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Abstract Columnar-structured thermal barrier coatings,

owing to their high strain tolerance, are expected for their

potential possibilities to substantially extend turbine lives

and improve engine efficiencies. In this paper, plasma

spray-physical vapor deposition (PS-PVD) process was

used to deposit yttria partially stabilized zirconia (YSZ)

coatings with quasi-columnar structures. Thermal cyclic

tests on burner rigs and thermal shock tests by heating and

water-quenching method were involved to evaluate the

thermal cycling and thermal shock behaviors of such kind

of structured thermal barrier coatings (TBCs). Evolution of

the microstructures, phase composition, residual stresses

and failure behaviors of quasi-columnar YSZ coatings

before and after the thermal tests was investigated. The

quasi-columnar coating obtained had an average life of

around 623 cycles when the spallation area reached about

10% of the total coating surface during burner rig tests with

the coating surface temperature of *1250 �C. Failure of

the coating is mainly due to the break and pull-out of center

columnar segments.

Keywords plasma spray-physical vapor deposition (PS-

PVD) � quasi-columnar structure � thermal barrier coating �
thermal cyclic test � thermal shock test

Introduction

Thermal barrier coating (TBC) systems are widely used in

stationary turbines of power plants and aircraft turbines to

improve the performance and efficiency of the engine (Ref

1, 2). A typical TBC system consists of an yttria partially

stabilized zirconia (YSZ) topcoat, an intermediate ther-

mally grown oxide (TGO) scale, a metallic bondcoat and a

superalloy substrate (Ref 3, 4). The main properties and

long-term stability of the individual TBC components are

deeply depend not only on their chemical composition but

also on their morphological feature. The latter can vary

greatly with fabricate process. Currently, atmospheric

plasma spraying (APS) and electron beam-physical vapor

deposition (EB-PVD) are the two main processes used for

TBC deposition, which results in very different

microstructures of the coatings. An APS coatings built up

of solidified droplets and produce lamellar-like splat mor-

phology, whereas in EB-PVD, the materials condensates

from the vapor phase and produces feather-like column

structures (Ref 5-8). The result is that APS TBCs have

lower manufacturing costs and a lower thermal conduc-

tivity, whereas EB-PVD TBCs have a higher strain

tolerance.

A new spray process is called plasma spray-physical

vapor deposition (PS-PVD) (Ref 9-17), which was pri-

marily named as low-pressure plasma spraying-thin film

process (LPPS-TF), enables vaporization of the injected

spraying powder to a large extent and production of EB-

PVD-like structures. These morphological characteristics
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combine the low costs of a plasma spray process with the

superior strain tolerance of column structures. Improved

efficiency of the vacuum pumps in PS-PVD devices leads

to pressures between 50 and 200 Pa in the working

chamber (Ref 10, 11). Because of the lower pressure during

the process, the plasma plume expands to a length reach

over 2 m, and to 200-400 mm in diameter. Therefore, the

plasma jet footprint covers the sample and allows coating

of regions which are not in the line of sight of the plasma

torch (‘‘non-line of sight’’ coating). Although the pressure

in the PS-PVD process is higher than that in the conven-

tional PVD process, a high plasma jet temperature enables

fine powder evaporation in the plasma plume, and the

morphology of the coatings depends on the deposition

parameters (Ref 13-15, 17). Additionally, it also allows

formation of the unique microstructures and enables coat-

ing of complex substrate geometries. It has been shown by

Detlev Stöver et al. that different kinds of YSZ coating

microstructures depending on the application, including

dense coatings, PVD-like columnar coatings and nano-

sized solid clusters columnar coatings (quasi-columnar),

could be applied by PS-PVD process through adjusting the

spraying parameters (Ref 9, 10). Thereby, this relatively

new technique can fill the gap between traditional thermal

spray and EB-PVD processes.

In this paper, thermal cyclic tests on burner rigs and

thermal shock tests by heating and water-quenching

method were involved to evaluate the thermal cycling and

thermal shock behaviors of such kind of PS-PVD quasi-

columnar-structured YSZ coatings. Evaluation of the

microstructures, phase composition, residual stresses and

failure behaviors of the coatings before and after thermal

tests was investigated.

Experimental Procedures

Coating Preparation

Ni-based superalloy (GH3128, Beijing CISRI-GAONA

Materials & Technology Co., Ltd., China) was used as

substrates, which were plate shape with a dimension of

25 mm 9 25 mm 9 2.7 mm and disk shape with a diam-

eter of 30 mm and a thickness of 5 mm. Before the

spraying processes, the substrate was sand-blasted using

alumina powder and then followed by ultrasonically

cleaning in ethanol. About 100-lm-thick CoNiCrAlY bond

coat was deposited by vacuum plasma spraying (VPS)

(VPS/LPPS-PVD/CVD hybrid system, Oerlikon Metco,

Wohlen, Switzerland).

All ceramic coatings were fabricated by a PS-PVD

system (Oerlikon Metco, Wohlen, Switzerland). To

achieve the low working pressure of 10-100 Pa and a

power input of 180 kW, the chamber was equipped with a

vacuum pump unit consisting of a high suction capacity

blower and two sets of pump stands, including screw pump

and roots pump, and power sources. Since the standard F4-

VB plasma torch cannot be operated at such higher power,

the O3CP torch was applied which generates a supersonic

DC plasma jet. The samples presented here were sprayed

with a power input of 110-150 kW and a plasma gas flow

of 95-120 slpm (using helium and argon as well as helium

argon and hydrogen) at 100-150 Pa chamber pressure.

The feedstock material used for the coatings was an

agglomerated 7 wt.% yttria partially stabilized zirconia

powder (7YSZ) produced by Oerlikon Metco (Switzerland)

designated as Metco 6700 and the grain size distribution

with d10 = 2 lm, d50 = 8 lm, and d90 = 18 lm, respec-

tively. This agglomerated powder consisted of submicron

ZrO2 particles and nano-sized Y2O3 particles. Prior to

spraying, the substrate was preheated by the plasma jet and

the temperature was controlled by sweep movements of the

plasma jet over the substrate. Before the deposition of the

TBCs, the surface of the bondcoats was polished to be

smooth with surface roughness Ra about 0.2 lm. The

improvement of lifetime by a decreased roughness has

been observed to apply for PS-PVD coatings (Ref 10).

During preheating and the coating deposition process,

feeding additional oxygen into the vacuum chamber was

used to obtain a dense TGO scale and prevent a loss of

oxygen due to the high temperatures in the plasma plume

(up to 15,000 K) in combination with the low oxygen

pressure plasma plume, respectively.

Thermal Shock and Cycling Test

The thermal shock test of the PS-PVD coatings was per-

formed by heating and the water-quenching method. The

plate shape samples were heated at an evaluated tempera-

ture of 1100 �C in a tube furnace (SLG 1400-60, Shanghai

Shengli Test Instruments Co., Ltd., China) for 20 min and

then followed by directly water quenching to room tem-

perature. Before being placed into the furnace once again,

the coating samples were dried by compressed air. Thermal

cycling tests of the disk shape samples were performed in a

flame shock facility (Shanghai Institute of Ceramics, Chi-

nese Academy of Sciences, Shanghai, China). The coatings

were heated for 3 min at 1250 ± 15 �C. During the heating
stage, the backside of the samples was cooled by com-

pressed air to maintain a temperature gradient through the

coatings thickness. During the cooling stage, the samples

were cooled by compressed air from both sides for 3 min to

below 200 �C. When visible spallation of the coating

reached about 10% of the total coating surface, the thermal

cycling test was stopped and the number of the cycles was

defined as the lifetime of the TBCs.
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Coating Characterization

The phase composition of the as-sprayed coating was

characterized by x-ray diffractometer (XRD, D/max

2550 V, Rigaku Industrial Corporation, Japan) with filtered

Cu Ka (40 kV, 40 mA) radiation at a scan rate of 4�/min in

the 2h range of 20�-80�. The microstructures of the sam-

ples were examined using a scanning electron microscopy

(SEM, TM3000, HITACHI, Japan) operated in backscat-

tered electron image mode.

Raman Spectroscopy and Cr31 Photoluminescence

Piezo-Spectroscopy (PLPS)

The micro-Raman spectroscopy technique and PLPS

method were used to measure the residual stresses distri-

bution in the YSZ ceramic topcoat and the TGO scale,

respectively (Ref 18-21). The measurements were made at

room temperature in ambient air using 532 nm laser exci-

tation in a confocal Raman microprobe (Renishaw Invia

Confocal micro-Raman Microscope, Glouchestershire,

UK). The diameter and spatial resolution of the laser beam

at the specimen surface were about 1 and 3 lm, respec-

tively. Resolution of a spectrometer in the spectroscopic

wavenumber range used (100-800 cm-1) was less than

0.2 cm-1. It was well known that Raman shifts toward

higher wavenumbers corresponding to an increase in the

in-plane compressive residual stresses, and vice versa. The

frequency shift could be converted into a biaxial stress

depending on the relation for a bi-axially stressed stabilized

tetragonal ZrO2.

DtTBC ¼ PTBCrTBC ðEq 1Þ

where Dt referred to the frequency shift (cm-1) from the

stress-free state, rTBC was the residual stress in the topcoat,

GTBC was the piezo-spectroscopic coefficient, and the

coefficient for plasma-sprayed TBC was reported to be

25 cm-1 GPa-1 (Ref 19).

The PLPS method was used to measure stress in the

TGO through the topcoat layer non-destructively. Resolu-

tion of a spectrometer in the spectroscopic wavenumber

range used (14,300-14,500 cm-1) was less than 0.2 cm-1,

which gave the measured stress resolution of *40 MPa.

The frequency shift of the luminescence in the TGO layer

could be converted to the residual stress by the following

expression:

DtTGO ¼ PTGOrTGO ðEq 2Þ

where GTGO was the piezo-spectroscopic coefficient and

for plasma-sprayed TBC was set to be 5.07 cm-1 GPa-1

(Ref 21).

Results and Discussion

Morphology of the As-Sprayed Coatings

The photographs of a PS-PVD coating are exhibited in

Fig. 1. The difference between the front-side and back-

side of the PS-PVD coating was that the former had a

CoNiCrAlY bond coat, while the latter was not. The

thickness of the YSZ topcoat on the back-side of the

superalloy substrate was thinner than that on the front-

side. An overview of the microstructure of a specimen,

the typical characteristic structure of PS-PVD coatings

with its feather-like columns, is shown in Fig. 2. At the

bottom of the YSZ topcoat, initial columns with widths

of few lm were deposited which make the coating look

very dense. During the further deposition, some columns

grew faster than the others and the slower growing

Fig. 1 Front-side (a) and back-

side (b) photographs of the PS-

PVD coating
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columns stopped. Thereby the feather-like columns

structure which lead to the increased tolerance to strain

were formed.

The XRD patterns and Raman spectra of as-sprayed

coating are given in Fig. 3. The XRD patterns show that

the coatings consist of non-transformable tetragonal phase.

The micro-Raman spectroscopy was a powerful technique

to study the structure changes in the coatings. Fig-

ure 3(b) gives micro-Raman spectra of the topcoat. The

typical Raman bands for the tetragonal phase of yttria

stabilized zirconia coatings were 148, 260, 320, 470, 612

and 640 cm-1, respectively. No monoclinic bands (at about

182 and 191 cm-1) were observed which confirmed the

results obtained by XRD.

Thermal Cycling Behavior of PS-PVD Coatings

Photographs of YSZ TBCs (here U30 mm 9 5.8 mm

substrate was used) before and after thermal cycling test

are presented in Fig. 4. Apparent spot spallations were

mainly occurred at the center of the YSZ topcoat surface of

the sample. With the thermal cycling going on, the spalled

area enlarged. After 623 cycles, the spallation area reached

to *10% of the total surface area of the specimen and

thermal cycling test was stopped. Note that after thermal

cycling, the column structure retains their original

appearance and inter-columnar gaps were still exist, indi-

cating that the YSZ coating had good sintering resistance,

which is to say that the sintering of YSZ ceramic layer was

Fig. 2 Surface (a) and fracture surface (b) SEM micrographs of YSZ topcoat

Fig. 3 XRD patterns (a) and Raman spectra (b) of as-sprayed coating
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not the major reason for leading to the spallation of the PS-

PVD coatings, as shown in Fig. 5.

In order to have a better understanding of the failure

mechanism, Figure 6 shows Raman spectra detected at

three different locations on the specimen after thermal

cycling test shown in Fig. 4(b). At the edge of the coating

(position A), the spectra peaks correspond to vibrational

modes of tetragonal zirconia, confirming the absence of

monoclinic phase. However, at the center region of the

coatings (position B and C), the phase transformation from

tetragonal to monoclinic was indicated by the increase in

intensity of the characteristic bands of monoclinic zirconia

at 182 and 191 cm-1. The Raman spectra also illustrate

another feature of the transformation to monoclinic, the

volume fraction of the monoclinic phase could be quanti-

fied from the intensities of the tetragonal bands at 148 and

263 cm-1 and the monoclinic bands at 182 and 191 cm-1.

Therefore, it was obvious that close to the center region

(Position C) of the coatings had an increasing extent of

phase transformation than relatively far away from the

central area (Position B) during thermal cycling. It was

well known that tetragonal-monoclinic phase transforma-

tion in 6-8 wt.% YSZ was accompanied essentially by a

significant volume expansion of up to 5%, indicating that

the phase transformation might be the reason for resulting

in degradation and spallation of the PS-PVD coatings.

Thermal Shock Behavior of PS-PVD Coatings

The thermal shock cycling and corresponding macroscopic

surface micrographs of the PS-PVD YSZ sample by

Fig. 4 Photographs of YSZ TBCs before (a) and after thermal cycling 623 cycles (b)

Fig. 5 SEM micrograph of the cross section of PS-PVD coating after

thermal cycling Fig. 6 Raman spectra of different positions in PS-PVD coating after

thermal cycling in Fig. 4(b)
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optimizing the process parameters are graphically pre-

sented in Fig. 7. As can be seen, the spallation of coatings

samples started at the edges of the topcoat after 20 cycles,

and then more edge spallation started associated with

propagation to the adjacent areas on further cycling, and

less than 5% spallation occurred even after 200 cycles.

Obviously, the PS-PVD TBCs exhibit a significant

improvement in the thermal shock resistance compared

with the normal APS coatings. Lifetime extension of the

PS-PVD coatings, as compared with the APS samples, can

be attributed to the quasi-columnar structure. As the seg-

mentation cracks can open during tensile loading in a

manner similar to the EB-PVD coatings, reduction in

thermal mismatch stress facilitated an improvement in the

strain accommodation capability of the PS-PVD TBCs in

the process of thermal shock.

Figure 8 gives the micro-Raman spectra of the topcoat

before and after thermal shock test. No monoclinic bands

(182 and 191 cm-1) were observed which confirmed that

no phase transformation occurred. Raman scattering

depends on electron-phonon interactions was very sus-

ceptible to local environments, thus it was also a

suitable technique to investigate the changes in the residual

stresses of ceramic topcoat. The principle Raman bands of

zirconia tetragonal phase were at 260 and 640 cm-1, which

Fig. 7 Macroscopic images of

PS-PVD samples during thermal

shock tests (a) as-sprayed,

(b) 20, (c) 70 and (d) 200 cycles

Fig. 8 Raman spectra of as-sprayed coating and the coatings after

different thermal shock cycles
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related with stretching modes of Zr-OII and Zr-OI. In pre-

vious Raman piezo-spectroscopy measurements distribu-

tion of residual stress in tetragonal-zirconia TBCs, the shift

of the Raman peak at around 640 cm-1 was used to mea-

sure stress distribution in the YSZ topcoat since it has a

good signal-to-noise ratio (S/N). Considering the Raman

band at about 640 cm-1, some shifts were observed due to

the presence of different in-plane stress states (Ref 19).

Figure 9 represents the variation of position of the

Raman peak at around 640 cm-1 and the average residual

stresses in the topcoat layer before and after thermal shock

test. The Raman peak of the samples after thermal shock

for 200 cycles shifted to a higher wavenumber (639.23 ±

0.18 cm-1) compared with the as-sprayed one (637.28 ±

0.36 cm-1) and the powder (637.35 ± 0.11 cm-1).

According to the formula (1), the conversion of Raman

peak frequency shifts measured the in-plane residual stress

in the YSZ topcoat was gained. For the as-sprayed coat-

ings, a low-level tensile stress (2.56 ± 14.66 MPa) was

present in the topcoat. After thermal shock for 20 cycles,

compressive stress was obtained. The average topcoat

compressive stress was found to increase with thermal

shock cycles, and the value was rTBC = -51.04 ± 12.21,

-60.09 ± 18.27, -67.87 ± 10.71, -75.21 ± 7.15 MPa

for the 20, 70, 130 and 200 cycles of thermal shock test,

respectively. The tensile stress developed in the as-sprayed

coatings which was due to the lower cooling rate under a

pressure of 100 to 200 Pa at the end of the spraying pro-

cess. After thermal cycling, stress state has changed

from tensile to compressive which was mainly due to

the different coefficients of thermal expansion between

the component of the TBC system (aTopcoat =
11 * 13 9 10-6/�C, aBondcoat = 13 * 16 9 10-6/�C)
(Ref 22). Attributed to stress relaxation in the ceramic

topcoat at high temperature exposure, more compressive

stress would accumulated when the coatings cooling from

the high temperature to ambient temperature.

The distribution of residual stress in the TGO scale with

various thermal shock cycles is given in Fig. 10. The

measured in-plane stress through the topcoat surface (from

-1.95 ± 0.17 to -3.96 ± 0.40 GPa) varied with the

thermal shock cycles. At the beginning of thermal shock

test, the measured in-plane TGO compressive stress firstly

rapidly increased and then essentially maintain at a rela-

tively stable value with further test. The value of com-

pressive stresses reached to rTGO = -3.94 ± 0.28,

-3.99 ± 0.39, -3.96 ± 0.40 GPa for the 20, 70 and 130

cycles of thermal shock test, respectively. The apparently

decreasing of the TGO stress was observed after 200

cycles, and the value was 3.50 ± 0.53 GPa. The decreased

residual stress was mainly considered due to cracking

generated in the topcoat layer or at interface between the

topcoat and the TGO layer. Although spalling occurred at

the edge and cracking was found in the center zone of the

YSZ topcoat due to the obvious deformation of the nickel

substrate during thermal shock test, the spallation area of

the coating was less than 10% even after thermal shock for

200 cycles, given in Fig. 7(d). This shows that PS-PVD

coating had excellent thermal shock resistance and the

corresponding mechanism will be further investigate in the

future work.

Conclusions

In the present paper, quasi-columnar-structured thermal

barrier coatings were fabricated by plasma spray-physical

vapor deposition (PS-PVD) process. Microstructure, phase

composition and residual stresses of the coatings before

Fig. 9 Variation of the residual stresses in the YSZ topcoat as a

function of thermal shock cycles

Fig. 10 Average stresses measured from the ceramic topcoat surface

in the TGO as a function of the thermal shock cycles
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and after thermal cycling and thermal shock test were

investigated. Based on the experimental results, the fol-

lowing conclusions can be drawn:

(1) The columnar-structured TBCs failed at the latest

after 623 cycles during flame shock testing.

(2) The as-sprayed quasi-columnar coatings consisted of

tetragonal phase. Monoclinic phase was detected in

the coatings after thermal cycling test especially

nearby the spot spallation region.

(3) The accumulated tensile stress in the as-sprayed

ceramic topcoat changed to compressive state after

thermal shock for 20 cycles, and then gradually

increased. In addition, the compressive stresses in

the TGO measured through the ceramic topcoat

surface increased rapidly at first and then essentially

maintain at a relatively stable value with further test.
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