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Abstract: The effects of the bond coat species on the delamination or fracture behavior in
thermal barrier coatings (TBCs) was investigated ushegyclic thermal fatigue and
thermatshock tests. The interface microstructures of each TBWeth a good condition
without cracking or delamination after flame thermal fatigue (FTF) for 1429 cycles. The
TBC with the bond coat prepared by the@asma smy (APS) method showed a good
condition at the interface between the top and bond coats after cyclic furnace thermal
fatigue (CFTF) for 1429 cycles, whereas the TBCs with the bond coats prepared by the
high-velocity oxygen fuel (HVOF) and lowressure pkma spray (LPPS) methods
showed a partial cracking (and/or delamination) and a delamination after 780 cycles,
respectively. The TBCs with the bond coats prepared by the APS, HVOF and LPPS
methods were fully delaminat€d50%) after 159, 36, and 46 cyclagspectively, during
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the thermalshock tests. The TGO thicknessthe TBCs was strongly dependent on the
both exposure time and temperature difference te$teel hardness values were found to
be increased only aftehe CFTF,and the TBC with the bond abprepared by the APS
showed the highest adhesive strength before and after the FTF.

Keywords: thermal barrier coating; bond coat;-plasma spray; thermal durability; cyclic
thermal exposure; thermahock

1. Introduction

Thermal barrier coatings (TB have been applied to the hot components of engewmise of the
increasing demands for higher gas turbine engine performance. The TBCs can be considered as
threelayered material system, consisting of (1) a substrate (niokeobaltbased supenraly); (2) an
oxidationresistant metallic bond coat (MCrAlY or a platinum aluminide coating); and (3) a ceramic
top coating (68 wt % vyttriastabilized zirconia) deposited either by the@asma spray (APS) or
electron beaiiphysical vapor deposition (EBVD) process. A thermapraying process, such as
APS, twin wirearc spraying, and highelocity oxygen fuel (HVOF) spraying, is the mosipplar
deposition technology from an economic point of view and involves many small particles being
accelerated by thhighpower plasma or combustion flow to form a coating layer. It is well known that
many new techniques, such as solujwacursor plasma spraying and electron biehractedvapor
deposition, have exhibited increasing potential in improving the thedorability of thermalbarrier
coating (TBC)systems [14].

The common processes used to deposit the ceramic top coat are APS &u«DEBhe EB PVD
coating has been developed to obtain a good microstructure, enhance adhesive strength, and improv
strain reistance. The APS coating with its economic benefits is still preferred commercially, in
contrast to the use of the complex and expensiveP&B [5i 7], although it has a low strain tolerance
compared with coatings created by more advanced coating mefiadsond coat plays an important
role in ensuring structural effectiveness and affording extra adhesion of the top coat to the substrate
Many techniques have been applied to form the bond coat, such-psdssure plasma spray (LPPS),
APS, highfrequencypulse detonation, and HVOF sprayi 12]. The APS process is widely used to
create the bond coat in a TBC system because of its economic benefits. However, to meet the
requirement for increased working temperature and for improved fuel efficiency inrgasesuand
diesel engines, the HVOF process is employed for the bond coat. Unfortunately, the high temperatures
and oxidation environment required for the HVOF spray process may affect the subsequent oxidation
properties of the top coat, which are impottemthe applied higltemperature working environment.

A dense bond coat without oxide formation during spraying can be deposited by LPPS [13]. Therefore,
the bond coat prepared by LPPS has been employed in the most advanced TRZf fl#hough
their wide application is limited because of their high costs.
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The performance of each coating in the bond and top coats has been studied extensively for severz
decades and a new technology or an advanced TBC has been proposed. However, the best combinati
of the bond and top coats to improve the thermomechanical properties and to enhance the therma
durability simultaneously is not yet available. Therefore, in the present study, the effects of bond coat
species on the thermal durability of TBC systems werestigated through three kinds of cyclic
thermal exposure, including delamination or fracture behavior of the TBC systems. Three types of
bond coat were prepared using the three different processes of APS, HVOF, and LPPS. The
microstructure evolution, mechi@al properties, and fracture behavior of all of the TBC systems were
compared before and after cyclic thermal exposure.

2. Experimental Procedure
2.1. Preparation of TBC Specimens

The nicketbased superalloy GTD11 was used as a substrate. The T superalloy has the
following nominal composition by weightNi = 60.36% Cr = 14.0%, Co = 9.5%, Ti = 4.9%,
W = 3.8%, Al = 3.0%, Ta = 2.8%, Mo = 1.5%, C = 0.1%, Zr = 0.03%, and B = 0.01%. The dimensions
of the substrate were 25.4 mm diameter and 5 mmrtagk The substrate was sandblasted using an
Al,O3 powder, and then the coating processes for the bond and top coats were conducted within 2 h
Two types of feedstock powder with different particle sizes and distributions were used to coat the
bond coat oto the substrate: AMDRY 962 (Sulzer Metco Holding AG, Switzerland, nominal
composition of Ni22Cii 10Ali 1.0Y in wt % and particle sizeof B6 06 e m) f or t he AF
AMDRY 9951 (Sulzer Metco Holding AG, nominal composition ofi@2Nii 21Cii 8Ali 0.5Y in
wt % and particle sizeofi3 7 e m) for the HVOF and LPPS proce
was approximatehd= 300 N 20 & m. The top coat was fori
zirconia (ZrQ) containing 8 wt % of yttria (METCO 204-8S, heeinafter GNS; Sulzer Metco
Holding AG, particle size of 43 25 & m) by the APS process. The
approximatelyd = 6 00 N 50 &m. The fabrication par ami
recommended by the manufacturer (Chrefti@ying Co. Ltd. Hatfield, UK).

2.2. Thermal Fatigue and Therm&hock Tests

A bottomloading programmable cyclic furnace was used to determine the life cycle of the TBC
systems. The cyclic furnace thermal fatigue (CFTF) tests were performed till 14298 oydlee
specially designed furnace: one side of specimen was exposed and the other-cd&dirThe
surface temperature of specimen was about 1100 € with a temperature difference of 150 € between
the top surface and bottom of specimen with a dvmk tof 60 min, followed by natural air cooling
for 10 min at room temperature. The flame thermal fatigue (FTF) tests using Liquefied Petroleum Gas
were also performed till 1429 cycles at a surface temperature of 1100 € for a dwell time of 5 min, and
then the specimen was cooled to room temperature for 25 min. In the FTF tests, the top surface
temperature of the specimen was 1100 € while the bottom surface wa$@b. The failure
criterion was defined as 25% buckling or spallation of the top coattimtests. The TBC specimens
were removed at different fractions of their life for crgsstional studies, while others were observed
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for signs of failure and were cycled until the failure criterion was met. The TBC specimens for the
thermalshock (TS) tes were annealed using a muffle furnace. After reaching at 1100 €, the
specimens were placed in the furnace. In the TS tests, the specimens were held for 60 min in the
furnace and then directly quenched in water for 5 min. Throughout the TS tests, gjkeatene of the

water was between02and 35 €. More than 50% of the region spalled in the top coat was adopted as
the criterion for the failure in wat@uenched specimens. The TS tests were reported in previous
studies while investigating the thermal dboitity of TBC system [1821]. At least five specimens were
tested for each condition. The photos of each apparatus for the thermal fatigue andshecinédsts

are shown in Figure 1.

Figure 1. Photos of each test apparatus: Cyclic furnacec thermgu&{CFTF), thermal
shock test (TS), and flame thermal fatigue (FTF).

B Cyclic Furnace Thermal Fatigue (CFTF) condition: M Thermal Shock (TS) condition: M Flame Thermal Fatigue (FTF) condition:
- Surface/bottom temperature :1100/950 C - Sample temperature : 1100 C - Surface/bottom temperature : 1100/450 C
- Holding /cooling time : 50 min/20 min - Holding time : 50 min - Holding /cooling time : 5 min/25 min
- Cooling : room temperature - Cooling : Water quenching (room temp.) - Cooling : room temperature
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2.3. Characterization

The selected specimens before and after cyclic thermal exposure were preprocessed to observe tt
crosssectional microstructure and mechanical properties. Thentedispecimens were given a final
polish with 1 &em diettiomannicrogiractiressaf theTTIBE specimens svere
observed using a scanning electron microscope (SEM; Modé&la&l, JEOL, Japan). The thickness
of the thermally grown oxide (T@) layer formed at the interface between the bond and top coats after
thermal exposure was measured using the SEM. The phase analysis was performed usiag an X
diffractometer (Model PW 3040, Philips-pert MPD, Eindhoven, Netherlands). The hardnessegalu
of the bond and top coats before and after the thermal exposure were determined using a microindente
(HM-114, Mitutoyo Corp.Kawasakj Japan) with a Vickers tip for a load of 3 N [22]. To obtain more
reliable values, 10 points were tested for eachulteIhe size of the hardness impression was
measured by the SEM and all experiments were performed at room temperature. The adhesive strengt
of each TBC with different bond coats before and after the FTF was measured according to the ASTM
standard (ASTMC-633-01) [23]. The specimen for the adhesive strength was prepared by bonding
that to the jig fixture with an epoxy adhesive in the oven at 200 € for 3 h.
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3. Results and Discussion
3.1. Microstructure of A®repared TBCs

The crosssectional microstructures of aprepared TBC specimens are shown iigufe 2,
indicating that Figure(A-1)i (C-1) are the microstructures of the TBCs with different bond coats
prepared by the APS, HVOF and LPPS processes, respectively. The top coats preparedPl®/ the
process showed intrinsic defects, such as pores, unmelted particles, and splat boundaries. In the AP
process, many small particles are accelerated by thepbigbr plasma to impinge on the bond coat to
form the top coat. The interface microstructupesween the top and bond coats of TBCs formed in
this study are shown in Figure 2. &mterface of the TBCs (Figu{A-2)i (C-2)) showed irregular
shapes at the interface between the top and bond coats, without the formation of a TGO layer anc
cracking letween the top and bond coats. The bond coats prepared by the HVOF and LPPS exhibited
similar microstructure with a dense microstructure and no oxide formation, whereas the APS bond coat
featured high levels of visible oxides.

Figure 2. Crosssectional mirostructures of apreparedthermal barrier coating (TBCs)
(A) TBC with air-plasma spray (APS)ond coat; B) Thermal barrier coating (TBGyith
HVOF bond cogtand C) TBC with lowpressure plasma spray (LPPS) bond coat. Each
number indicates the overand interface microstructures, respectively.

TZ8kU - x1. e8|

It is well known that the microstructure and roughness of the bond coat are significantly affected by
both the composition as well as powder size. In addition, the interface roughness (surface roughness
of the bond coat in turn is one of the most important factors that affect the lifetime of TBC
systems [24,25]. However, in other study, it was reported that the APS TBC lifetime was independent
of average surface roughness [26]. In this study, the feedpmekers for each bond coat were
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selected to get an optimal microstructure in each coating process, which were recommended by the
manufacturer (ChromAlloying Co. Ltd., Hatfield, UK). Even though each TBC system showed a
little different interface microsticture in a microscopic viewpoint, the interface structure was much
similar with each other in a macroscopic viewpoint. Oxides in the APS bond coat are generally seen as
dark, elongated phases that appear as strings in the microstructure, parallelbstitaees Oxides are
produced by particle/atmosphere interaction and/or heating of the coating surface during deposition.
Interaction of the hot particles with their surrounding environment, usually air, leads to oxide film on
particle surfaces. Longer diwéimes and higher particle temperatures increase the thickness of the
oxide layer on the particles, producing higher concentrations of oxide stringers within the bond
coat[27].

3.2. Lifetime of TBC Systems

Crosssectional microstructures of differemiid coats deposited by the APS, HVOF, and LPPS are
shown in Figure 3 after the FTF tests for 1429 cycles. After the thermal fatigue tests for 1429 cycles
using the FTF apparatus, the interface microstructure of each TBC showed a sound condition without
cracking or delamination. The TGO layer was not fully developed after 1429 cycles, because of the
relatively short thermal exposure time (5 min) and the lower temperature on the bond coat (the
temperature of bottom surface: 3500 €), showing a thickness fahe TGO layer in the range of
2’13 em. The interface microstructures were dens
to 1429 cycles, even though the thermal exposure time was just 119 h. The interface microstructures o
each TBC system @fr the FTF were much similar with each other, compared with the
asprepared TBC.

Figure 3. Crosssectional microstructures of TBCs after FTF tests for 1429 cycles:
(A) TBC with APS bond coatB) TBC with HVOF bond coat; and®) TBC with LPPS
bond coatEach number indicates the overall and interface microstructures, respectively.
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S 2akls N, eea 20 um



Materials2013 6 3393

The crosssectional microstructures of different bond coats deposited by the APS, HVOF, and LPPS
processes are shown in Figure 4 after the CTFT tests. The TBC with theb&®RE coat
(Figure 4(A1)) showed defects, such as the horizontal and vertical cracks, in the top coat, TGO layer
at the interface, and oxidation in the bond coat after the CTFF for 1429 cycles. In the case of TBC with
the HVOF bond coat (Figure 4{B)), athick and long crack near the interface between the top coat
and TGO layer was newly developed. The TBC with the LPPS bond coat (Figw®)4&as
delaminated after 780 cycles, but no delamination was observed in other TBCs. The nominal thickness
of the TGO layer in the TBC with the APS bond coat (Figure-4jBwas 10.5 mm, whereas the
nominal thickness of the TGO layer was 16.5 mm for the TBC with the HVOF bond coat
(Figure 4(B2)). The nominal thickness for the TGO layer for the TBC with the LPPS bwoaidwas
13.3 mm (Figure 4(€)), after delaminating at 780 cycles. The oxidation of the bond coat leads to a
change in sign of stresses due to the smaller coefficient of thermal expansion (CTE) of the TGO layer.
It is assumed that small cracks formedha regions of initial tensile stress at the peak tips before and
grow into the valleys after stress conversion [28].The lifetime of different bond coats deposited by the
APS, HVOF, and LPPS processes is shown in Figure 5 after the CTFT tests. Thendesatks that
the structural effectiveness is one of important factors for thermal durability of TBC system.

Figure 4. Crosssectional microstructures of TBCs after CFTF tesAy: TBC with APS
bond coat; B) TBC with HVOF bond coat; andCj TBC with LPPSbond coat. Each
number indicates the overall and interface microstructures, respectively.



