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Abstract Thermal barrier coatings (TBCs) deposited by

suspension plasma spraying (SPS) are recognized as a

potent method to increase efficiency and extend the life of

gas turbines. The unique microstructure of the SPS coat-

ings provides exceptional mechanical and thermal proper-

ties, but on the other hand, affects sintering of the TBCs

what could lead to undesirable changes in properties and

premature failure. This study attempts to characterize

changes occurring in the SPS deposited TBCs during high-

temperature exposure. Several SPS yttria-stabilized zirco-

nia coatings were deposited with various spraying param-

eters including plasma gas composition, standoff distance

and suspension. Then, the SPS coatings were subjected to

temperature of 11508C. It turned out that sintering

shrinkage of SPS coatings was higher by a factor of 2-4

than APS coating. Detailed analysis of microstructural

changes showed that the coatings with limited porosity at

high temperature tend to form arrays of fine pores, while

the coatings with higher initial porosity formed large

spherical pores. Most of the SPS coatings showed a non-

typical change of mechanical properties—a decrease in the

Young’s modulus and toughness. It was shown that

peculiar evolution of mechanical properties can be asso-

ciated with the porosity changes and interactions between

pores and propagation crack.

Keywords dilatometer � plasma spraying � sintering �
thermal barrier coatings (TBC) � yttria-stabilized zirconia

polycrystal

Introduction

Ceramic thermal barrier coatings (TBCs) are widely used

in hot sections of land-based gas turbines and aero-engines

to increase the efficiency and extend the life of metallic

components (Ref 1-3). The primary function of the TBC

system is to provide a low-thermal-conductivity barrier,

allowing to keep the temperature of metallic components

moderate while increasing gas operating temperature. The

advanced land-based turbine could operate at a temperature

as high as 1600�C; the TBC together with internal cooling

enable to reduce the temperature of the turbine component,

e.g., blade or vane, by 150-200�C. 6 - 8 wt.% yttria-sta-

bilized zirconia (YSZ) is still the state-of-the-art material

for TBC application due to its favorable thermomechanical

properties, i.e., low thermal conductivity, high coefficient

of thermal expansion and high toughness. Nowadays, YSZ-

based TBCs are fabricated by either plasma spraying (PS)

or electron beam physical vapor deposition (EB-PVD). The

application of each method results in dissimilar and dis-

tinctive coatings. The PS coatings consist of lamellae of

numerous splats and have low thermal conductivity due to

a myriad of intersplat voids and microcracks. The typical

EB-PVD coatings, on the other hand, show columnar

microstructure and exhibit low stiffness and high strain

tolerance (Ref 4-7).
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The YSZ-based TBC technology has been developed

since the 80s, but to meet more demanding requirements,

new directions of research have been taken. Recent studies

have focused on two main fields, one of which is the

development of new ceramic materials with increased

maximum operating temperature, reduced thermal con-

ductivity and sintering rate. Examples of such materials are

Gd2Zr2O7 or ceramics with perovskite structure like

SrZrO3 and BaZrO3 (Ref 8). The other research direction is

the development of new deposition methods, such as

plasma spray physical vapor deposition (PS-PVD) (Ref 9),

solution precursor plasma spray (SPPS) (Ref 10-11) and

suspension plasma spray (SPS) (Ref 12-14). Recently, the

SPS method has attracted much attention because it allows

for the multi-scale design of the TBC microstructure. Sub-

micrometer or nanoparticles suspended in ethanol or water

used as feedstock give a chance of realizing fine

microstructures with sub-micrometer splats and nano-

porosity. These attributes of the microstructure are expec-

ted to greatly reduce thermal conductivity. Previous studies

have demonstrated that various coating structures can be

realized by the SPS process, including vertically cracked

and columnar microstructure (Ref 15-16), which may result

in significant improvement in the durability and lifespan of

YSZ TBC.

Sintering of YSZ TBC has been recognized as one of the

major degradation processes resulting in final failure.

Sintering of TBC materials at high temperature is disad-

vantageous, because it increases thermal conductivity and

stiffness (Ref 17-21) and reduces thermal shock resistance

(Ref 22). As serious efforts have been made to increase

turbine efficiency by increasing the operating temperature,

the sintering of TBC ceramic top coat has become an even

more important issue. The finer microstructure of SPS

TBCs top coat may accelerate sintering, microstructure

changes and evolution of properties during high-tempera-

ture exposure. The well-established models of ceramics or

plasma-sprayed TBCs sintering predict that the smaller the

size of the splats in the ceramic coating is, the faster the

sintering process proceeds (Ref 23-24). Nevertheless,

detailed void analysis carried out by Bacciochini et al. (Ref

25) using ultra-small-angle X-ray scattering showing the

presence of fine pores with a size of tens of nanometers

after 100h of heat treatment at 1100�C or decrease in the

hardness and Young’s modulus reported after 100h of heat

treatment at 1200�C and 1400�C by Chen et al. (Ref 26)

indicates that sintering and sintering-related phenomena in

SPS coatings are not so straightforward and need further

investigation.

The objective of this study is to investigate the ther-

momechanical properties of various SPS coatings such as

the coefficient of thermal expansion and sintering shrink-

age rate and to find a correlation between coating

microstructure and sintering. The SPS coatings were

deposited with various spraying conditions and with two

suspensions, i.e., ethanol- and water-based. Detached

coatings were heated to 1150�C, while the length changes

during heating and isothermal heat treatment were recor-

ded. Detailed microscopic studies before and after thermal

heat treatment were carried out to shed light on the evo-

lution of the coating microstructure. The change of

mechanical properties was evaluated by a hardness test.

Obtained results for SPS coatings were compared with

those of a conventional TBC deposited by atmospheric

plasma spraying.

Experiment

Materials and Spraying Procedure

Two suspensions of YSZ (8 wt.% yttria-stabilized zirconia)

were used in this study. The first one was ethanol-based

suspension with the powder loading of 25 wt.%. For the

suspension preparation, commercially available fused and

crushed powder (YSZ, Imerys Fused Minerals, Laufen-

burg, Germany) with a D50 of 0.42 lm (Fig. 1a) and

reagent grade ethanol (99.5%) as the solvent were mixed,

followed by ball milling for 24 h by using ZrO2 balls and

polyethylenimine as a dispersant. The second suspension

was water-based suspension prepared by H.C. Stark

GmbH, of which solid content was 30 wt. % and D50 of

YSZ powder was 0.9 lm.

The SPS process was carried out by an Oerlikon Metco

Multicoat plasma spray unit with a Triplex Pro 210 gun.

The plasma torch nozzle diameter was fixed at 9 mm.

Suspension in a reservoir was pressurized by argon and

radially injected to the plasma jet through an orifice with a

diameter of 200 lm. Detailed parameters of the SPS pro-

cess are listed in Table 1. Two plasma gas compositions

and two standoff distances were chosen to find the effect of

the spraying parameters on the microstructure and ther-

momechanical properties of the coating. For the S1 and S2

coatings, the plasma jet was generated by an argon–helium

mixture operated at a power of 44 kW. For the S3 and S4

coatings, an argon–hydrogen plasma was used, which

should provide a higher thermal conductivity of plasma and

enhance heat transfer from plasma to the used suspension.

When the argon–hydrogen plasma was used, the power

level rose to 58 kW. We used the conventional YSZ

coating (A1) deposited by APS as a benchmark in this

study. The feedstock material in this experiment was
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commercially available Sulzer Metco 204NS hollow

spherical oxide powder (HOSP) with particle size d50 of 40

lm (Fig. 1 b). In the APS process, a Praxair SG-100 plasma

gun was used. The target thickness of both APS and SPS

coatings was around 400 lm.

All coatings were deposited onto SUS304 stainless steel

substrates with dimensions of 25 x 20 x 1.5 mm. Before

spraying, substrates were grit-blasted by alumina and then

degreased in acetone using ultrasonic for about 5 minutes.

Before spraying, substrates were heated up to 200�C to

improve adhesion. The torch transverse speed during the

SPS process was 1000 mm/s, while during APS it was

200 mm/s.

In order to investigate the sintering process and changes

of the coatings’ microstructure and properties caused by

high-temperature exposure, heat treatment was carried out

in air for 10 and 50 hours.

Material Characterization

Cross sections and fracture surfaces of the samples were

examined by using a scanning electron microscopes (SEM;

JEOL JSM-6010LA and Hitachi SU-8000 for high-mag-

nification images). Coating porosity was evaluated by

image analysis of the cross sections with 2500x and 5000x

magnification using ImageJ 1.51j8 (National Institute of

Health, USA) software. For each coating, at least 5 images

were analyzed. For cross-sectional analysis, as-sprayed

samples were cut with a SiC cutting wheel, mounted in

epoxy resin and subjected to standard metallographic

preparation with final polishing with 0.2 lm alumina sus-

pension. The mechanical polishing could introduce defects

into the microstructure and affect surface porosity, micro-

cracks and other features of the microstructure; thus, it

makes a careful investigation impossible. Therefore, the

last stage of the sample preparation was ion milling by

Hitachi IM4000. In ion milling technique, the beam of

argon ions delicately removes a thin layer of deformed

material revealing unchanged material. In the experiment,

the ion beam accelerating voltage was 4 kV and the inci-

dent angle was set at shallow angles such as 85 or 88�.
Fracture surfaces were obtained by bending the freestand-

ing coatings before and after the dilatometry experiment.

Prior to observation, the samples were coated with a thin Pt

layer. The thin lamellas necessary for the TEM observa-

tions were cut out of the polished cross-sectioned speci-

mens using a focus ion beam (FIB) technique. The Hitachi

FB-2100 FIB apparatus was used to prepare suitable spec-

imens. The device uses Ga ions accelerated by a voltage of

40 kV to mill the specimen. Before the milling, a protective

layer of tungsten was deposited onto the region of interest.

All specimens prepared by this method were cut perpen-

dicularly to the coating’s interface. The typical size of the

thin lamella was 15 9 10 lm, which allows observing

details of the coatings such as column interiors and inter-

columnar porosity. Specimens were observed using JEOL

JEM-1200 EX TEM operating at an accelerating voltage of

120 kV. The observations were made in bright- and dark-

field mode. The freestanding YSZ coatings samples before

and after the dilatometric experiment were examined by

Fig. 1 Morphology of YSZ

powder particles left after

evaporation of the ethanol from

ready-to-spray suspension (a).

Morphology of Sulzer Metco

204NS used as feedstock in APS

deposition (b)

Table 1 APS and SPS parameters for YSZ coating deposition

Coating Method Feedstock Suspension feed rate Standoff Plasma composition Output Power

A1 APS 204NS powder . 100 mm Ar/He 26 kW

S1 SPS Ethanol-based suspension 32 50 mm Ar/He 44.2 kW

S2 SPS Ethanol-based suspension 32 70 mm Ar/He 44.2 kW

S3 SPS Ethanol-based suspension 25 50 mm Ar/H2 53.4 kW

S4 SPS Water-based suspension 25 70 mm Ar/H2 58.8 kW
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x-ray diffraction (XRD, Rigaku MiniFlex 600, Cu radia-

tion, k=1.5406 Å) over 2h values from 20 to 120� with a

scanning rate of 5�/min by a step of 0.02� and for more

detailed study over 2h values of 26-36� and 72-76� with a

scanning rate of 1�/min at a step of 0.01�

Dilatometry

For the dilatometry experiment, freestanding coating

specimens were prepared. Smaller pieces with a dimen-

sion of 7.8 mm x 10 mm x 1.5 mm were cut out of the

original coated substrate and were immersed in aqua

regia until debonding. Dimensional changes were mea-

sured using a high-temperature dilatometer Netzsch 402E/

7/E-PY. The dilatometer is equipped with an alumina

setup, i.e., expansion probe and alumina sample holder,

which allow working temperature ranging from RT to

1700�C. A heater made of graphite is located outside of a

gastight protection tube and works in an argon atmo-

sphere. Before the test, this experimental setup was cali-

brated with a sapphire rod-shaped sample. During the

experiment, the specimens were heated in dry air with a

heating rate of 20�C/min up to 1150�C, then held at

1150�C for 10 h and finally cooled down with a cooling

rate of 20�C/min down to 200�C. Such a temperature

profile allowed us to evaluate the CTE and sintering

shrinkage of the specimens.

Mechanical tests

Vickers microhardness measurements with a load of 300 g

and dwell time of 15 s were taken on the polished cross

sections of the freestanding coatings before and after

exposure to high temperature. At least 12 measurements

were taken for each sample. In this study, Vickers indents

were generated with gradually increased forces to measure

the toughness of the ceramic layers. Cracks resulting from

the application of local force were observed on the indents’

corners. The method relies on the determination of the

critical load Pc required to initiate a crack with a critical

size cc. If the load is lower than Pc, no cracks are observed

in the indent vicinity. A similar approach was employed

by, e.g., Sniezewski et al. (Ref 27) and Lesage and Chicot

(Ref 28). If the critical values Pc and cc are known, the

‘‘Vickers indentation’’ toughness KVIF can be calculated by

following formula (Ref 29):

KVIF ¼ a
E1=2Pc

H1=2c
3=2
c

ðEq 1Þ

where a is constant (a=0.016±0.004) (Ref 29), and E and

H refer to Young’s modulus and hardness of the tested

material, respectively.

Results

Microstructure

The representative cross-sectional microstructures of the

as-sprayed coatings are presented in Fig. 2. Typical for

APS coatings lamellar microstructure was revealed in the

coating A1 (Fig. 2a). Higher-magnification picture shows

pores, microcracks and intersplat voids. Microstructures of

the S1 coating are presented in Fig. 2(b). The S1 coating’s

microstructure exhibits a relatively dense coating with deep

vertical cracks (it is labeled ‘‘A’’ in the image).

Fig. 2(b) inset reveals very fine porosity in coating S1, and

the largest pores are about 1 lm in diameter. The

microstructure of the S2 (Fig. 2c) coating is entirely dif-

ferent from the ones mentioned before. The coating is

made up of columns separated by porous boundaries (B),

and porosity bands (C) are visible inside individual col-

umns. The zoom-in image reveals a wide size distribution

of pores, resolidified and loosely bonded ceramic particles

(D). Figure 2(d) reveals dense columnar microstructure of

the S3 coating. Unlike the highly porous S2 coating, col-

umns of the S3 coating are dense, and only some porosity

bands (C) were found. A high-magnification image con-

firms dense microstructure and reveals horizontal voids

between splats. The microstructure of the S4 coating is

rather similar to the microstructure of the S1 coatings.

Figure 4(e) shows dense coatings with deep vertical cracks

(A), and the zoom-in image reveals that pores are coarser

than in the S1 coating.

The high-temperature exposure did not change the

large-scale (i.e., columnar or vertically cracked) structure

of the coatings; however, it affected the small-scale ele-

ments of microstructure such as pores or microcracks.

Figure 3 shows the small-scale microstructure evolution of

the S1 and S2 coatings. These coatings were chosen for

detailed examination due to their distinct sintering behav-

ior, which was demonstrated by the dilatometric experi-

ment. TEM images presented in Fig. 4 provide additional

information about heat-induced changes of the S1 and S2

coatings. The microstructure evolutions of the S1, S3 and

S4 coatings seem to be fairly similar, so only the S1

coating’s microstructure is discussed here.

The as-sprayed microstructure of the S1 coating con-

sisted of very fine splat with a thickness under 1 lm and

pores and intersplat voids with a diameter of a few lm.

More detailed information is given by the TEM image

presented in Fig 4(a). The micrograph shows two kinds of

particles building the coatings—one is flat lamellas with a

high aspect ratio, the thickness of a few hundred nm,

usually around 200-300 nm (E). Single lamella consists of

columnar grains of t/t’-ZrO2, the height of columnar grains
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is equal to splat thickness and their width is 50-100 nm.

The second group is formed by particles with a lower

aspect ratio and larger thickness (F). Grains inside ‘‘E-

type’’ particles are usually columnar; however, some

equiaxial grains are observed as well (G). The relatively

long gaps (H) between two successive splats are frequently

observed in both Fig. 3(a) and Fig. 4(a). The distance

between those gaps usually is around 3-4 lm, which cor-

responds with the thickness of the coating deposited in one

pass.

After heat treatment, porosity has been rearranged—

globular pores underwent densification and either reduced

Fig. 2 Cross section of as-

sprayed coatings A1 (a), S1 (b),

S2 (c), S3 (d) and S4 (e)

Fig. 3 High-magnification

SEM images of S1 and S2

coatings before heat treatment,

after 10 and 50 hours heat

treatment at 1150�C
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their size (I)—while elongated intersplat voids tended to

form bead-like porosity arrays (J). TEM image (Fig. 4b)

reveals further details—the grains significantly coarsened,

small columnar crystals inside splats transform into either

large columns (K) or big equiaxial grains (L). Small

polyhedral pores with a diameter of 100-300 nm were

formed. Those pores tend to be surrounded by small

equiaxial grains. It is likely that the change of the grain

shape from columnar to equiaxed left behind free spaces.

The pore formation at high temperature is further analyzed

in the Discussion section. The dominant portion of pores’

surfaces are convex (marked by arrows labeled with M) or

flat, so one may anticipate that these pores will be

stable during prolonged high-temperature exposure as

discussed in (Ref 30, 31). Also, results published by other

authors show the presence of pores in the YSZ TBC after

several hundred (Ref 32-33) or even over one thousand

(Ref 34) hours at high temperature.

The high-magnification images (Fig. 3d and 4c) of the

as-sprayed S2 coating reveal microstructure with relatively

big pores, wide intersplat void/cracks and resolidified

particles [Ref 15, 35]. Since these particles resolidified

before reaching the substrate, they did not deform at impact

to form splats, so they can be observed as spherical parti-

cles embedded in the coating (D). Despite longer spraying

distance and lower deposition temperature, the wetting

between splats was good as the TEM image (Fig. 4c)

reveals areas (N) with lamellas sticking closely together.

Inside such area columnar structure was developed with

columns extending through several splats. Few narrow

intersplat gaps, typical for the S1 coating were observed.

Some wide intersplat gaps were observed, and the

notable feature of splats surrounding such gap is poorly

developed columnar structure or even equiaxial grains.

Heat treatment of the S2 coating caused vanishing of the

interlamellar voids without the formation of small pores

(Fig. 3e, f), as it took place in the S1 coating. The big

irregular pores visible in as-sprayed coating underwent

spheroidization during heat treatment. TEM images

(Fig. 4d) reveal more details about microstructure evolu-

tion, as the growth of primary columnar grains and the

formation of coarse equiaxial grains.

Quantitative total porosity values obtained by image

analysis of SEM images before and after heat treatment are

presented in Fig. 5. The general trend toward densification

is visible; however, slight porosity increase after 50 hours

might have occurred for coatings S1 and S4, whereas the

plasma-sprayed A1 coatings showed porosity decrease

from the level of 10% to below 5% after 50 hours at

1150�C. This observation may be a result of large data

scatter or growth of pores which were too small to be

analyzed before. Cumulative pore size distributions of the

five coatings are compared in Fig. 6. In the case of A1

voids with a diameter over 1 lm make a major contribu-

tion, only 1-2% percent of the total porosity is due to the

finer pores below 1 lm in the as-sprayed coating and less

than 1% for the coating after 50 hours at 1150�C. The A1

coating underwent significant densification by fine pore

coalescence, so after extended heat treatment, only coarse

porosity was observed. Heat treatment of the S1 and S3

Fig. 4 TEM images showing

microstructure evolution of S1

and S2 coatings during

annealing at 1150�C—the

microstructure of the as-sprayed

(a) and heat-treated for 50 hours

(b) S1 coating, the

microstructure of the as-sprayed

and heat-treated S2 coating are

presented in (c) and (d) images,

respectively
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coatings led to a decrease in the porosity from a level of

about 7% to 5 and 3%, respectively. In contrast to the A1

coating, major porosity volume is due to very fine pores

with a size of 500 nm and less. Heat treatment did not

change it, and even after 10 or 50 hours at 1150�C, high

density of very fine pores was observed (Fig. 3c).

In the case of the S2, the initial porosity was high—

around 18%. The non-uniform microstructure of the S2

coating, however, caused notable variation of results

among images. For instance, some images taken from

inside of a column showed low porosity, while another

taken from intercolumnar spaces showed much higher

porosity. Thus, final porosity results show large scatter.

Coarse pores with size from 1 to over 10 lm contributed to

most of the cumulated porosity; however, a relatively large

fraction of pores with a size in the range from 400 nm to 1

lm makes around 4% of the S2 coating porosity in the as-

sprayed condition and after 10 hours of elevated tempera-

ture exposure. This fraction is greatly reduced by extended

heat treatment.

The S4 coating showed porosity reduction from around

11% to 7% after heat treatment. Both fine (below 1 lm)

and coarse pores contribute to the total porosity of the S4

coatings. Fine pores seem to be sintering-resistant as they

remained as a significant fraction of all pores after 50 hours

of high-temperature exposure.

In order to find the changes taking place in the speci-

mens during the heat treatment, the freestanding coatings

were broken by bending to reveal the details of splat and

grain morphology. Figure 7 shows the fracture surfaces of

the as-sprayed and heat-treated A1, S1 and S2 coatings.

The conventional as-sprayed APS A1 coating was com-

posed of well-adhered lamellar structures (splats). The

columnar grains within the splats are visible (O), which

were formed because rapid nucleation occurred at impact

when the bottom surface of the flattened droplet had been

largely undercooled. The crystal grew rapidly opposite to

the direction of heat flow forming such columnar grains.

The microstructures of the as-sprayed SPS coatings S1 and

S2 are shown in Fig. 7(c) and (e), respectively. Both

images reveal microstructure formed by very fine splats

with thickness around *1lm.,The columnar structure

inside individual splats is visible (P), but it is not as clear as

for the A1 coating. Defects like voids and intersplat cracks

(Q) can be found in both coatings. In addition, near-

spherical resolidified particles (R) are visible on the frac-

tured surface of the S2 coating, which were formed due to

the longer spraying distance, which allowed some molten

particles time to cool down and solidify before impact.

With extended exposure to high temperatures, all presented

coatings (Figs. 7b, d and f) underwent sintering manifested

in the growth of the intersplat contact area (Ref 36),

healing-up of columnar grains (S) and interlamellar cracks.

The sintering-led evolution of microstructure within the

SPS coatings as observed by SEM was similar to the APS

coating and no apparent differences, except splat size,

could be identified.

XRD analysis was conducted on the freestanding APS

and SPS coatings before and after heat treatment to check

their phase stability. Spectra for the two most distinctive

coatings, i.e., A1 (the lowest sintering shrinkage) and S2

(the highest shrinkage), are shown in Fig. 8a. These spectra

demonstrate that the main phase in all the investigated

coatings was a stable or metastable tetragonal t/t’-ZrO2

phase. Such phase composition is typical for thermally

sprayed YSZ coatings designed for TBC applications. In

order to find minor phases which could be present in YSZ

coatings such as monoclinic m and cubic c-ZrO2, detailed

Fig. 5 Porosity variation during

the heat treatment for 10 and 50

hours at 1150�C
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scans with smaller step and longer exposure time were

carried out in the range of 26-36� and 72-76�. Details about

the diffraction peaks present in the range of 2h = 26-36�
(Fig. 8b) show the absence of the monoclinic ZrO2 phase

before as well as after heat treatment in the S2 coating.

Although some peaks of m-ZrO2 was detected in APS

coatings before and after high-temperature exposure, the

m-ZrO2 phase was found in the 204NS powder and it was

passed to the coating. Nevertheless, it is unlikely that a

very small (*3%) amount of this thermally instable phase

Fig. 6 Cumulative distribution of pore size in the (a) A1, (b) S1, (c) S2, (d) S3 and (e) S4 coatings before and after heat treatment. Results

obtained using Image Analysis of SEM pictures
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influences thermomechanical properties of the coating. The

detailed study of the peaks present in the range of 2h =

72-76� (Fig. 8c) indicates the presence of the tetragonal t-

ZrO2 and t’-ZrO2 phases alone. Chen et al. (Ref 26) have

reported the formation of the cubic c-ZrO2 phases after

100 h at 1200�C in SPS coatings, but in the current

investigation, the cubic phase was not identified in any

specimens.

Other SPS coatings were examined as well, but the

obtained results were the same as for the S2 coating.

Dilatometry

Dilatometry data are shown in Fig. 9. Measured expan-

sion/contraction DL/L0 of the five specimens was plotted

against time with the temperature history. The average

values of CTEs of all coatings are shown in Table 2. The

calculated values are very similar around 11�10-6 K-1.

Figure 10 shows the temperature–CTE relationship for all

coating. The CTEs were calculated as slope of the expan-

sion lines presented in Fig. 9. Also, in this case, individual

curves shear certain similarities. The CTE of YSZ coatings

is expected to gradually rise in the temperature range

between RT and *1300�C, such profile of YSZ coefficient

of expansion has been reported before by, e.g., Haggerty

et al. (Ref 37) and Baiamonte et al. (Ref 38). Indeed,

arising values of CTE were observed between 400 and

700�C and over 850�C.

Between 400 and 800�C, the CTEs reached stable range

and their values were about 10�10-6 1/�C. The small hump

is visible for temperature 580-600�C, which could be

associated with the sintering of very fine pores with the size

of several tens of nanometers at temperatures around

700-800�C (Ref 24). Over 800�C values of CTE started to

rise. Such a profile of the YSZ coefficient of expansion has

been reported before by, e.g., Haggerty et al. (Ref 37) and

Baiamonte et al. (Ref 38). The further increase in the

expansion coefficient is hindered by sintering-induced

shringkage in the S2, S3 and S4 coatings at temperatures

over 1000�C. The sintering shrinkage affects the profile of

the CTE-T line for the A1 and S1 coatings only at a high

temperature close to 1150�C.

Fig. 7 Fracture surface before

(a,c,e) and after (b,d,e)

dilatometry experiment. Images

show typical features of the A1

(a,b), S1 (c,d) and S2 (e,f)

coatings. The top of each image

corresponds to the top of the

coatings
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Although they showed similar expansion behavior dur-

ing heating to 1150�C, it can be seen that sintering

shrinkage varied significantly for the tested samples. Based

on the plotted curves, the tested coatings could be divided

into two groups. The A1 and S1 coatings form a class of

coatings with a limited tendency to sinter (referred in this

paper as sintering-resistant), while the S2, S3 and S4

coating belong to the family of coatings prone to shrinkage.

In this work, the shrinkage R is defined as relative length

change of the sample during the high-temperature

exposure:

R ¼ L1150�C
0h � L1150�C

10h

L25�C
0h

� 100 %½ � ðEq 2Þ

For the sintering-resistant coatings, values of R are in

the range of 0.1-0.2% (Table 2). The shrinkage of the

coatings prone to sintering is about twice as high and can

exceed 0.46%.

In order to take into account sintering-induced shrinkage

which takes place in the range of temperature from 1000 to

11508C, the corrected shrinkage parameter Rc is intro-

duced. The corrected shrinkage is determined by lineary

extrapoling the 600-800�C range of the curve up to 1150�C
(Fig. 9c). The values of CTE, shrinkage and corrected

shrinkage are listed in Table 2.

Mechanical Properties

Table 3 shows the results of hardness and toughness

measurements for all the tested coatings. The as-sprayed

dense SPS coatings, S1 and S3 made with short spraying

distance, had remarkably higher hardness than the APS

coating. Due to the high porosity of the S2 coating, its

hardness was the lowest, 7.9 GPa. Also, due to the refined

microstructure (Ref 13) and good intersplat bonding,

toughness of the dense SPS coatings was higher than that

of the A1 coating, while the high porosity of S2 coatings

had the lowest fracture resistance. As it is expected, the

heat treatment increased both hardness and toughness of

the APS coating. The observed changes are a result of the

Fig. 8 XRD spectra of the APS A1 and SPS S2 coatings before and after thermal heat treatment at 1150�C for 10h over 2h= 20-120�(a),

26-36�(b) and 72-76�(c), respectively
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healing of microcrack, closure of pores and enhanced

intersplat bonding (Ref 18). Surprisingly, however, the

mechanical properties of the dense SPS coatings S1 and S3

deteriorated; in particular, the drop of toughness was sig-

nificant. For S3 coating, for example, the very high initial

value of 2.83 MPa m1/2 dropped to merely 2.12 MPa m1/2

after 50 hours at 1150�C. A similar evolution of both

hardness and Young’s modulus of SPS coatings was

reported in (Ref 26). However, unlike the other SPS

coatings heat treatment of S2 coatins caused an increase in

both hardness and toughness in a similar manner as in the

case of the A1 coating.

Discussion

Sintering and Evolution of Microstructure

The results presented hitherto show that changes of

microstructure and properties of the APS and SPS coatings

follow various paths depending upon their initial

microstructure. Especially, the unique microstructure of the

SPS coatings, which consists of very fine splats and sub-

micron pores, results in intense shrinkage and often a

peculiar evolution of the microstructure and properties of

the coatings. Despite varying microstructures, results of the

dilatometry experiment show that mean CTEs of all the

tested coatings including both APS and SPS coating have

values between 10.3 and 11.8 10-6 K-1. Such values are

frequently reported for YSZ coatings. Also, an increase in

CTE at a temperature above 1000�C is well known and was

reported for instance by Baiamonte et al. (Ref 38) or

Takagi et al. (Ref 24). Due to intense sintering at a tem-

perature around 1000�C, this effect is not pronounced in

some SPS coatings.

In many papers, authors have linked shrinkage of ther-

mal sprayed YSZ coatings to their porosity. For instance,

Vaßen et al. in (Ref 39) have established a simple linear

relationship between shrinkage rate D(l/l0)/Dt and porosity

P of coatings made of ZrO2 - 8.36 mol.% Y2O3 - 1.69%

HfO2:

Fig. 9 The temperature run and specimens’ length change during the

dilatometry test (a). Detailed insight into the initial part of the

sintering curve (b). The method applied to determine corrected

shrinkage value (c); points t1 and t2 correspond to the temperature of

600 and 800�C, respectively

Table 2 Average values of

thermomechanical parameters

obtained in the dilatometry test

Coating Mean CTE during heating 910-6[K-1] Shrinkage R [%] Corrected Shrinkage Rc [%]

A1 11.05 0.115 0.092

S1 11.19 0.198 0.180

S2 10.27 0.462 0.523

S3 10.43 0.343 0.370

S4 11.81 0.396 0.480
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D l=l0ð Þ
Dt

¼ aP ðEq 3Þ

where a= 0.040±0.005, and l and l0 are the current and

initial length of the sample.

Data presented in Table 2 and Fig. 7 suggest that in the

present case such a simple approach is not satisfactory. For

instance, the A1 coating with moderate porosity of 5%

showed a limited length contraction of only 0.09%, while

the S4 coating with a similar level of total porosity showed

significant shrinkage as high as 0.48%. To explain such a

complex relationship between microstructures and shrink-

age, mechanisms based on phase transformation, e.g., from

t’-YSZ into mYSZ, could be ruled out as XRD did not

reveal any change in phase composition. Advanced

Fig. 10 Temperature–CTE dependence of the (a) A1, (b) S1, (c) S2, (d) S3 and (e) S4 coatings
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sintering models, such as one proposed by Cipitria et al.

(Ref 23, 40) and further developed by Takagi (Ref 24) take

into account the geometry of splats and intersplat voids.

The geometry considered in the model is shown in

Fig. 11(a), where the elemental unit is single splat with

radius rs and thickness z connected to its neighbor by

bridging. Between two splats there is an intersplat pore

with thickness y and diameter rp. Surface and grain

boundary diffusion are considered as mechanisms for

determining the high-temperature evolution of the

microstructure. Other mechanisms such as lattice diffusion

or viscous flow of liquid phases were neglected. Results of

numerical calculations presented in (Ref 24) show that

sintering is in a strong relationship with splat thickness z

and pore size y, which is schematically shown in Fig. 11(b).

Microstructure consisting of thick splats together with

narrow, disk-shaped, pores results in a low reduction in

material’s volume due to shrinkage. The reduction in splat

thickness and increase in the pore height lead to an increase

in the sintering-driven contraction. In order to apply this

model to the coatings investigated here, geometric

parameters were evaluated and set together with shrinkage

measured in the dilatometry test. The images of fractured

surfaces provided information about splat thickness in each

coating (Fig. 2). It is very difficult to properly evaluate pore

size based on images of cross sections or fractured sur-

faces. Nevertheless, the porosity in the model is given by:

P ¼ Apores

Atotal

¼ rpy

rs yþ zð Þ ðEq 4Þ

Based on Fig. 3, 4 and 7, we can assume that the pore

thickness is significantly smaller than the splat thickness

y\\z, which leads to:

P � rp
rsz

y ðEq 5Þ

Thus, we have assumed that the average pore size is

related to total porosity, which allows us to plot sintering

shrinkage data, average splat thickness and porosity on one

graph (Fig. 12).

Fig. 11 (a) Scheme of the geometry of splats in the numerical model

proposed by Cipitria (Ref 23) and further developed by Takagi (Ref

24). (b) A scheme showing a change of saturated shrinkage with

various splat thickness (z) and height of intersplat pore (y). Based on

the numerical calculations of Takagi (Ref 24)

Fig. 12 Dependence of corrected shrinkage of the tested coatings

upon average splat thickness and initial porosity

Table 3 Vickers hardness

HV0.3 and toughness for the

coatings before and after 10h

and 50h at 1150�C

Coating Hardness [GPa] Toughness [MPa m1/2]

As-sprayed 10 h 50 h As-sprayed 10h 50h

A1 8.1±1.1 8.6±0.9 8.7±1.0 2.60±0.83 2.70±0.81 2.93±0.80

S1 10.1±0.4 8.2±0.1 8.1±0.2 2.68±0.71 2.40±0.70 2.03±0.58

S2 7.9±0.9 8.1±0.6 8.2±0.5 2.22±0.62 2.32±0.65 2.56±0.69

S3 10.6±0.4 9.8±0.3 10.3±0.4 2.83±0.85 2.15±0.64 2.12±0.59

S4 8.4±0.2 8.6±0.6 8.6±0.4 2.95±0.80 2.66±0.72 2.36±0.61
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Figure 12 shows two clear trends—a rapid increase in

the sintering shrinkage with increasing coating porosity

and with decreasing splat thickness. The increase seems to

be substantial for porosity change from 4 to 8%, then it

becomes moderate. Comparing coatings with similar

porosity levels, i.e., the A1 and the S4 but with different

splat thickness, it is clear that the coating with thicker

splats shrinks significantly less. Keeping in mind that

P*zs0 (Eq. 5), the presented results well correspond with

calculations done by Takagi (Ref 24) and are schematically

shown in Fig. 11(b).

The very low porosity of the S1 and S3 coatings should

be an outcome of the short spraying standoff distance (Ref

41-43), which results in high velocity and temperature of

particles. Thus, high values of hardness were reached. In

order to find a cause of significantly higher hardness of the

S3 coating, heat available for solid particle treatment were

estimated. In this simple calculation, we have assumed that

heat available Q for solid YSZ particles treatment is

determined by power transferred to the plasma P decreased

by enthalpy necessary for carrier liquid vaporization:

Q

mYSZ

¼ P� 1 � cð Þ _mDHv

c _m
ðEq 6Þ

where mYSZ is mass of suspended YSZ particles, c is the

concentration of solid particles in the suspension, _m is the

suspension flow rate and DHv stands for the enthalpy

change of vaporization (for water is 2.26 kJ/g and for

ethanol is 0.84 kJ/g). Also, the assumption that ethanol

combustion or pyrolysis do not take place has been made.

The results are presented in Table 4. Heat available for

YSZ particles under the S3 condition is much higher than

in the S1; furthermore, it is well known that hydrogen-

containing plasma has higher thermal conductivity (Ref

44), so one may expect ceramic particles better treated and

hotter at impact. Formed splats can form more intimate

bonding, which results in higher coating hardness. In the

case of the S2 coating, at longer spraying distance the

ceramic particles cooled down and resolidified. Figure 4

reveals plenty of spherical particles embedded in the

coating. With increasing spraying distance the plasma flow

velocity decreases, so ceramic particles slow down too.

Slower particles have lower kinetic energy at the impact

that results in high porosity and low hardness of the S2

coating.

Application of water instead of ethanol as a liquid phase

of the solution results in altered plasma jet–suspension

interaction. Fragmentation of liquid stream depends on its

Weber number. While suspension stream is breaking up,

the mean droplet diameter dd is given by

dd ¼
8r

CDqu2
ðEq 7Þ

where r is the droplet surface tension, CD is the flow drag

coefficient, q is the plasma gas specific mass and u is the

relative velocity between flow and droplet. Thus, the

diameter of water to ethanol droplet is:

dd;water

dd;ethanol

¼ rwater

rethanol

¼ 72mN=m

22mN=m
¼ 3:27 ðEq 8Þ

and volume ratio:

Vd;water

Vd;ethanol

¼ dd;water

dd;ethanol

� �3

¼ 35:05 ðEq 9Þ

It is clear that water-based suspension breaks up into

significantly bigger droplets. Consequently one can expect

that ceramic droplets will be accordingly bigger. At impact,

ceramic particles flatten and average splat thickness is

around 1 lm which is twice as big as splat thickness in the

coatings S1-S3. Big particles have high enough kinetic

energy to form a dense coating with limited porosity

(*7%). Application of water also changes plasma

enthalpy, and since water needs almost 3 times more heat

to evaporate than ethanol, ceramic particles forming S4

coating are not well treated and might be cooler than those

of the coating S3 (Table 4). Lower particle temperature

may impede the formation of strong intersplat bonding,

resulting in relatively low hardness.

Big (size of 1-5 lm) pores and narrow interlamellar

voids contribute to the porosity of the SPS coatings. The

Table 4 Spraying parameters and heat available for YSZ treatment

Coating Solid/suspension Powder/ Suspension

feed rate

Electrical

power input

Net plasma

power

Enthalpy of vaporization/

Plasma power

Enthalpy/

suspension

Enthalpy/

YSZ

%(wt.) g/min kW kW % kJ/g kJ/g

A1 . 19.5 26 9.0 . . 27.7

S1 25 32 44.2 25.4 79 47.6 188.0

S2 25 32 44.2 25.4 79 47.6 188.0

S3 25 25 53.4 26.9 58 64.5 255.7

S4 25 37 58.8 29.6 78 48.0 189.5
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former type is typical of coatings sprayed at long standoff

distance (S2); however, sporadically such pores are present

in denser SPS coatings. The large pores could be associated

with low particle velocity and resolidification. After heat

treatment, their size and shape barely changed. Much more

interesting is a sintering behavior of interlamellar voids.

Liu et al. (Ref 45) proposed a model of interlamellar pores

sintering dependent on their opening width. According to

the model, narrow pores, such as present in the coatings S1

and S3 (Fig. 4b, d and d), tend to disappear and form very

small pores. The underlying mechanism is explained in

Fig. 13(a). While heating, columnar grains inside the splat

gradually transform into equiaxial grains and as result pore

surfaces roughen. If the lamellar pore is narrow enough, the

opposite protrusions can form bridges across the pore.

Then mass transport from the concave pore surface toward

convex pore surfaces takes place. Finally, a bead-like array

of very small spherical pores (Fig. 5f) with the size of a few

tens or hundreds of nanometers is formed. Similar models

was also reported in (Ref 46-47).

In contrast, wide interlamellar pores like those present in

the A1 and S2 (clearly visible in Fig. 5d) and occasionally

in the S4 tend to prevent bridging. At high temperature,

while surfaces experience roughening, the height of the

protrusion is too small to contact opposing protrusion

(Fig. 13b). In such a case, the surface of the entire pore is

an easy path for diffusion; thus, the sintering results in

rather big spherical pore located in virtually poreless

material, which is shown in Fig. 5(f). Various pore

arrangements could affect the mechanical properties of the

coatings, including hardness. Nevertheless, the mechanism

behind these changes is not fully understood yet and will be

a subject of a more detailed study.

Changes of mechanical properties

Various paths of porosity evolution are expected to lead to

different changes of mechanical properties. Particularly

interesting analysis of this effect was described by

Leguillon and Piat in (Ref 48). The authors investigated

several pores’ arrangements, shapes and orientations using

both the energy and stress conditions of crack propagation.

The presence of pores in front of the crack has two con-

tradictory effects—weakening effect caused by a decreas-

ing volume of solid material and, on the other hand, the

crack blunting due to the pore resulting in an apparent

toughness enhancement and decrease in the effective

Young’s modulus. The normalized distance between two

cracks f (normalized by the pore diameter) affects the

toughness of the ceramics—for the small distance between

cracks significant weakening was predicted; with the

longer distance, toughness of the porous material can

overcome fracture resistance of the dense material. Also, it

was found that pore size has an influence on weakening/

strengthening effect—calculation for alumina with a pore

size of 100 lm showed that it could be tougher than alu-

mina with pores of 10 lm in diameter. For even smaller

pores (d&1 lm) toughening cannot be observed. Deng

et al. (Ref 49) investigated fracture toughness of two por-

ous SiC ceramics with the same density but various pore

sizes. Both analytical study and experimental results

showed that the larger pore size at the crack front results in

the higher fracture toughness of the ceramic relative to

fracture strength of material with finer pores. Jauffres et al.

(Ref 50) simulated the toughness change of two ceramics

using the discrete element method. For a given porosity,

the ceramic sintered from the green body with lower den-

sity showed higher toughness due to better bonding

between sintered particles.

The porosity–crack relationship established by Leguil-

lon and Piat in the paper (Ref 48) may well correspond

with the results presented in this work. Very fine pores

(Fig. 5b, c and Fig. 6b) if located at the crack front may

affect the coating’s fracture resistance and eventually lead

to ceramic embrittlement. To verify that claim, the TBCs’

toughness was plotted together with an average distance

between two pores.

Using image analysis, qualitative data on porosity were

extracted, so mean pore–pore distance k was calculated

using equation (see ‘‘Appendix A’’ to check how the

equation was derived):

Fig. 13 Porosity evolution during high-temperature exposure. Sin-

tering of the pore with small (a) and large (b) opening width. Based

on Liu et al. (Ref 45)
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k ¼ Y
dffiffiffi
P

p ðEq 10Þ

where Y is a parameter depending on assumed geometry of

pore arrangements, d is an average pore size and P stands

for porosity.

Plotting k against top coatings’ toughness shows how

the evolution of microstructure affects mechanical prop-

erties. Data points presented in Fig. 14(a) do not show a

strong relation between k and KVIF; however, it is worth

noticing that most points which are located far from

expected fitting line represent properties of the coatings in

as-sprayed condition (indicated by arrows). Taking only

heat-treated coatings into account, closer relationship is

seen (Fig. 14b)—with increasing dimensionless distance

n(k/d) between pores toughening of ceramic material is

observed—as it was predicted by Leguillon and Piat. Par-

ticularly, it is well seen for points representing the same

type of coatings. The changes in the microstructure during

heat treatment could lead either toward pore coalescence

and growth or refinement, as it was shown in Section 5.8;

thus, coating could become tougher or more brittle,

respectively.

The reason why the as-sprayed coating did not follow

the pattern is unclear. Some possible explanations could be

proposed though. At first, pores in the as-sprayed coatings

usually take the form of flat voids between two overlaying

splats (Fig. 6a and c), microcracks or irregular voids where

impacting droplet did not fill asperities on coating’s surface

or interpass porosity bands. Such shape and arrangement of

pores in the as-sprayed coatings make them very different

than pores in the heat-treated coating, which have a more

globular shape (Fig. 6b and d). Microcracks and highly

oblate voids modify the stress field in the coating (Ref 51-

52) and could lead to crack deflections and branching.

Another explanation may be quality of bonding between

two adjacent splats as better intersplat cohesion results in

high toughness of coating. The bonding quality strongly

depends on the spraying parameters and particle in-flight

properties (temperature, velocity) (Ref 53). After high-

temperature exposure cohesion between splats is affected

Fig. 14 Effect of pore–pore

distance on the toughness of

(a) all tested and (b) only heat-

treated top coatings. The size of

the symbols corresponds to heat

treatment time, small represents

as-sprayed condition without

heat treatment, midsize and

large stand for 10 and 50 hours

at 1,150�C, respectively. In the

presented plot, Y=0.58

(corresponding to the hexagonal

porosity arrangement) was

taken into account
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by sintering and resulting microstructure (Ref 18, 54). Yet

another explanation may include various grain structure of

the coating before and after heat treatment. In the as-

sprayed coating, each splat typically consists of columnar

crystals which after sintering take more equiaxed form.

Finally, compressive residual stress present in the as-

sprayed coatings may increase fracture toughness by crack

closing (Ref 48, 55). Reduction in coating’s toughness was

considered as one of the main factors leading to a decrease

in the thermal shock resistance of the SPS coatings that was

reported by authors in (Ref 56). The origin of peculiar

hardness changes (softening) is not well known and should

be further investigated.

Very fine porosity in aged SPS coatings was reported in

many papers like (Ref 57, 58) or study based on USAXS

measurements published by Bacciochini et al. in (Ref

25, 59), though the authors did not pay close attention to it

or did not try to explain its origins.

Conclusions

Sintering of the ceramic top coatings in TBC systems is

known to be one of the most important factors causing their

failure. As compared with coatings sprayed by APS, these

made by SPS have very distinctive microstructures,

including finer splats and submicron porosity. The dis-

tinctive microstructures of the SPS coatings cause varia-

tions in thermomechanical properties which can be

summarized in the followings:

• The mean values of CTE are between 10.27 and 11.81

910-6 K-1 and they seem not to be related to the coating

microstructure. The CTE is not constant in the range of

temperature from RT to 1150�C—the value of the CTE

rises with increasing temperature. In the case of SPS

coatings, intense shrinkage at a temperature around

1000�C hinders increasing CTE value above this range.

• The sintering shrinkage depends on both splat size

(thickness) and coating porosity. Splats in the SPS

coatings possess very small thickness (0.5-1.0 lm),

which promotes significant sintering shrinkage even if

coatings are relatively dense (porosity around 8% and

less).

• Various paths of porosity rearrangement may lead to

very different changes of coatings’ mechanical proper-

ties. Formation of arrays of fine pores can lead to

coating embrittlement as observed for the coatings S1,

S3 and S4. On the other hand, densification with the

formation of fewer but larger, spherical pores as

observed for the A1 and S2 coatings leads to

toughening.

Appendix

The distance was estimated using a simplified model of the

hexagonal pores arrangement (Fig. 15).

The total area of n pores with diameter d in the con-

sidered portion of the porous coating with porosity p and

area A is given by

n
pd2

4
¼ PA ðEq A1Þ

For hexagonal arrangement A ¼ 3
ffiffi
3

p

2
k2 and n ¼ 2, so

2pd2 ¼ 6
ffiffiffi
3

p
k2P ðEq A2Þ

And finally

k2 ¼
ffiffiffiffiffiffi
3p

p

9

d2

P
ðEq A3Þ

Similar calculations for another arrangement of pores

(such as square or three-dimensional cubic) result in a

similar relationship with various proportionality factor;

thus, distance k may be given in general by:

k ¼ Y
dffiffiffi
P

p ðEq A4Þ

where Y is constant dependent on considered geometry.
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Fig. 15 Hexagonal pores arrangement used to find the distance

between two neighbor pores
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