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ABSTRACT

Article history:

Thermal barrier coating (TBC) is used to provide thermal resistance to hot section
components in advanced gas turbines. By applying TBC, even at high temperature the
durability and efficiency of the turbines can be improved. Yttria stabilized zirconia
(YSZ) is the most selected material as the top coat due to its low thermal conductivity
and relatively high thermal expansion coefficient. Gadolinium zirconate (GZ) was
found to be an alternative material to YSZ due to their good phase stability at high
temperature and lower thermal conductivity than the typical YSZ. Multi-layer
coatings of GZ/YSZ are being researched in order to take advantage of these
materials and improve the durability of the gas turbine combustor liners. This work
focused on the study of multilayer (GZ/YSZ) TBC processed by air plasma spraying
(APS) and compared with the currently used, standard single-layer of YSZ coating in
terms of thermal resistance. The constant variables for both TBC systems are the
usage of the bond coat (NiCrAlY), the deposition parameter used and the thickness
for the whole TBC system. This thermal resistance test was conducted using a
custom-made furnace which imitate almost similar of the GE Frame 9FA combustor
liner operating conditions. It was found that than the single layer of YSZ system
performed 12 % better rather than the multi-layered TBC system at 1250˚C.
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1. Introduction
In decades, high temperature gas turbine components are protected by thermal insulating
material, so called thermal barrier coating (TBC) [1]. Those gas turbine components include shroud,
combustor liner, transition piece, turbine blades and vanes [2-5]. Typical TBC system consists of a
ceramic topcoat and a metallic bond coat [6]. By improving the heat resistance of the exposed gas
turbine components, TBC benefits in improving the efficiency, increasing the inlet temperature
and/or reducing the usage of cooling air [7]. One of the gas turbine components which typically
*
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employing TBC is combustor liner with the exposed temperature is up to 1300 °C [3]. They are
made of nickel- (Ni-) or cobalt- (Co-) based superalloy to withstand to this high temperature
exposure [8]. The employment of typical TBC with the thickness range of 100-500 µm has reduced
the surface temperature up to 170 °C [2,9-11].
Under this study, TBC was applied to protect the combustor liners internal surfaces which made
of Ni-based superalloy, from high temperature environment of 1250 °C. Ni-based superalloy is a
popular choice in gas turbine application due to its ability to withstand high operating temperature
up to 1100 °C and resist to creep [2]. However, operating temperature of GE Frame 9FA combustor
liner is even higher that reached the substrate melting point.
In TBC technology, yttria-stabilised zirconia (YSZ) is the most used top coat material [12]. It has
many advantages such as high melting point which up to 2700 °C, low thermal conductivity, and
good adherence when in contact with metallic substrate/bond coat [11,13]. Pure zirconia (Zr)
experiences 5 % volume expansion at 1170 °C due to phase transformation [3]. This undesirable
volume change is avoidable with the additional of yttria (Y2O3) thus stabilised the thermal barrier
coating structure, where this produced TBC material so-called YSZ [2]. Recent technology in TBC is
researching and developing the alternative materials for YSZ such as rare-earth zirconates.
Theoretically, they have better properties than typical YSZ material such as lower thermal
conductivity, longer cyclic life, lower sintering rate, etc. [12,14]. A drawback of these rare-earth
zirconates is their low mismatch in thermal expansion coefficient thus their applications should be
in multilayer system [15]. Gadolinium zirconate (GZ) is among the excellent candidates nowadays
that being studied by others [14,16-18]. However, not only in the actual gas turbine application,
literatures also revealed that no study on the oxidised GZ system has been made. There is a need to
study their performance in high temperature exposures.
2. Methodology
Two TBC powders used in this study; typical YSZ and GZ. They were deposited onto Ni-based
superalloy samples which similar to the actual GE Frame 9FA combustor liner material, via air
plasma spray (APS) technique. The deposition parameter used was also similarly used in the actual
gas turbine application, as tabulated in Table 1. The thickness of the samples was 5 mm. The
thickness of the TBC systems which included the bond coat was 775±75 µm. Multilayer coating
system was applied on the samples. For typical YSZ powder, two-layer system has been chosen
(sketch in Figure 1a), which consists of bond coat and YSZ top coat. For GZ powder, 5-layer coating
system has been chosen (sketch in Figure 1b) to improve the mismatch of thermal expansion
between GZ and the bond coat [6]. Bond coat used for both systems was a metallic type of NiCrAlY.

(a) 2-layer TBC system
(b) 5-layer TBC system
Fig. 1. Sketches of TBC systems used, where (a) for typical YSZ powder and (b) for GZ powder
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Table 1
Parameter used for thermal barrier coating deposition
Parameter
Spray distance, inches
Voltage, V
Current, A

Bond coat
3.5-4.0
68-72
550

Top coat
3.5-4.0
72-76
575

The samples were oxidised via high-temperature heat treatment which at 1100 °C for 100
hours. The main objective was to characterise both TBC systems in long-term exposures, with less
time and cost consumed. After the isothermal heat-treatment test, the samples were cooled down
to ambient temperature inside the furnace to avoid thermal shock on the samples. At 1000 °C,
aging effect is usually temperature-independent, thus this temperature is sufficient enough to age
the samples [17].
A series of test was carried out on each TBC system. Microstructures were captured via
Scanning Electron Microscopy (SEM). The microstructure changes and any difference between both
TBC systems were discussed. These micrograph images had also been used to measure the porosity
distribution in the TBC systems. General measurement of the porosity was carried out via Image J
analyser software. Thermal resistance test was carried out via a custom-made furnace which had
imitated the actual conditions of GE Frame 9FA combustor liner. The soaking temperature used was
1250 °C with the cooling air of 300 °C. The objective of the test was to determine the insulation
property of the TBC systems in the actual gas turbine combustor liner’s condition. The insulation
property for both TBC coating systems was determined through their temperature reduction (using
Equation 1). Higher temperature reduction indicated better insulation property of the TBC system.
The recommended and reliable temperature reduction by TBC is about 170 °C [2,9-11].
Temperature reduction, ∆TTBC system = ∆Tcoated sample - ∆Tuncoated sample

(1)

where,
∆Tcoated sample = Tinner surface with TBC – Touter surface,
∆Tuncoated sample = Tinner surface – Touter surface
3. Results and Discussion
3.1 Evaluation on The Microstructures
Plasma sprayed coating has pores and cracks in microstructures [2,12]. This was similarly found
as in Figure 2, where the microstructure of both TBC systems exhibited a huge number, random of
pores and voids with a range of sizes and shapes. The large pores observed within the typical YSZ
microstructure was probably induced by the unmelted powder particles during air plasma spray.
For the GZ/YSZ system, the microstructure also exhibited smaller pores with an unclear, not sharp
interface between the layers. This was due to the induction of each layer with the intermixed
materials of its top and bottom layer [16]. Researchers found that the hairline cracks will be
developed during the deposition of the feedstock ceramic particles onto the substrate, where they
were cooled from their melting temperature to contact temperature6. This also supported the
hairline cracks that occurred on the top coat/ceramic-contained region of both samples.
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Fig. 2. Micrographs of the as-sprayed samples of (a) typical YSZ system, and (b) GZ/YSZ
system

Isothermal heat treatment at the temperature of 1100 °C brought to the development of
thermally growth oxides (TGO) in the metallic layer(s) and sintering in the ceramic layer(s).
Referring to Figure 3, both oxidised microstructures exhibited TGO in the layer(s) that contained
NiCrAlY. For typical YSZ system, the microstructure of this oxidised sample was more homogenous
and denser which highly due to the sintering. In contrast with the oxidised microstructure of GZ/YSZ
sample, the pores and microcracks seemed visible. The existence of those pores and microcracks
hypothesised that the tested GZ/YSZ system will not perform as better as the typical YSZ oxidised
system.

Fig. 3. Micrographs of the oxidised samples of (a) typical YSZ system, and (b) GZ/YSZ
system

3.2 Evaluation on The Porosity Changes
TBC which produced via plasma spray technique has the porosity in the range of 3 – 20 % [2].
This has been found on the measured porosity of both as-sprayed samples as shown in Figure 4.
After heat treatment applied, the porosity of typical YSZ system decreased while the porosity of
GZ/YSZ system increased specifically in GZ-contained layers. These indicated that GZ-contained
layers had experienced stress which might due to thermal expansion thus exhibited microcracks.
This met an agreement with the study that carried out by other researcher where thick TBC system
also tended to experience microcracks that parallel to the surface [6]. These findings were also
relevant to the discussions made in their microstructure changes.
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Fig. 4. Measurement of porosity on both samples in as-sprayed and
oxidised conditions

3.3 Thermal Resistance Analysis
From Figure 5, the typical YSZ system was performed well as the temperature reduction had
reached about 190 °C. In vice-versa, GZ/YSZ system only reached the temperature reduction of 145
°C. It was attributed to the microcracks that exhibited and highly expected will decrease the life of
the system. As the most vital property, the low temperature reduction reached by the GZ/YSZ
system; which even less than the recommended of 170 °C absolutely indicated that the typical YSZ
system remain better in actual application of 1250 °C gas turbine combustor liner.

Fig. 5. Temperature reductions by both TBC systems
at 1250°C

4. Conclusion
The selected TBC has been evaluated via microstructures changes, porosity and on the imitation
of the actual gas turbine combustor liner’s operating conditions. It was found that the YSZ system
performed 12 % better than the multi-layered GZ/YSZ system at 1250 °C. As-sprayed condition of
both samples was similar to the typical air plasma sprayed coatings but the performance of the
oxidised samples was different. Oxidised GZ/YSZ sample experienced the exhibition of microcracks
thus brought to the increment of porosity and lower temperature reduction of 145 °C, which 15 %
worse than the recommended temperature reduction. Further study on the appropriate GZ/YSZ
system in term of thickness, deposition parameter, etc., is needed before they are capable to be
applied in the actual gas turbine application.
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