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Therma barrier coating typically comprisng of bondcoat and yttrium stabilized zirconium topcaat, has been used to improve
the efficiency of turbine engine by providing the capability to sustain significant temperature gradient across the coating.
Alumina and zirconia composite coating was proposed as a potential candidate to improve the qudities of therma barrier
coating system due to its low mdting point and high hardness. The gas tunnel type plasma system, which has high energy
density and aso high efficiency, is useful for smart plasma processing. The characteritics of the obtained ceramic coatings
such as Al,Os and ZrO, coetings were superior to the conventiond ones. The ZrO, composite coating has the possibility of the
deve opment of high functionally graded TBC (therma barrier coating). In this study, the performance such as the mechanica
properties, therma behavior and high temperature oxidation resistance of the auminalzirconia functionally graded TBCs
produced by gas tunnel type plasma spraying was investigated and discussed. The results showed that the aluminalzirconia

composite system exhibited the improvement of mechanica properties of thermal barrier coatings and oxidation resistance.

PACS: 52.75.Hn; 52.77 -

1. INTRODUCTION

Zirconia sprayed coatings are widdly used as thermd
barrier coatings (TBC) for high temperature protection of
metallic structures in gas turbine hot section components
such as burners, trangition ducts, vanes and blades. It dlows
the high temperature operation and results to increasing the
efficiency of the engine and the durability of the critica
components. However, their usein diesd engine combustion
chamber components has been quiterare, because of thelong
run durability problems in such conditions. The main
problem isthe spdlation at the interface between the coating
and subdtrate due to the interface oxidation [1]. Although
zirconia coatings have been used in many applications, the
interface spdlation problem is ill waiting to be solved
under the critical conditions such as high temperature and
high corrosion environment. For that reason, there have been
many investigations in developing proper TBCs for diesd
engines[2,3].

It is reported that the spalation rate can be reduced but
not completely by using suitable bond coets for the interface
[4]. Neverthdess, it isdifficult to find suitable bonding layers
for dl kind of subgtrate meaterid. Alumina and zirconia
composite coating was proposed as a potentia candidate to
improve the qualities of therma barrier coating system due
to its low melting point and high hardness. Also, extremely
high porosity values (up to 25vol%) of TBC s have been
obtained by functionally graded layer of dumina TBC
falure occurs easily at the interface between the metallic
bondcoat and topcoat. During high temperature service an
oxide scde consging mainly of a-alumina forms aong
bond/topcoet interface.

The resistance for thermal shock and high temperature
corroson ae important properties in  the high
performance TBC. For TBC, the spalling of the coating is
also very important problem as well asthe coating quality.
New type plasma spray methods are expected for using
the excellent characteristics of ceramics such as corroson
resistance, thermal resistance, and wear resistance [5] by
reducing the porosity and increasing the coating density.

The gas tunnd type plasma soraying devdoped by the
author can make high quaity ceramic coatings such as Al,O;
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and ZrO, coding [6] compared to other plasma Sraying
method. A high hardness cearamic coating such as Al,Os
coating by the gas tunnd type plasma spraying, were
investigated in the previous sudy in detail [7-10]. Usudly, the
Vickers hardness of this sprayed coating became 20...30%
higher than that of conventiona plasma sraying. And, the
porosity was hdf of the value of the conventional ones

The Vickers hardness of the zirconia (ZrO,) coating was
increased with decreasing sporaying distance, and a higher
Vickers hardness of about Hv=1200 could be obtained a a
shorter spraying digance of L =30 mm [11]. Thiscorresponds
to the hardness of sintered ZrO,: Hv=1,300. ZrO, coating
formed has a high hardness layer at the surface side, which
shows the graded functionality of hardness [12,13]. With the
increase in the travarse number of plasma spraying, the
hardness digribution was much smoother, corresponding to
theresult that the coating became denser.

In this study, compositethermal barrier coatings (TBCs) of
Al,Os+ZrO, were deposited on SS304 substrates by gastunnd
type plasma soraying. The pefomance such as the
mechanical properties, thermal behavior and high temperature
oxidation resstance of the aduminalzirconia functionaly
graded TBCs was investigated and discussed.  The adhesive
characterigtics of such high hardness zirconiasdumina
(ZrO-Al,O3) composite coatings were dso invedtigated as
well asitsmechanicd properties.

The resultant coating samples with different Al,Os+2rO,
mixing ratio and thickness are compared in their corroson
resgance with Al,Os; percentage and coating thickness as
vaiables Corroson potentid and deactivated corroson
current dendty are measured and andyzed corresponding to
themicrostructure of the coatings.

2. EXPERIMENTALS
2.1. CHARACTERISTICSOF GASTUNNEL TYPE
PLASMA SPRAYING

Figure 1 shows the gas tunnel type plasma spraying
torch [4,6,7,8,9]. The spraying powder is fed inside
plasma flame in axial direction from center electrode of
plasma gun. So, the spraying powder was molten enough
in the plasma, and the plasma spraying for high melting
point ceramics is available. The coating is formed on the
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substrate traversed at the spraying distance: L. In this
case, the gas divertor nozzle diameter was d=20 mm. It
can be easy to produce the high hardness ceramic coatings
by means of the gas tunnd type plasma spraying.
2.2. EXPERIMENTAL PROCEDURE
The gas tunnel type plasma spraying torch used was
shown in Fig. 1. The experimental method to produce the
ceramic coatings by means of the gas tunnel type plasma
spraying is as follows. After igniting plasma gun, the
main vortex plasma jet is produced in the low pressure
gas tunnel. The spraying powder is fed from center inlet
of plasma gun. The coating was formed on the substrate
traversed at the spraying distance of L.

[—T .
PS-1 PS-2

Substrate
Fig.1. Schematic of the gastunndl type pIésma Spraying torch

The experimental conditions for the plasma spraying are
shown in Table 1. The power input to the plasma torch was
about P=25 kW, and the power input to the pilot plasma
torch, which was supplied by the power supply PS-1, was
turned off after starting of the gastunnel type plasmajet. The
spraying distance was short distance of L = 40 mm.

Table 1. Experimental conditions

Powder: ZrO2+Al203 Mixture
Traverse number: N 1~30
Power input, P (kW): 25~28
Working gas flow rate, Q (I/min): 180
Powder feed gas, Q feed (I/min): 10
Spraying distance, L (mm): 40
Traverse speed, v (cm/min): 25~1000
Powder feed rate: w (g/min): 20~35

Gas divertor nozzle dia., d (mm) 20

The working gas was Ar gas, and the flow rate for gas
tunnel type plasma spraying torch was Q = 180 |/min, and
gasflow rate of carrier gas was 10 |/min. The powder feed
rate of zrconig/dumina mixed powder was
w = 20~35 g/min. The traverse speed of the substrate was
changed the value from v=25 to 1000 cm/min. Also the
traverse number was changed 1...30 times. The thickness
of the coating was 50~250 um.

The chemica composition and the particle size of
Zirconia (ZrO,) and/or alumina (Al,Os)powder used in
this study was respectively shown in Table 2. This ZrO,
powder was commercial ly prepared type of K-90 (PSZ of
8% Y ,03), and Al,O; powder was the type of K-16T. The
substrate was SUS304 stainless steel (3x50x50), which
was sand-blasted before using.

2.3. ANALYSISOF COATING PROPERTIES

Micro-structura  characterization of therma sprayed
codings involves quantitative measurements of geometrica
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features such as porogty (in the form of voids, cracks and
other defects) and andysis of material aspectsin the coatings
such as splat sructure, interfaces, phases, etc. The
microstructure of the cross section of zirconia composite
coding was observed by an opticadl microscope in this
research. The microscope is equipped with a CCD camera
for image acquisition. Micrographs with two magnifications
(200 X and 400 X) taken on palished cross sections are used
for determining the total porosity and coating thickness by
using image analysis software.

Table 2. Chemical composition and size of zirconia and
alumina powder used (20~80% Al,O; Mixture)

Composition (wt%) Size (mm)
ZrO2 Zr0s Y-03 A|203 S|Oz Fe,0O3
90.78 8.15 0.38 0.20 0.11 10...44
Al203 _AlLOs N&O SO, FeOs
99.8 0146 0.01 0.01 10...35

The Vickers hardness Hvso, Hvigg Of the sprayed coatings
was measured a the non-pore region in those cross sections
under the condition that the load weight was 50 g, 100 g and
its load time was 15s, 25 s. The Vickers hardness: Hvyg Was
cdculaed as a mean vadue of 10 point measurements. The
distribution of the Vickers hardnessin the cross section of the
coating was measured at each distance from the coating
surfacein the thickness direction.

The adhesve drength between the ZrO, composte
coating and the subgtrate was measured by using the tension
tester original designed. Thetest piece for adhesive strength
was 10mm square and the coeting surface sde and subdrate
side was respectively atached to each holder by polymer
type glue. The kgf/cm? was used as a unit for the adhesive
strength of the composite coating.

The schematic of anodic polarization corroson system is
shown in Fig. 2, which isanorma potentiogtatic polarization
corroson tester, which is usng a Hokuto Denko, HA303
power source. An Ag/AgCI refarence dectrode (SCE) was
insated in saurated KCl solution and was connected
gavanicdly to the tes cdl by a sdf-made <dt-bridge A
platinum wire used as the counter dectrode was immersed in
the reaction cdl containing 500 ml corroson media of 0.5M
HCl solution. HCI solution was chosn as corrosion media
because Cl” ions are assumed passing through the coating layer
more easily than anather commonly-used anodic oxidant SO,*
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Fig.2. Anodic Polarization Corrosion Tester

The sample surfaces were degreased by ultrasonic
process in acetone for 5 minutes then were washed by
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Fig. 3. Micrographs of the cross-section of coating samples

distilled water before putting into test. The cleaned
sample was held by a well-designed sample holder and
immersed in the testing media for 15 min to stabilize its
galvanic contact with the solution, then the sample
potential was set to -0.5V and was swept to +0.5V at a
rate of 10 mV/s. All the tests were carried out at room
temperature.
3. RESULTSAND DISCUSSION
3.1. MICROSTRUCTURE AND VICKERS

HARDNESS OF ZIRCONIA COMPOSITE COATING

Typicd optical cross sectional micrographs for
thermal barrier coatings are shown in Fig 3. Thosearethe
zirconia composite coatings of 20% and 50%Al,0;
mixture. The coatings have a porous and lamellar
structure which is characteristic for this kind of coatings.
The thickness was about 150 mm.

The composition of the microstructure is represented
by gray level variation. It consisted of 2 different layers,
white and gray layers were deposited alternatively. The
analysis by EPMA revealed that white was zirconia
(ZrO,) and gray was aumina (Al,O3). Pores appear to be
dark, which permit them to be distinguished and
quantified by image analysis.
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Fig.4. Dependence of Vickers hardness of zirconia

composite coating on the alumina mixing rate;

2 timestraverse at L=40 mmwhen P=25 kW
Fig. 4 shows the relationships between Vickers
hardness and porosity of the ZrO, composite coatings and
the aumina Al,O; mixing ratio R (wt%), at the same

spraying time. In this case, the coating thickness was
approximately 200 mm at P = 25 kW, L = 40 mm, when
the traverse number was two times.

The average Vickers hardness over the cross section
of zirconia composte coatings is increased with the
increase of the alumina mixing ratio. The increment of
coating hardness corresponds to attendance of alumina
particles with hardness higher than that of zirconia the
Vickershardness of Al,O3 coating was Hvsy = 1360.

The average porosity over the coating layer shows a
decrease tendency with increasng alumina mixing ratio.
In the meanwhile, the porosity profile (shown in Fig. 6)
over the coating cross-section gives an amost linearly
graded distribution.

3.2. GRADED FUNCTIONALITY OF COMPOSITE
COATING

The hardness distribution of the ZrO,composite
coating has remarkable graded functionality in the case of
large Al,O3; mixing ratio. Because, the pat near the
substrate did not change so much, but the Vickers
hardness near the coating surface became much higher.

Figure 5 shows the distribution of Vickers hardness Hvsg
of the zirconia/dumina composite coating shown in Fig. 3
(coating thickness: about 150 um). The digtribution of this
composite coating has a highest value in the coating at the
surface dde. The maximum hardness was near to
Hvsp=1300 a the codating surface of 1=40mm, and
decreased linearly like towards the substrate side.
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Fig. 5. Distribution of Vickers hardness: Hvsg
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While, the porogty profile (shown in Fig. 3) over the
coating cross-section gives an dmost linearly graded
digtribution, increasing from the surface of the coatings
towards the surface of the substrate, as shown in Fig.6. In as-
sprayed condition the porosity variation ranges from 18.95 to
33.23% from the surface of the coatings to the surface of the
substrate. Although lower porosity can increase the average
hardness of the coatings, dumina presence in the coatings is
the origin of the improved hardness because higher mixing
retio of duminaresultsin lower porosity.
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Fig. 6. Porosity distribution over coating cross-section

3.3OXIDATION OF ZrO, COMPOSITE COATING

After heat treatment at 1050 °C for 5 h, the ZrO,
coating system showed spallation from the substrate. But
the Al,O; coating showed no spallation even failure
occurred after exposure at the same heat treatment
condition. The delamination failure is due to large
therma stresses developing within the coating and the
phase transformation of Al,Oz Anaytical model showed
that plasma sprayed Al,O3 layer should be very thin since
thicker layer would generate larger residual tensile stress.
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Fig.7. XRD patterns of as sprayed coating and coating after
heat treatment

To evaluate phase transformation of Al,O; due to
plasma spray process, free standing Al,Oz layer was
oxidized at 1050 °C for 5h. X-ray diffraction was
conducted to examine phases of the sprayed layers. A
comparison of diffraction patterns of the as-sprayed and
heat-treated Al,O3 is summarized in Fig.7. The a-Al,O3
that was formed during plasma spray undergoes a phase
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transformation to a more stable a-Al,O; during heat
treatment, although some fraction of g phase was retained
in the coating. Other phases, namely d-, g- Al,O; were
alsoidentified. Itisnoted that the transformation of gto a
had never been direct such that d and q phases can be
regarded as the intermediate phases, suggesting that the
transformation of gto (d,q) to o occurred in the annedled
coating. The phase transformation of a to g involves a
volume change, resulting in additional residua stresses.
Density values of coated samples believed that an
additional volume change could be attributed to the
porosity closing during heating.

3.4 ANODIC CORROSION POLARIZATION
CHARACTERISTICSOF ZrO, COMPOSITE
COATING

Figure 8 presents the anodic corrosion polarization
characteristics of the samples coated with different
thickness of 80% ZrO,+ 20%AIl,0; mixture coating. All
the curves are obtained from their first polarization scan.
From the curves, their corrosion potentials increase
clearly with the coating thickness. However, their
corrosion current shows a complicated tendency with the
coating thickness, which is possibly due to the complex
bonding states of the coatings to the substrates because
the effective area of the substrate exposed to the corrosion
mediaisresponsible for the corrosion current.
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Figure 9 displays the relationships of the corroson
potentia of the tested samples to the alumina mixing ratios
and thickness. As expected, the trends show tha the
corrosion potential goes up dightly with both the dumina
content ratio and coating thickness. Theoreticdly, high
corrosion potential means lower dectrochemica activity and
higher oxidation resistance So, in concluson, higher
thickness and lower porosity sprayed coatings lead to
increese of corroson resstance because both higher
thickness and lower porosty provide stronger diffusion
resstance to prevent the anodic oxidants of the corrosion
solution from accessing the interface of the coated samples.

CONCLUSIONS

The performance such as the mechanica properties,
thermal behavior and high temperature oxidation
resistance of the ZrO,/Al,O; composite coating produced
by gas tunnel type plasma spraying was investigated, and
the following results were obtained.
1)The ZrO, Al,O; composite coating has graded

functionality on the hardness and the porosity, and has a
possibility of the development of high functionally
graded TBC (thermal barrier coating).

2)The effect of aumina mixing on the Vickers hardness
of the ZrO, composite coating was adso clarified in
order to develop high functionally graded TBC.

3) The ZrO, composite system exhibited the improvement
of mechanical properties of thermal barrier coatings and
oxidation resistance.

4)The o-Al,O3 that was formed during plasma spraying
undergoes a phase transformation to a more stable -
Al,O3 during heat treatment, athough some fraction of
g phase was retained in the coating. The high
temperature oxidation behavior of the functionaly
graded TBCs showed the effectiveness of Al,O3 layer
functioning as an oxidation barrier.

5)The higher alumina content and thicker coatings, the
better the corrosion resistance, which is attributed to the
diffusion resistance of the coating layers to corrosion
reaction.
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HUCIOJIb30BAHUE TEPMUUYECKHUX BAPBEPHBIX IOKPBITUI,
MOJYYEHHBIX TOHKOM IJTA3SMEHHOM OBPABOTKOM
A. Kobaawu
Tepmuyeckoe Oapweproe mokpbiTHe (TBII), 00BIMHO COCTOsIIEe W3 CBSI3BIBAIOLIETO CJIOS M BEPXHETO MOKPHITUS M3 OKHUCH
UTTpUsL, CTAOMIM3UPOBAHHOIO OKHCBIO IIMPKOHMS, UCIONIB3YeTCs Ul YiTydiieHus 3G (EKTUBHOCTH ABUraTesst TypOuHbI Oiaroaps
CIOCOOHOCTH BBIIEPKHBATh 3HAYMTEIIBHBIC MONEPEYHbIEe TPAAUCHTHI TeMIeparypsl. IIokpeITHe, cocTosee U3 OKUCH allOMUHHS H
LUPKOHUS OBUIO TPEATIOKEHO KaK BO3MOXHBIA KaHAWIAT IS ydydmieHHs KadecTBa cioxkHoro TBII u3-3a ero HHM3KOH TOYKH
IUIABJICHUSI M BBICOKOHM TBepAocTH. IInmasMeHHas cucTeMa ra3o-TOHHENBHOTO THIA, MMEIOINAs BBICOKYIO IUIOTHOCTh JHEPTUH H
BBICOKYIO 3 eKTHBHOCTB, sABIsECTCS yNOOHON AJI1 TOHKOH IUIa3MEHHON 00paOOTKH. XapaKTepUCTUKU MOMYYEHHBIX KepaMHUYECKHUX
MOKPBITHH, TakuxX Kak Al,Oz 1 ZrO,, okaszanucs Jydiie 00baHbIX. ClokHOe MOKpbiTHE ZrO, 0Ka3a0Ch MPUTOAHBIM IS Pa3paboTKu
BBICOKO-(YHKIIMOHAIbHOTO crymeHdaToro TBII. Hacrosmee cooOmmieHre MOCBAIIEHO M3YYEHHIO M OOCYKICHUIO psiia CBOKCTB,
TOJIYIEHHBIX C MOMOIIBIO Ta30-TOHHENBHOTO TUIa3MEHHOTo pacmbitenus crynendatsix Al,Ogz / ZrO, dyukimonansubix THI, Takux,
KaK MEXaHWYEeCKHEe CBOICTBA, IOBEAEHHE NPU BBICOKMX TEMIIEPATypax, CTOMKOCTh K OKHCIECHHIO IPH BBICOKOH TeMIeparype.
Pe3yabTaThl CBHICTENBCTBYIOT 0 TOM, 4T0 MOKphiTHs Al,O3 / ZrO, obecrieunBatoT yiydnieHne MexaHunaeckux cBoictB TBIT u ux
CTOMKOCTb K OKHCIICHUIO.
BUKOPUCTAHHS TEPMIYHUX BAP'€PHUX ITIOKPUTTIB,
OTPUMAHHX 3A JIONIOMOTI' 010 TOHKOI IIJIA3MOBOI OBPOBKH
A. Kobaawu
Tepmiune Gap'epre mokpurtsi (TBIT), M0 3BMYaHO CKIIAAAETHCS 13 3B’SI3yFOUOrO MIAPy i BEPXHBOTO MOKPHUTTS 3 OKHUCIY iTpito,
CTab1Ii30BaHOr0 OKMCIIOM IMPKOHII0, BUKOPHUCTOBYETHCS ISl MOJIMIICHHS e()eKTHBHOCTI ABUTYHA TYPOIHH 3aBISKU 3[ATHOCTI
BUTPHMYBATH 3HAYHI MOMEPEYHi rpagieHTH Temmeparypu. [IOKpHUTTS, IO CKIANAETHCS 3 OKHUCIAY ATIOMIHIIO 1 HUPKOHIO OyIo
3aMpPOIMOHOBAHO K MOXUIMBHHA KaHIUAAT MUl MOMiMiueHHs skocTi ckiaaguoro TBII, 3aBasiku HOro HU3bKIA TOYIN TUIABICHHS i
BHCOKill TBepaocti. [[n1a3moBa crcTeMa ra3o-TyHEeJIbHOTO THITY, 1[0 MAa€ BHCOKY I'YCTHHY €Hepril i BUCOKY e()EeKTHBHICTb, € 3pYIHOI0
JUISL TOHKOI TJIa3MOBOI 00pOOKH. XapaKTepUCTUKKA OTPUMAHUX KEpPaMidHMX MOKPHUTTIB, Takux sk Al,Oz i ZrO,, BUSBHIHCS Kpalle
3Buuaitnux. CknagHe nokputtst ZrO, BUSBHIOCS MPUAATHUM JUTs PO3POOKH BUCOKO-(YHKIIOHATpHOTO crymindacroro THII. [ane
HOBIJJOMJICHHSL TIPUCBSYCHO BUBYECHHIO U OOTOBOPEHHIO DAY BIACTHBOCTCH, OTPHUMaHHMX 3a JOIIOMOIOK TIa30-TYHEIBHOI'O
mIasMoBoro posmuieHus crymingactux Al,Os / ZrO, ¢pyukiionansanx TBII, Takux, K MeXaHi4Hi BIACTUBOCTI, MOBOIUKCHHS MPH
BHCOKHX TEMIIEpaTypax, CTIHKICT 0 OKHUCITIOBAHHS IIPU BHCOKiH Temreparypi. Pe3yapraTu cBimuats npo te, mo mokputts Al,Og /
Zr0O, 3a0e3meuyroTh MOoMiNieHHs Mexanidaux BiaacruBocteit THIT i IXHIO CTIHKICT 10 OKHCITIOBAHHSI.
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