first exposed to heating

at front surface with combustion burners for 75 s which

resulted in topcoat surface temperatures up to 1300 �C and

then cooled down to around 450 �C with compressed air in

75 s. Samples were cooled down with compressed air from

the back side during the heating cycle which maintained a

gradient across the sample. The samples were cycled until

failure which was determined by 10% spallation of either

complete topcoat or part of the topcoat layer (chipping

failure). A short video of the samples was recorded after

every four cycles to determine the failure.

In addition to the cycle durations, another major dif-

ference between TCF testing and BRT is that while in TCF

the samples are exposed to isothermal heating, a thermal

gradient is maintained across the sample during BRT.

Four samples of each coating set were tested by BRT in

this study.

Results and Discussion

Microstructure and Porosity

The microstructure cross-section images along with the top

surface view of the samples in as-sprayed condition are

shown in Fig. 1. The single-layer topcoats YSZ and DySZ

shown in Fig. 1(a) and (b) exhibited a dense columnar

structure looking similar to the vertically cracked

microstructure typically produced by APS. Some interpass

porosity bands can be clearly distinguished in the single-

layer topcoats as indicated by arrows in the figures.

Although these interpass porosity bands could be beneficial

for reducing thermal conductivity of these topcoats, they

could also be detrimental to coating lifetime as they could

promote horizontal crack propagation during thermal

cycling. The interpass porosity bands are deemed to occur

due to the overspray during deposition of coatings (Ref 15).

The overspray occurs due to the particles that have not

been fully molten because of being treated in the plasma

plume periphery which is colder than the plasma plume

core, thus resulting in porous regions. These interpass

porosity bands can potentially be reduced by increasing the

surface velocity during deposition (Ref 15).

Some branching cracks between the interpass layers can

also be observed in the single-layer topcoats, especially

close to the column gaps indicating that stress relaxation

occurred during spraying probably due to high packing

density of the columns with relatively low porosity. This

effect can also be observed in the top view of YSZ single-

layer topcoat as shown in Fig. 1(a) where the columns

seem to be merged with each other and the column

boundaries not distinctly visible. Some cracking on the

surface can also be observed in the figure indicating stress

relaxation during cooling. The top surface of the DySZ

single-layer topcoat shown in Fig. 1(b) had a cauliflower

structure as typically exhibited by SPS columnar coatings.

This cauliflower structure with more distinct column gaps

than the YSZ single-layer topcoat is desirable as it would

result in higher strain tolerance.

The bilayer topcoats shown in Fig. 1(c) and (d) also

exhibited a columnar structure with more distinct column

gaps than the single-layer coatings. This can be clearly

observed in both the cross-section images as well as the top

view images where a typical SPS cauliflower structure can

Fig. 1 Microstructure images

of samples in as-sprayed

condition, left: cross section and

right: top view (a) YSZ,

(b) DySZ, (c) YSZ/GZO, and

(d) YSZ/CeYSZ. The arrows

indicate cracking between the

interpass layers or the two

topcoat layers
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be seen. The columns in second layer continued to build on

the columns in the first layer in both bilayer topcoats. It can

be observed that the first topcoat layer is slightly denser

than the second topcoat layer as intended during spraying.

A denser layer is generally sprayed first as it provides

resistance against detrimental crack propagation near the

topcoat–bondcoat interface during thermal cycling, while

the subsequent porous layer provides the necessary strain

tolerance required for high lifetime of TBCs (Ref 13).

The interpass porosity bands were less distinct in the

bilayer topcoats than the single-layer topcoats. However,

some cracking between the interpass layers similar to the

single-layer topcoats can also be observed in bilayer top-

coats. The horizontal cracking is especially pronounced at

the interface between the topcoat layers in YSZ/CeYSZ

sample as indicated by the arrow in Fig. 1(d) implying low

adhesion between the layers. The low adhesion between the

layers could be due to different material properties, espe-

cially thermal expansion coefficients, and/or due to dif-

ferent porosities of the two layers, which result in cracking

during cooling after spraying. It could also have been due

to insufficient preheating of the surface before spraying the

second topcoat layer. This indicates that the spray param-

eters may need to be optimized further for these coatings in

order to remove the horizontal cracks.

The porosity of the TBCs measured by image analysis is

shown in Fig. 2. It can be noted that the coarse porosity,

that is porosity features larger than 2 lm2 area measured

by 500 9 images, was highest in the YSZ/CeYSZ sample

and lowest in the YSZ sample. This effect can be both due

to larger intercolumnar spaces as well as interpass porosity.

However, only small differences in the coarse porosity

values can be observed when considering the standard

deviation. The fine porosity, that is porosity features

smaller than 2 lm2 area measured by 50009 images, can

be observed to be similar in all samples with YSZ/GZO

showing slightly higher fine porosity value. The total

porosity values show that the bilayer topcoats had a higher

porosity than the single-layer topcoats; however, the

maximum difference in average values (between YSZ/

CeYSZ and YSZ) was only about 5%. This result shows

that using the same parameters (except spray distance) for

all topcoats result in slightly different microstructures.

Thermal Cyclic Fatigue Testing

The results from the TCF testing are shown in Fig. 3.

Between the single-layer topcoats, DySZ showed around

20% higher TCF lifetime than YSZ in TCF testing. This

result shows that in addition to potentially providing

reduced thermal conductivity, stabilizing zirconia with

dysprosia instead of yttria could also result in higher TCF

lifetime as observed previously in case of APS TBCs (Ref

23). The higher lifetime of DySZ than YSZ could also be

attributed to the difference in as-sprayed microstructures as

discussed in ‘‘Microstructure and Porosity’’ section where a

more strain tolerant cauliflower structure was observed for

the DySZ coating as compared to the indistinct column

spaces in the YSZ coating resulting in lower strain toler-

ance. Between the bilayer topcoats, YSZ/CeYSZ showed a

better TCF lifetime than YSZ/GZO which was only

slightly below YSZ/CeYSZ, especially when considering

the variation between the samples. All topcoats with

advanced materials showed a higher TCF lifetime than

single-layer YSZ topcoat.

The microstructure images of all coatings after failure in

TCF testing are shown in Fig. 4. A dark gray layer of TGO

with thickness in the range of 6-8 lm can be observed in

all coatings. It can be clearly noted in Fig. 4 that failure

occurred due to cracking near the topcoat–bondcoat inter-

face in all coatings. Even though some cracks can be

observed between the topcoat layers in the double-layer

topcoat samples, these cracks were not the major failure

mode. This indicates that the failure was driven by, as also

discussed in ‘‘Porosity Measurement’’ section, crack

propagation due to TGO growth and thermal mismatch

between different layers during thermal cycling. Both of

these phenomenons induce high stresses in the topcoat near

Fig. 2 Porosity in as-sprayed state evaluated by image analysis Fig. 3 Thermal cyclic fatigue lifetime results
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the topcoat–bondcoat interface resulting in cracking and

thus failure (Ref 24). It can be noticed in Fig. 4 that

cracking occurred through the interpass porosity bands

closest to the topcoat–bondcoat interface in all cases,

suggesting clearly that the interpass porosity bands provide

a path of least resistance for crack propagation. This failure

mechanism in TCF testing has also been observed in pre-

vious work done on SPS coatings (Ref 25). These results

show that formation of interpass porosity should be avoi-

ded, especially near the topcoat–bondcoat interface in

order to avoid detrimental crack propagation and thus

increase TBC lifetime.

Opening up of column gaps after TCF testing can be

observed in Fig. 4 in several regions as also indicated by

the arrows. This phenomenon has also been observed in

previous works (Ref 16, 21) and is understood to occur due

to the sintering of ceramic material because of exposure to

high temperatures for long durations in TCF testing. Sin-

tering of the fine particles in coating results in reduction in

the intra-columnar porosity and thus shrinkage of the col-

umn (Ref 16, 21). Shrinkage of the columns due to sin-

tering is not desired as it could induce cracking in the

coating resulting in lower lifetime (Ref 16).

Another feature that can be noted in the microstructure

images shown in Fig. 4 is that the beta-phase is completely

depleted in DySZ and YSZ/CeYSZ samples after the TCF

testing. This shows that the bondcoat reached the end of its

lifetime as it could not facilitate the formation of the slow

growing alumina scale any longer. After complete beta-

phase depletion, other oxides such as spinel oxides, chro-

mia, nickel oxide form rapidly and induce very high

stresses resulting in chemical failure of the TBC system

(Ref 24). In the case of YSZ and YSZ/GZO samples, a very

thin layer of beta-phase can still be observed as also indi-

cated in the figures. It can be concluded from these

observations that all topcoats survived almost until the end

of the chemical lifetime of their bondcoats. Therefore, for

improvement in TCF lifetime of these TBCs, apart from

improvements in topcoat microstructures, either the bond-

coat thickness should be increased so as to enlarge the

aluminum reservoir in the bondcoat or the bondcoat/sub-

strate chemistry should be modified to reduce the rate of

interdiffusion.

Thermal Shock Testing

The results from thermal shock testing are shown in Fig. 5.

Between the single-layer topcoats, similar to the TCF

lifetime results, DySZ showed higher average lifetime than

YSZ in BRT. This result again implies that dysprosia may

be a suitable alternative to YSZ providing both lower

thermal conductivity and longer lifetime; however, further

trials will be required to reach a decisive conclusion due to

the standard deviation among the samples in this case.

Between the bilayer topcoats, YSZ/GZO showed better

BRT lifetime by far as compared to YSZ/CeYSZ which

Fig. 4 Microstructure images

of samples after TCF testing

(a) YSZ, (b) DySZ, (c) YSZ/

GZO, and (d) YSZ/CeYSZ. The

remaining beta-phase layer is

indicated in (a) and (c)
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showed even lower average lifetime than the single-layer

topcoats.

The microstructure images of all coatings after failure in

BRT are shown in Fig. 6. The thickness of TGO in case of

BRT was observed to be 1-2 lm showing that unlike TCF

testing, the oxide growth did not have a significant influ-

ence on failure in BRT.

It can be observed that failure in the single-layer topcoat

samples occurred due to cracking in the topcoat near the

topcoat–bondcoat interface. This type of failure is typically

expected from BRT and indicates that the failure in single-

layer topcoats was driven by crack propagation near the

topcoat–bondcoat interface due to high thermal gradients

and thermal mismatch stresses induced during thermal

cycling. Cracking through the interpass porosity bands

close to the topcoat–bondcoat interface can be observed in

both single-layer topcoats similar to the microstructure

after TCF testing shown in Fig. 4. Some cracking through

the interpass porosity bands across the coating thickness in

YSZ topcoat shown in Fig. 6(a) can also be observed. Even

though these horizontal cracks were not the major cause of

failure in this case, they could also be detrimental as they

could lead to chipping failure of the topcoat. These results

show again that formation of interpass porosity should be

avoided, especially near the topcoat–bondcoat interface in

order to avoid detrimental crack propagation.

Failure in the bilayer topcoats YSZ/GZO and YSZ/

CeYSZ shown in Fig. 6(c) and (d) occurred mainly in the

second topcoat layer close to the interface between the two

topcoat layers. This failure mode has also been observed in

previous work done on multilayered TBCs produced by

SPS (Ref 20) and is understood to occur due to the lower

fracture toughness of GZO and CeYSZ as compared to

YSZ promoting crack propagation in the second topcoat

layer near the interface between the two topcoat layers

instead of cracking in YSZ near the topcoat–bondcoat

interface. Dai et al. studied the influence of thickness of

YSZ coating followed by lanthanum zirconate (LZ) layer,

both deposited by APS, as a double-layer topcoat on BRT
Fig. 5 Burner rig testing lifetime results

Fig. 6 Microstructure images of samples after burner rig testing (a) YSZ, (b) DySZ, (c) YSZ/GZO, and (d) YSZ/CeYSZ
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lifetime. They found that the TBC lifetime was signifi-

cantly increased when the thickness of YSZ layer was

higher than 100 lm (Ref 26). Moreover, while the failure

location after testing for YSZ thickness less than 100 lm
was in the LZ layer near the YSZ–LZ interface, the failure

location for YSZ thickness more than 100 lm shifted to

YSZ layer near the YSZ–bondcoat interface (Ref 26). The

reason for this behavior was that only a thick enough YSZ

layer was able to effectively reduce the thermal stress and

the driving force for crack extension (Ref 26). Since in this

study the YSZ layer thickness in double-layer topcoats was

100 lm, a higher YSZ thickness could potentially improve

the BRT lifetime and shift the failure location near the

YSZ–bondcoat interface. However, this would have to be

done either at the cost of reducing the thickness of the

second topcoat layer with enhanced thermal properties or

increasing the total topcoat thickness. Further trials will be

needed to test this hypothesis that could move the failure

location from the bilayer interface to the topcoat–bondcoat

interface as normally desired for high cyclic lifetime.

Figure 7 shows the microstructure images at high

magnification before and after BRT in YSZ single-layer

topcoat and the GZO layer in the YSZ/GZO double-layer

topcoat. It can be observed in both samples that sintering

occurred during BRT resulting in reduction in porosity.

Healing of micro-cracks resulting in a chain of spherical

pores as well as reduction in size of pores can be observed

in both cases, some of which are indicated by the arrows.

The healing of micro-cracks after exposure to high tem-

peratures has also been observed in previous work done on

APS coatings (Ref 27). This result shows that both YSZ

and YSZ/GZO underwent significant amount of sintering

during BRT indicating that sintering was not a factor for

high BRT lifetime of YSZ/GZO coating.

The reason for significantly higher BRT lifetime of

YSZ/GZO topcoat is thus deemed to be its lower thermal

conductivity that could provide better thermal protection

due to higher thermal gradient across the topcoat and

prolonged phase stability at high temperatures during BRT

(Ref 7, 23).

The reason for low BRT lifetime of YSZ/CeYSZ top-

coat could have been the poor adhesion between the top-

coat layers in the as-sprayed state as indicated by the cracks

in Fig. 1(d). These cracks could have easily propagated

during BRT resulting in early failure of the coating. The

higher porosity of YSZ/CeYSZ topcoat as shown in Fig. 2

could also be another reason as higher porosity would

generally result in lower toughness that would be more

susceptible to cracking. These effects were not observed

during TCF testing as failure in TCF testing is mainly

driven by crack propagation due to the slow growing TGO

layer and mismatch in thermal expansion coefficients of

Fig. 7 Microstructure images of samples, left: in as-sprayed condition and right: after burner rig testing (a) YSZ and (b) GZO layer in YSZ/GZO
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different layers in the TBC system making the topcoat–

bondcoat interface the major failure zone. However, in

BRT, where the samples are exposed to much shorter cycle

times and high temperature gradients, the lifetime is sig-

nificantly dependent on the fracture toughness of the top-

coat and failure occurs mainly in the topcoat slightly above

the topcoat–bondcoat interface making the effect of topcoat

microstructure more dominant in this case.

Summary and Conclusions

In this work, single-layer and bilayer topcoat architectures

deposited by SPS for TBCs were investigated. Lifetime of

these samples was determined by thermal cyclic fatigue

testing and thermal shock testing. The microstructure of as-

sprayed and failed samples was investigated and the failure

mechanisms in each case were discussed.

The failure mode in TCF testing was cracking near the

topcoat–bondcoat interface in all cases. In BRT, in single-

layer topcoats, cracking occurred near the topcoat–bond-

coat interface while in bilayer topcoats, failure occurred in

the upper topcoat layer near the interface between the two

topcoat layers due to lower fracture toughness of the sec-

ond topcoat layer.

The lifetime results show that SPS seems to be a

promising route to deposit multilayered TBCs for high-

temperature applications. YSZ/GZO showed the best life-

time results when considering both TCF and BRT. The

reason for the good performance of YSZ/GZO topcoat was

deemed to be high fracture toughness of YSZ combined

with low thermal conductivity and comparable thermal

expansion coefficient of GZO. Further tests need to be

performed in order to fully assess the performance of these

materials.
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