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Abstract Suspension plasma spraying (SPS) is identified

as promising for the enhancement of thermal barrier coat-

ing (TBC) systems used in gas turbines. Particularly, the

emerging columnar microstructure enabled by the SPS

process is likely to bring about an interesting TBC lifetime.

At the same time, the SPS process opens the way to a

decrease in thermal conductivity, one of the main issues for

the next generation of gas turbines, compared to the state-

of-the-art deposition technique, so-called electron beam

physical vapor deposition (EB-PVD). In this paper, yttria-

stabilized zirconia (YSZ) coatings presenting columnar

structures, performed using both SPS and EB-PVD pro-

cesses, were studied. Depending on the columnar

microstructure readily adaptable in the SPS process, low

thermal conductivities can be obtained. At 1100 �C, a

decrease from 1.3 W m-1 K-1 for EB-PVD YSZ coatings

to about 0.7 W m-1 K-1 for SPS coatings was shown. The

higher content of porosity in the case of SPS coatings

increases the thermal resistance through the thickness and

decreases thermal conductivity. The lifetime of SPS YSZ

coatings was studied by isothermal cyclic tests, showing

equivalent or even higher performances compared to EB-

PVD ones. Tests were performed using classical bond coats

used for EB-PVD TBC coatings. Thermal cyclic fatigue

performance of the best SPS coating reached 1000 cycles

to failure on AM1 substrates with a b-(Ni,Pt)Al bond coat.

Tests were also performed on AM1 substrates with a Pt-

diffused c-Ni/c0-Ni3Al bond coat for which more than 2000

cycles to failure were observed for columnar SPS YSZ

coatings. The high thermal compliance offered by both the

columnar structure and the porosity allowed the reaching of

a high lifetime, promising for a TBC application.

Keywords columnar structure � lifetime � suspension
plasma spraying � thermal barrier coating � thermal

conductivity � YSZ

Introduction

Over many years, thermal barrier coatings (TBCs) were

studied in order to improve gas turbine efficiency. The

increase in the thermal insulation performances of the

ceramic top layer of TBCs, mainly composed of yttria-
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stabilized zirconia (YSZ), was identified as a main issue in

the increase in the operating temperatures of the next

generation of turbine engines (Ref 1). Since the 1980s, the

most efficient deposition process regarding operating con-

ditions of high-pressure parts (mainly thermal cyclic

resistance) is electron beam physical vapor deposition (EB-

PVD). A high-energy electron beam is used to vaporize an

ingot of YSZ. Then, vapors are condensed on the surface of

the metallic substrate leading to the coating. A highly

thermal-compliant columnar structure is then obtained,

allowing a high lifetime. But this microstructure also

induces strong heat flux paths between columns which

limits the ability to design low-thermal-conductivity coat-

ings using EB-PVD (Ref 1-3). On the other hand, atmo-

spheric plasma spraying (APS), widely used before the

1980s, consists of injecting powder through a plasma jet in

order to be melted and accelerated (Ref 4). Then, molten

particles are spread onto a metallic substrate as individual

splats which are stacked to form a lamellar microstructure.

This typical microstructure is favorable to low thermal

conductivity. It is also very sensitive to a thermal expan-

sion mismatch, between the ceramic and metallic part of

the TBC, leading to a relatively low lifetime on the high-

pressure components of the turbine engine, like mobile

blades, also considered as a main issue (Ref 5, 6). How-

ever, this kind of coating is successfully and commonly

applied on combustion chamber, which is not exposed to

similar thermal mismatch (Ref 7).

Efforts have been made in order to propose new ceramic

compositions to decrease thermal conductivity. Some

materials appeared promising, such as rare earth zirconates,

complex perovskites, lanthanum aluminates, which present

a lower bulk thermal conductivity compared to YSZ (Ref

8-12). Nevertheless, the lifetime performance of these new

compositions is lower than YSZ coatings mainly due to

lower mechanical properties such as the lower toughness of

zirconates for example (Ref 10, 13).

Many studies have been carried out on processes in

order to provide an YSZ top coat with improved perfor-

mance. Using nano-agglomerated powder through a plasma

jet, bimodal microstructures were reached (Ref 14). In that

case, un-melted or partially melted nanoparticles were

embedded in a typical lamellar plasma-sprayed

microstructure, allowing a decrease in thermal conductivity

and an increase in sintering resistance (Ref 15, 16). How-

ever, the lamellar structure seemed unpromising for life-

time resistance. Sol-gel process was also studied leading to

highly porous and highly insulative YSZ layers (Ref 17).

Moreover, reinforced sol-gel layer has demonstrated a

lifetime comparable to YSZ EB-PVD coatings (Ref 18).

Highly thermal-compliant structures were also reached by

plasma spray physical vapor deposition (PS-PVD) and

were identified as promising for TBCs enhancement

(Ref 19, 20). In that case, powders were injected through a

high-energy plasma jet in a low vacuum spray booth.

Particles were vaporized by the high-energy plasma and

then condensed on the substrate. The ability of PS-PVD to

coat complex parts such as turbine blades was also

demonstrated (Ref 19).

From the 2000s, the use of liquid mediums, to carry

nanoparticles, has been developed in order to promote

nanostructured coatings via plasma spraying. The use of a

liquid medium was proposed in order to overcome limita-

tions on the size of particles ([5 lm) injected through a

plasma jet in an APS process using a carrier gas medium

(Ref 21). Thus, nanosized particles in suspension, or

ceramic precursors in solution, were injected through a

plasma jet resulting in suspension plasma spraying (SPS)

and solution precursor plasma spraying (SPPS), respec-

tively (Ref 22). These processes allowed production of

coatings with a multiscaled porosity covering 4 orders of

magnitude which was promising for the enhancement of

thermal insulation properties (Ref 23). Moreover, different

microstructures were obtained using SPS or SPPS such as

homogenous structures, vertically cracked structures and

more particularly columnar structures which were unusual

for thermal sprayed coatings (Ref 22-28). In the case of

columnar structures, the low size of particles (\5 lm) used

for SPS process, allowed them to be deviated by the plasma

flow in the vicinity of the substrate (Ref 29). It led to a

combined normal and lateral growth of columns around the

substrate asperities assumed to be the explanation of these

typical cone shape columns (Ref 30). Figure 1 is a

schematization of the coating buildup, inspired by the study

of Van Every et al. (Ref 30), which explains the formation

of SPS columnar structures. The cone shape results from

the combination of the normal impingement of big un-

deviated particles and the lateral impingement of small

strongly deviated particles. Some studies show that rele-

vant parameters linked to SPS process such as substrate

roughness, particle size or the suspension load, allow

control of the shape, size and organization of SPS columns

(Ref 31-33).

The literature also reports a better thermal cycling resis-

tance than YSZ APS coatings due to the columnar shape of

these SPS coatings allowing thermal compliance of the top

coat (Ref 32, 34-36). YSZ porous columnar structures also

led to a significant decrease in thermal conductivity in the

range of 0.6–1 W m-1 K-1 compared to typical values of

YSZ EB-PVD coatings (*1.5 W m-1 K-1) (Ref

34, 37, 38). As for PS-PVD, columnar suspension plasma-

sprayed coatings were applied to turbine blade parts suc-

cessfully (Ref 39).

The aim of this study is to present and analyze the

thermal insulation and lifetime properties of different YSZ

columnar structures performed using SPS. Particularly, it is
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shown that columnar structures produced by SPS are able

to equalize, and in some cases surpass, the lifetime of YSZ

EB-PVD depending on the compaction of the columns and

bond coat preparation. The ability of the SPS process to

perform such columnar coatings on real turbine parts is

also investigated.

Experimental Procedure

Spraying Setup and Conditions

An YSZ ethanol-based suspension, with 7 wt.% Y2O3 and

medium particle diameters around 0.5 lm, were purchased

from Treibacher Industrie AG. Suspensions were stored in

a pressurized vessel and maintained with magnetic stirring

during the deposition step. The suspension was injected

radially through the plasma jet. A F4-VB type plasma torch

(6-mm-internal-diameter nozzle) from Oerlikon-MetcoTM

was used to perform YSZ coatings. Coatings were achieved

in a ventilated spray booth maintained at atmospheric

pressure. The standoff distance was fixed at 50 mm. The

substrate cooling was ensured by compressed air jets and

liquid CO2 jets. Cooling jets were oriented in order to avoid

perturbation during coating. Two spraying conditions were

used and are described in Table 1.

Coatings were deposited onto Hastelloy X substrates

with an aluminized NiAl bond coat for thermal conduc-

tivity measurements and microstructural investigations. In

that case, the bond coat was performed using the Snecma

vapor aluminizing process (APVS). In order to improve

adhesion of the YSZ layer by a thin thermally grown oxide

(TGO) layer of Al2O3, the bond coat was preheated at

1100 �C for 1 h. For thermal cyclic fatigue tests, an AM1

superalloy with two different bond coats (b-(Ni,Pt)Al and
platinum-diffused c-Ni/c0-Ni3Al) was used. First of all,

electroplating of Pt was carried out on AM1 substrate. Heat

treatment after the electroplating step allowed to provide a

c-Ni/c0-Ni3Al bond coat. An additional APVS step allowed

to carried out a b-(Ni,Pt)Al bond coat. A preheating step at

1100 �C of 1 h was applied to some samples and will be

detailed later. Roughness of substrate was managed using

sandblasting with corundum of two sizes: 79 and 350 lm.

The microstructures were observed via scanning electron

microscopy (SEM) on a Leo 435VPi microscope.

For comparison of the insulation and lifetime perfor-

mance, SPS coatings were compared with YSZ EB-PVD

coatings. These coatings were provided by Safran Aircraft

Engines and were representative of coatings performed on

current engines.

Thermal Conductivity Calculation

Thermal conductivity value was calculated using Eq 1

where k is the thermal conductivity, a is the thermal dif-

fusivity, q the coating density and Cp the heat capacity.

The values of a, q and the Cp of the coating were measured

separately.

k ¼ aqCp ðEq 1Þ

Image analysis was chosen in order to characterize

coating density. SEM cross sections were recorded on the

Leo 435VPi microscope. Then, using ImageJ software,

SEM pictures were converted into binary images for

porosity measurements. The value of the coating density qc
was calculated using Eq 2 where P is the porosity and qYSZ
the theoretical value of bulk YSZ. The relative error on

porosity was estimated to be ±5% of the measured value

of porosity.

Fig. 1 Coating buildup of SPS columnar structure

Table 1 Spraying conditions

Condition

1 2

Mixture Ar/He/H2 47%/47%/6% 50%/50%

Power 32.2 kW 22.4 kW

Enthalpy 2.2 9 107 J/kg 1.5 9 107 J/kg

Suspension feed rate 25 g/min 44 g/min
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qc ¼ qYSZ 1� Pð Þ ðEq 2Þ

Differential scanning calorimetry (DSC) was carried out

for measurement of the specific heat capacity Cp of the

substrate and the SPS coating. The DSC device used in the

study was a 96 LineEvo from Setaram. Powders obtained

from a delaminated YSZ coating were used for the DSC

analysis.

Thermal diffusivity was obtained using a flash method

and numerical estimation. Here, the sample (a bilayer

substrate ? YSZ coating) was illuminated by a laser flash

inducing a rise in temperature (thermogram) characteristic

of the thermal properties of the system. In order to reach

thermal diffusivity values of the coating from flash

experiments, the heat Eq 3 where u, T and S represent the

heat flux, the temperature (T) and the illuminated surface,

respectively, was solved in Laplace space using a quad-

rupole method as widely described in a previous study

(Ref 38).

u tð Þ ¼ �kS
dT tð Þ
dt

ðEq 3Þ

A simulated thermogram was obtained in Laplace

space. By using a de Hoog algorithm (Ref 40), a

numerical inversion was carried out in order to obtain a

numerical thermogram in time. The estimation of the

thermal diffusivity of the coating was allowed by a least

square fitting between the experiment and the simulated

thermogram using a Levenberg-Marquardt algorithm (Ref

41, 42). The least square fitting was done by adjusting

the values of a and qCp of the coating. The substrate

thermal properties were supposed to be known and

required preliminary flash experiment on the substrate

alone. As described in literature, the numerical estima-

tion was mostly sensitive to the thermal diffusivity and

not to Cp and q which were reached using DSC and

image analysis here (Ref 43).

In order to perform flash measurement, a high-temper-

ature experimental bench developed by the LEMTA labo-

ratory at Lorraine University (France) was used. Square

samples (40 mm 9 40 mm) were placed in a tubular fur-

nace made from Carbolite� and heated from room tem-

perature up to 1100 �C. The thickness was about 1.5 mm

including 300 lm of YSZ coating. All the coating thick-

nesses were measured by image analysis on cross sections.

The flash was generated using a Neodymium glass laser

with a wavelength of 1053 nm from the Quantel Company.

The thermograms were recorded using an infrared camera

InSb Cedip� Titanium SC7000 with a [1.5-5.5 lm] band.

Due to its semitransparency, the ceramic layer induced

perturbations of the thermogram recorded by IR camera

(Ref 44, 45). In order to overcome the semitransparency of

YSZ, a thin layer of graphite (about 10-20 lm) was applied

on the surface of YSZ coatings.

Isothermal Cyclic Tests

The lifetime of YSZ coatings was assessed via thermo-

cyclic fatigue (TCF) tests. The test consisted of an

isothermal cyclic test performed in a furnace, where sam-

ples were heated at 1100 �C for 15 min. The temperature

was maintained at 1100 �C for a further 45 min before

rapid compressed air cooling. Cooling ensured a tempera-

ture of the tested samples less than 80 �C after 15 min. The

failure criterion was fixed at 20% of spallation of the

coating surface.

Results and Discussion

Microstructural Features

Columnar structures, shown in Fig. 2, were obtained using

the spraying conditions in Table 1. The first one presents

typical features for SPS columnar structures with columns

separated by inter-columnar voids (Fig. 2a). Columns pre-

sent a typical cauliflower shape on the SEM top surface view

(Fig. 2b). This results from a combination of lateral and

normal coating growth velocities. They are provided by the

difference of trajectories experienced by particles in the

vicinity of the substrate, where the plasma flow is strongly

deviated (Ref 30). The inter-columnar voids were optimized

in order to keep awell-defined columnar structurewith a high

cauliflower-like compaction level. Here, the use of a high

torch linear speed (1.5 m/s) results in a low thickness of

deposited material with each pass of the torch before the

substrate (0.7 lm/pass). Thus, a longer durationwas allowed

for the column organization allowing reduction in the inter-

columnar voids (Ref 33). A schematization of the mecha-

nism is shown in Fig. 3. The coating density (reached by

image analysis on cross sections) of the coating performed

using spraying Condition 1 was measured at 4515 kg/m3.

The coating, performed using spraying Condition 2 of

Table 1, has a singular microstructure with columns (see

cauliflowers in Fig. 2d), but for which the inter-columnar

voids tend to disappear (Fig. 2c). The microstructure was

called a compact columnar structure. The compact shape

results from the greater thickness deposited by each pass of

the torch (1.32 lm/pass) due to the higher suspension feed

rate used (see Table 1). It leads to a rapid overlapping of

columns (Ref 33). The coating density of the coating

(reached by image analysis on cross sections) performed

using spraying Condition 2 was measured at 4880 kg/m3.
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Thermal Insulation Properties

Optimized columnar microstructure 1 and 2, named SPS

columnar and SPS compact columnar microstructures,

respectively, were characterized to reach thermal conduc-

tivity at high temperature using the flash method and DSC.

An EB-PVD coating provided by Safran Aircraft Engines

and representative of a hot section part TBC coating from

current gas turbine engines was also characterized. Results

were recorded from 25 �C up to 1100 �C. Characterization
was not performed beyond 1100 �C in order to preserve the

integrity of the NiAl-Hastelloy X substrate. The evolution

of thermal conductivity with respect to temperature is

plotted in Fig. 4 for the three samples characterized: a SPS

columnar coating, a SPS compact columnar coating and a

columnar EB-PVD coating.

Measurement at 25 �C of the thermal conductivity was

consistent with values obtained using another experimental

flash method bench and similar YSZ coatings (Ref 38). EB-

PVD shows a lower thermal insulation power at 25 �C with

a thermal conductivity of 1.58 W m-1 K-1 compared to

0.8 W m-1 K-1 for the SPS columnar structure and

0.71 W m-1 K-1 for the SPS compact columnar structure.

For both SPS coatings, the thermal conductivities pre-

sent an almost flat profile over the tested temperature

range. The EB-PVD thermal conductivity seems to slightly

decrease with an increase in temperature. This could be

attributed to the increase in anharmonic interaction

between phonons at high temperature.

In the end, the thermal conductivities at high tempera-

ture of SPS coatings are lower than EB-PVD with a value

of 0.86 and 0.70 W m-1 K-1 at 1100 �C for the SPS

columnar structure and the SPS compact columnar struc-

ture, respectively. Results could be mainly attributed to the

difference of porosity volume and distribution through

SPS- and EB-PVD-specific microstructures.

First of all, inter-columnar voids are observed for both

columnar structures reached by SPS (coating performed

using spraying Condition 1 of Table 1) and EB-PVD. This

specific porosity, due to its elongated shape, can increase

radiation contribution to thermal conductivity. However,

the main difference between the two coatings remains the

intra-columnar porosity. Coating achieved by SPS process

is known to present a high and well-dispersed porosity

volume (Ref 23, 38). On the contrary, for EB-PVD col-

umns, the porosity is mainly located in the fringe of

Fig. 2 SEM cross section and

surface pictures of SPS coatings

obtained using condition 1 (a, b)

and 2 (c, d) of Table 1

Fig. 3 SPS mechanism buildup

allowing a decrease in inter-

columnar voids in SPS

columnar structures
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columns for which the inner part is rather dense (Ref 38).

As a consequence, the SPS columnar structure presents a

higher thermal resistance toward the columns compared to

EB-PVD coatings. SPS columnar coatings roughly present

the same intra-columnar porosity volume irrespective of

the studied microstructure: the well-defined columnar

structure or the compact columnar structure (respectively,

spraying Conditions 1 and 2 from Table 1). However, for

the compact columnar structure, the inter-columnar

porosity is almost totally suppressed (see Fig. 2). By the

way, the radiation contribution is reduced leading to a

slightly lower thermal conductivity. These heat transfer

mechanisms are summarized in Fig. 5 for a well-defined

microstructure reach by SPS and a typical EB-PVD

coating.

In this study, we have measured thermal conductivity

values in the range of 0.6–1 W m-1 K-1 (from room

temperature to 1100 �C). These values are promising for

future TBC applications and are quite similar to those

obtain in literature for YSZ SPS coatings (Ref 34, 37).

Isothermal Cyclic Tests

The lifetime of YSZ coatings was assessed using an

isothermal cyclic test in a furnace at 1100 �C. The resulting
lifetimes for the two optimized SPS columnar structures

are shown in Fig. 6. An AM1 substrate was used with two

different bond coats, b-(Ni,Pt)Al and platinum-diffused c-
Ni/c0-Ni3Al (Pt-c/c0), which are usually used for YSZ EB-

PVD coatings. Two levels of roughness were analyzed.

Bond coat roughness was identified as a key parameter in

order to modulate the size of SPS columns and their

organization (Ref 32, 33). It is widely assumed that a

preheating step, before the deposition of the top coat,

enhances the lifetime of TBCs composed of an YSZ top

coat obtained by EB-PVD and an aluminized bond coat

(Ref 46). Therefore, a preheating step was performed at

1100 �C for 1 h for both bond coats.

Effect of the SPS Microstructure on Lifetime

With regards to Fig. 6, almost all SPS coatings reach 500

cycles to failure which is representative of the lifetime

reported in literature for similar YSZ coatings (Ref

24, 34, 35, 37). In the present study, EB-PVD coatings

reach 1000 cycles to failure on AM1 with a b-(Ni,Pt)Al
bond coat. No samples of YSZ EB-PVD coating were

tested on platinum-diffused c-Ni/c0-Ni3Al (Pt-c/c0). In the

literature, YSZ EB-PVD coatings, including an AM1

substrate with a Pt-c-Ni/c0-Ni3Al bond coat performed

using a spark plasma sintering process, were tested using

similar TCF conditions and reached 1800 cycles to failure

(Ref 47). With regards to the performance of SPS coatings,

columnar structures appeared to be more resistant to TCF

test. They resist up to 1000 cycles to failure on AM1 with

b-(Ni,Pt)Al and to 2145 cycles to failure on AM1 substrate

with a Pt-c/c0 bond coat. Even if an SPS compact columnar

structure presents lower lifetime resistance than an SPS

columnar one, results are promising on AM1 with a Pt-c/c0

bond coat. In that case, TCF tests shows 1300 cycles to

failure for SPS compact columnar structures.

Microstructures of SPS coatings are shown in Fig. 7

after a TCF test. Irrespective of the columnar structure

(compact or not), cracks appeared after cycling. It is

commonly admitted that vertical cracks, as well as

columnar structure, are able to bring thermal compliance to

the top coat allowing a higher thermal cycling resistance. A

recent study using an ICP (in situ coating properties) sensor

was performed on homogeneous, vertically cracked and

columnar structure coated by SPS and showed that the best

thermal compliance was reached by the columnar structure

(Ref 36). However, homogenous structure presented a

lower thermal compliance compared to vertically cracked

structures. The in situ segmentation that occurs in our SPS

columnar structures probably extent the lifetime compared

to the initial un-segmented state of the coating.

In an SPS columnar structure, a high thermal compliance

probably comparable to EB-PVD is allowed by the mor-

phology of the columns at the beginning of the TCF test

(t0,col). During thermal cycling, the microstructure evolves

and is probably submitted to a sintering effect leading to a

more rigid coating and a loss of strain tolerance. The typical

shape of SPS columnar structures with shadowed columns

and a quite homogenous initiation zone at the base of col-

umns are segmented during the test (tcracks,col). Generated

cracks enhance thermal compliance and allow the coating to

resist to several additional cycles of TCF tests. In the end, the

YSZ coating is suddenly debonded from the bond coat and

fails (tfail,col). For the SPS compact columnar structure, the

initial microstructure is not really able to accommodate

thermal mismatch (t0,col/comp) between substrate and top

coat. Early, large cracks probably appear between compact

Fig. 4 Resulting thermal conductivity measurements
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columns (tcracks,col/comp\ tcracks,col) and allow thermal

compliance. As well as for the SPS columnar structure, the

compact cracked morphology evolved, sintered and leads in

the end to a similar failure whereby the top coat is suddenly

debonded from the bond coat (tfail,col/comp\ tfail,col). The

evolution of morphology and the characteristic time descri-

bed above are schematized in Fig. 8.

Effect of the Bond Coat on Lifetime

The bond coat composition and surface preparation seem to

be the most relevant parameters to enhance lifetime resis-

tance of SPS coatings. The best results for TCF tests are

obtained on Pt-c/c0 irrespective of the morphology of SPS

columns (compact or not). This kind of bond coat, devel-

oped especially for YSZ EB-PVD top coat, is more resis-

tant to oxidation in comparison with b-(Ni,Pt)Al and could

explain the better results on Pt-c/c0 (Ref 48).

As the preparation process of b-(Ni,Pt)Al and Pt-c/c0 are
different, the second bond coat results in an initial mean

roughness Ra of about 1 lm. This roughness is suitable for

the formation of SPS columnar coating without any bond

coat sand blasting. On the contrary, the b-(Ni,Pt)Al is

naturally smoother and needs sand blasting in order to get a

columnar structure using SPS (here Ra = 0.6 lm). The

ability to perform a SPS coating without sand blasting

could be beneficial for the lifetime of the TBC. In fact, no

additional strain from blasting is added in this case which

also leads to higher performance in the TCF test.

Effect of Bond Coat Mean Roughness on Lifetime

As described in literature, substrate roughness greatly

impacts the shape, size and organization of columns per-

formed by SPS (Ref 31-33). Here, two levels of substrate

mean roughness Ra were tested for the two different bond

coats used. Increasing the mean roughness Ra of the bond

Fig. 6 Thermal cyclic fatigue

resistance of YSZ SPS

columnar structure and YSZ

SPS compact columnar

structure coated on AM1 with a

b-(Ni,Pt)Al bond coat (a) and a

Pt-c/c0 bond coat (b).

Dispersion is measured at ±200

cycles to failure

Fig. 5 Schematization of heat diffusion through the two SPS columnar structures and an EB-PVD coating proposed to explain thermal

conductivity values
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coats led to an increase in the mean diameter of columns as

expected with literature observations (Ref 32, 33). The

effect on lifetime is shown in Fig. 9(a) where the evolution

of performance during TCF test is express in % compared

to the reference test. Results took into account only the

effects for which a difference of 200 cycles to failure are

observed with the reference sample, value corresponding to

the dispersion of the results for the TCF test.

Irrespective of the bond coat or SPS YSZ column

morphology, a loss of performance was observed when the

substrate mean roughness Ra was increased. In fact, an

increase in mean roughness has a strong impact on column

morphology. Columns are larger and their size is much

dispersed (Ref 32, 33). Figure 10 shows two YSZ SPS

columnar structures on a b-(Ni,Pt)Al bond coat. The

coating, performed on the rougher substrate (here

Ra = 1.5 lm), presents larger columns. The loss of orga-

nization between columns, as well as the increase in col-

umn sizes, could induce an inhomogeneity of thermal

compliance. This leads to an increase in internal stress at

some locations which could speed up debonding of the

YSZ SPS top coat.

Effect of the Preheating of Bond Coat on Lifetime

With a similar approach used for the effect of substrate

roughness, the effect of a preheating step on bound coated

substrates prior SPS top coat deposition on lifetime is

shown in Fig. 9(b). For the b-(Ni,Pt)Al bond coat, the

lifetime resistance of YSZ SPS columnar structure is

increased by about 50% in regard to the initial perfor-

mance. The preheating step before YSZ EB-PVD deposi-

tion is described in literature as an efficient way to improve

lifetime of the TBC (Ref 46). In this case, the preheating

allowed forming a stable TGO layer composed of a-Al2O3.

Rumpling is then attenuated and lifetime resistance

increases. A similar behavior could explain the results for

TBCs including an YSZ SPS columnar top coat.

Nevertheless, the preheating of the Pt-c/c0 bond coats

appears to be detrimental. In fact, for this kind of bond

coat, it is supposed that the formation of a stable a-Al2O3 is

not reached with the used preheating cycle. In Pt-c/c0 bond
coats, TGO is formed by the oxidation of the c0-Ni3Al. The
aluminum content migrated deeper from the AM1 super-

alloy. In this case, the duration of the preheating (1 h) was

probably insufficient to stabilize a a-Al2O3 TGO. It was

also assumed that some transition oxides, which are

detrimental for lifetime resistance, were formed during this

preheating stage. However, additional experiments are

required to define an improved preheating treatment

(probably with a longer duration) for Pt-c/c0 bond coats.

Failure Mechanisms

Failure was observed near the TGO for all SPS samples

tested by TCF tests. Some examples are given in Fig. 11.

Irrespective of the structure of SPS coating and bond coat

used, failures were mainly driven by a sudden debonding of

the top coat with a loss of adhesion in the TGO region

(under, or above the TGO and in some cases, inside the

TGO with a cohesive failure).

Rumpling was already observed for SPS YSZ coatings

performed on NiCoCrAlY bond coats and contributed to

failure (Ref 34). These features were also observed in the

present study. On the two bond coats used, some examples

of rumpling are observed as shown in Fig. 12. The bond

coat presents an important deformation, while the YSZ top

coat keeps at the interface the shape of the initial state of

the substrate. It induces stress which promotes cracks.

Rumpling is, however, mainly observed for the b-(Ni,P-
t)Al. It is commonly accepted that Pt-c/c0 presents a higher
resistance to this kind of deformation (Ref 48-50). Never-

theless, even if rumpling provides weakness at the interface

and generates cracks, the sudden failure by debonding at

the interface also suggests an edge delamination similar to

an YSZ EB-PVD coating (Ref 51). The critical thickness of

TGO allowing adhesion of the TBC system was not carried

out in these experiments and will be investigated in a

further study. Particularly, the TGO growth will be inves-

tigated by analysis of samples for which the TCF test was

interrupted at different times before the failure.

Application to Real Components

An YSZ SPS columnar coating was applied to a nozzle

guide vane (Fig. 13) and to a blade (Fig. 14) from a high-

pressure turbine of a current aero-engine. In both cases,

coating is adherent to the component without debonding

after spraying.

For the nozzle guide vane, the columnar structure is

maintained all along the component profile. Only the

convex part of the component was sprayed during the

study. On this side, the low variation of angles or standoff

distances during spraying allowed keeping a structure

Fig. 7 SEM images of SPS columnar structure (a) and SPS compact

columnar structure after TCF test. The substrates used were AM1

with Pt-c/c0 with a roughness of 1 lm
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which is not drastically perturbed. Only the orientation of

the columns is affected and could be attributed to a vari-

ation of the deposition angle. The profile of the vane is

complex and not flat between regions 1 and 3 shown in

Fig. 13. Region 4 shows the connection radius between the

vane 1 and the platform. In this location, the spray angle is

almost off normal and does not allow a well-defined

columnar structure. Coating is composed of cracks and

compact columns. The coating thickness needs to be

Fig. 8 Microstructural behavior during TCF test for YSZ SPS columnar structure (a) and for YSZ SPS compact columnar structure (b)

Fig. 9 Effect of substrate roughness (a) and preheating step of bond coat prior to YSZ deposition (b) on TCF performances of SPS coatings

Fig. 10 Evolution of YSZ columnar structure on a substrate rough-

ness of 1 lm (a) and 1.5 lm (b) on a Pt-c/c0

Fig. 11 Main microstructural

failure feature observed after

TCF tests
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lowered in this area in order to avoid delamination or

weakness which could be propagated to the vane.

For the high-pressure turbine blade, shown in Fig. 14,

the SPS coating was performed on the concave side. Here,

variation of spraying distances and angles are more

important. Even if a columnar structure is conserved for the

regions 2 and 3, the morphology and the thickness are

greatly affected. For example, the coating thickness is

around 150 lm in region 3 and falls to around 100 lm in

region 2. For region 1, spray angle is almost off normal. In

that case, deviation of particles is rather low as the plasma

flow is not much deviated. A vertically cracked

microstructure is obtained. Even if the morphology

evolved, it could be interesting to evaluate the TCF resis-

tance of these kinds of components. In fact, vertically

cracked suspension plasma and solution precursor plasma-

sprayed coatings also showed good thermal compliance

(Ref 26, 32, 34).

This tends to show that for a really complex component

the coating strategy and kinematic has to be adapted to

keep the microstructure within the columnar range. When

the SPS coating is performed on real turbine part (blade or

vane for example), the spray angles and distances will not

be kept constant due to the specific geometry of the com-

ponent. These two parameters appeared as critical for the

conservation of the microstructure. Thus, as well as for

previously identified parameters (mean roughness of the

substrate, the travel speed, etc.) efforts will have to be

dedicated to spray angles and distances in order to ensure

the conservation of columnar structure all along the profile

of high-pressure turbine parts (Ref 31-33).

One of the main issues for the deposition of these kinds of

components (high-pressure blades or vanes) is the conser-

vation of airfoil cooling holes. Figure 15 shows airfoil tur-

bine holes after SPS deposition of YSZ for the vane and the

blade. In both cases, holes were conserved. The SPS coating

was observed to penetrate 1 mm into the hole without any

obstruction similarly to YSZ EB-PVD coatings. In the cav-

ities, locatedwithin the component, someYSZ residueswere

observed. They resulted mainly from re-solidified powder or

melted powder which had not enough kinetic energy to be

Fig. 12 Observation of rumpling at the interface for the Pt-c/c0 bond
coat (a) and the b-(Ni,Pt)Al bond coat (b)

Fig. 13 High-pressure nozzle guide vane blade with an YSZ

suspension plasma spray coating. SEM pictures represent the resultant

microstructures at the locations pointed out on the component above

Fig. 14 High-pressure turbine blade with an YSZ suspension plasma spray coating. SEM pictures represent the resultant microstructures on the

locations pointed out on the component at left
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spread onto the walls. These kinds of residues could be

eliminated using high-pressure compressed air in the internal

cooling system of components.

Conclusion

Suspension plasma spraying was used to perform and then

evaluate YSZ columnar structure coatings as thermal bar-

rier coatings. Controlling the process parameters, columnar

structure was varied from a well-separated to a more

compact pattern of columns.

Firstly, thermal properties of columnar YSZ coatings

produced by suspension plasma spraying were acquired

from room temperature to 1100 �C. Differential scanning
calorimetry and flash laser techniques were applied,

respectively, to determine specific heat capacity and ther-

mal diffusivity of NiAl aluminized Hastelloy X substrate

and YSZ coatings. For comparison, two optimized SPS

columnar structures and a typical YSZ columnar EB-PVD

were characterized. The thermal conductivity of the SPS

YSZ coating was found to be lower than 1 W m-1 K-1

from room temperature up to 1100 �C irrespective of the

column morphology, while the EB-PVD coating was

recorded at 1.3 W m-1 K-1 at 1100 �C. These kinds of

SPS columnar structures seem to be able to meet the

thermal insulation requirements of the next generation of

gas turbine engines.

Next, the lifetime estimated by thermal cycling fatigue

tests appears promising for a TBC application irrespective

of the microstructure of SPS coatings, or the bond coat

used on AM1 substrate (b-(Ni,Pt)Al and platinum-diffused

c-Ni/c0-Ni3Al). However, a superior thermal cycling

resistance was mainly observed for SPS columnar structure

with well-separated columns compared to compact ones.

The thermal compliance offered by inter-columnar voids is

more efficient than vertical cracks which appeared in situ

during TCF tests for the compact columnar structure.

Lifetime was found to be optimum for SPS columnar

structures performed on platinum-diffused c-Ni/c0-Ni3Al
bond coat presenting a low surface roughness. Indeed, the

YSZ SPS columnar structure with well-separated features

reached 2145 cycles to failure while 1300 cycles to failure

were reached for compact ones. Results are promising with

regard to the lifetime of conventional EB-PVD YSZ

coatings. The higher oxidation resistance behavior of

platinum-diffused c-Ni/c0-Ni3Al compared to b-(Ni,Pt)Al
could explain the results.

The preparation of the bond coat surface was also a

relevant parameter for the optimization of the lifetime. A

high substrate roughness induced a lower organization of

the YSZ SPS top coat columns leading to lower thermal

compliance. For b-(Ni,Pt)Al, a preheating step of 1 h at

1100 �C prior to the YSZ coating allowed a significant

increase in the thermal cycling resistance. The formation of

a stable TGO prior to the deposition of top coat induced a

higher resistance during TCF tests.

Failure mechanism seems linked to a sudden debonding

at the TGO/substrate interface. Additional work will be

carried out in order to finely describe the chronology and

events which lead to the failure of the system. In the future,

an effort will probably be required for the optimization of

the bond coat in order to be used jointly with an YSZ

columnar top coat made using SPS.

Fig. 15 SEM analysis of the airfoil cooling hole after YSZ SPS deposition of the nozzle guide vane with a hole located in region 1 of

Fig. 12(a) and for the blade with a hole located in region 1 in Fig. 13(b)
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Lastly, the opportunity to coat complex turbine parts

such as vanes or blades from the high-pressure parts of an

aero-engine was investigated. SPS coatings presented a

sufficient adhesion on the parts without debonding after

spraying. Even if columnar microstructure was reached, the

morphology evolved and led to vertically cracked struc-

tures at some blade locations. For example, off-normal

angle during spraying was identified as relevant and needs

further investigation. The turbine airfoil holes were con-

served irrespective of the component.
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