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ABSTRACT

Thermal barrier coating (TBC) usually is deposited on nickel-based superalloy
substrates for high temperature applications. In this study however, TBC is
deposited on medium carbon steel with two different topcoat material which
are the 8 wt% yttria stabilized zirconia (8YSZ) and the mullite using an air
plasma spraying (APS) method. The aim is to reduce the heat transfer in its
application as thermal barriers in electrical turbocompounding systems. The
microstructure and thermal cycle life of the as-sprayed TBC are investigated.
From the SEM image, the 8YSZ and mullite coating is uniformly deposited on
a medium carbon steel substrate. The lifetime of 8YSZ coating is higher than
of the mullite coating at 64 cycles for the 8YSZ coating and 14 cycles for the
mullite coating. Consequently, in using medium carbon steel as a substrate,
the applicable topcoat material for TBC application is the 8YSZ rather than
the mullite in terms of better thermal cycle life.
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Introduction

Thermal barrier coating (TBC) is widely used in extreme temperature
applications such as in gas turbines and aircrafts in order to improve the
efficiency of the engine when the temperature increases during operation due
to its excellent thermal resistance [1], [2]. The TBC will protect and reduce
the temperature of the metal substrate which will therefore extend the lifetime
of the components. Other than that, TBC can also add to the resistance to
oxidation and hot corrosion of its metal substrate [3], [4]. A TBC is a unique
multi-layered system that makes TBC great in performance and features. The
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layers of TBC are ceramic top coat, metallic bond coat and a thermally grown
oxide (TGO) [5], [6]. These layers are made of different materials with
different functions within the TBC system. However, some literatures state
that the substrate is also part of the TBC layers [7], [8].

There are numerous materials that can be used as a top coat for a TBC
such as yttria stabilized zirconia (YSZ), mullite, alumina, CeO*+YSZ,
LaxZr 0y, silicate, rare earth oxides, metal-glass composite, Y3AlFesxOr,
SrZrOs; and BaZrOs, lanthanum aluminates, (CaixMgx)Zra(PO4)s and LaPO4
[9]. Out of all of these, the most common material used as the topcoat is YSZ
due to its admirable properties. The YSZ with wt% of 7-8 is the typical
material used for the TBC top coat which provides it with great performance
[91-{11].

The function of the ceramic top coat is to be a thermal insulation to the
substrate because of the top coat material itself [12], [13]. While, the bond coat
protects the substrate from oxidation and corrosion, it also functions as
adherence between the top coat and the substrate [14], [15]. Besides that, the
function of the bond coat is to reduce thermal expansion mismatch between
the ceramic top coat and the substrate [16]. When the thermal barrier is
operating, TGO forms between the top coat and bond coat to provide bonding
between them and to slow down subsequent oxidation [17].

Usually, TBC is used to protect nickel-based superalloy substrates [18].
For this research study, the TBC is developed on medium carbon steel material
in order to know the differences of TBC performances with different topcoat
materials on medium carbon steel substrates. The selection of carbon steel as
a substrate material is because of several reasons such that it is low cost, easy
to be machined and have high strength [19]. In this paper, 8YSZ and mullite
coating is prepared using an air plasma spraying (APS) method for TBC to be
used in electrical turbo compounding systems where the morphology and
thermal cycle life of TBCs are investigated in detail. Ultimately, besides TBCs
being used in reducing heat for turbines, this TBC which is obtained through
APS can be applied as a heat shield component in electrical turbo
compounding systems.

Methodology

Medium carbon steel substrates (AISI 1050) with dimensions of 200 mm x 100
mm x 2 mm are used in this research to identify the thermal cycle life and
morphology of TBCs with different topcoat materials. Before the coating
process, the substrate materials are cleaned from undesirable residues like
lubricant and impurities using thinner and then blasted using Al2O3 with a mix
of mesh 16 and 24. The NiCoCrAlY bond coat with a nominal composition of
Ni-23Co-17Cr-12A1-0.5Y (wt %) is fabricated onto the substrates with a
thickness of 100 um using the APS method. Then, the 8YSZ and mullite
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topcoat are deposited onto the bond coat with 250 um of thickness using the
same method. The air plasma spraying parameters used are listed in Table 1.

Table 1: The parameters for spraying bond coat and topcoat

Items Bond coat Top coat
Current (A) 600 600
Powder feed rate 30 25
(g/min)
Stand-off distance 140 90
(mm)
Argon flow (slpm) 65 44
Hydrogen flow 14 13
(slpm)

*slpm: standard liters per minute

The coated samples are cut into 15 mm x 5 mm to produce cross
sections. The cross sections of the cut samples are then polished using the
regular metallographic approach. The Optical Microscope (OM, Olympus
BX60F) and Scanning Electron Microscope (SEM, Hitachi SU3500) are used
to observe the coatings' cross-sectional microstructures. The thermal cycle life
test is conducted using the modified MIL-STD 883 Method 1010. The sample
of coated TBC are cut into 50 mm x 50 mm and heated in a hot furnace
(Carbolite HTF3 ELP) at 900°C. The heating time for one cycle is 30 min.
Then, the sample is removed from the furnace to be cooled down using an air
compressor to room temperature for 25 minutes. The whole process is
considered as one cycle. The sample is placed into a furnace to repeat the
process until failure is detected and the thermal cyclic test stops.

Results and Discussion

The deposited TBC with different topcoat materials are shown in Figure 1.
From general observations of Figure 1 (a), it clearly shows that the 8YSZ
topcoat produced a white yellowish coating compared to the mullite topcoat in
Figure 1 (b). The colour of the mullite topcoat is whiter than of the 8YSZ
coating. In order to get an initial picture of how the microstructures of both
TBC looks like, the OM is used to capture their microstructure images. From
the OM images, the deposition of TBC with 8YSZ and mullite on medium
carbon steel substrate looks quite uniform. However, the OM image is not
exactly clear and detailed. Hence, SEM is used to capture the image of as-
sprayed TBC microstructures with clear and detailed images since the SEM
equipment can perform larger magnifications than the OM.
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(a)

Figure 1: As-sprayed TBC with (a) 8YSZ top coat and (b) mullite top coat

The SEM image of the as-sprayed TBC with the 8YSZ and the mullite
as top coats are shown in Figure 2 (a) and (b). The SEM result shows that the
deposition of ceramic coating on medium carbon steel as a substrate is uniform
with no cracks found. From the SEM image of the 8YSZ and mullite results,
it clearly shows that the APS method produces lamellar microstructures [20].
The APS laminar structures are mostly more efficient for thermal insulation
because the thermal conductivity is as low as 0.8 W/mk but it has less resistant
towards in-plane cyclic mechanical loading [21]. While the Electron Beam-
Physical Vapor Deposition (EB-PVD) method produces TBC with columnar
microstructures [22]. The microstructure of 8YSZ and mullite TBCs that are
deposited on the medium carbon steel substrate are the same as other
researchers' outcome where the molecules melt and form grain boundaries in
between [6].

From the SEM image, there is an appearance of unorganized micro-
pores in the 8YSZ and mullite topcoat. This is a normal phenomenon for
plasma-sprayed coating [5]. In addition, the presence of porosity inside the
8YSZ and mullite top coat can be beneficial since porosity is usually able to
reduce the thermal conductivity value of the TBC and it can also boost the
insulating efficiency of the TBC [5]. The SEM images of the 8YSZ and mullite
samples with x500 magnification are shown in Figure 3. It clearly shows that
there exist micro-pores within the coating layer that is deposited using the
APS. From that SEM image, 8YSZ coating has a lot more pores compared to
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mullite coating. This occurs due to the rapid hardening process of plasma
splashing, the air breaks down within the liquid particles which floods the
outside of the coatings and consequently frames the pores [23].

Figure 2: The microstructure image of TBC from SEM (a) 8YSZ, (b) mullite

From the SEM images in Figure 3 and Figure 4, it also shows that the
surface of the topcoat, topcoat-bond coat interface and bond coat-substrate
interface are rough. The roughness in the bond coat-substrate interface is
formed because of the grit blasting process before the deposition process which
can improve adherence and also increase its mechanical bonding between the
coating and the substrate. While the roughness on the surface of the topcoat
and the interface of the top coat-bond coat is formed because of the features of
the APS itself. This is because the splats are stacked on top of each other during
the APS process which results in layered coatings with high roughness [24].
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FKM-UiTM 15.0kV 9.8mm x500 BSE-COMP ' 100um

FKM-UiTM 15.0kV 10.2mm x500 BSE-COMP = 100um

Figure 3: The SEM image of top coat/bond coat layer for
(a) 8YSZ, (b) mullite
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FKM-UiTM 15.0kV 9.9mm x500 BSE-COMP " 100pm

FKM-UiTM 15.0kV 10.2mm x500 BSE-COMP ' 100um

Figure 4: The SEM image of bond coat/substrate layer for
(a) 8YSZ and (b) mullite

The condition of the 8YSZ and mullite top coat TBC samples after
thermal cycle life test are shown in Figure 5. Failure happens in the 8YSZ top
coat sample after 64 cycles. While the mullite sample failed just after 14
cycles. From these results, it clearly shows that lifetime of the 8YSZ top coat
deposited on medium carbon steel is longer than the lifetime of the mullite top
coat. The main failure mechanism of TBC while operating the system is driven
by thermal expansion coefficient mismatch between ceramic coating and
metallic substrate and also because of the TGO formation between the ceramic
top coat and the bond coat interface [25]. A TGO coating is a layer that forms
during operating and service of the TBC due to the oxidation of the bond coat.
Both of these effects are the main impetus to nucleation, propagation and
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coalescence of cracks parallel to the interface between the ceramic topcoat and
the metallic bond coat that can cause the spallation of TBCs.

Figure 5: The sample of (a) 8YSZ and (b) mullite after thermal cycle life test

In this case, the TGO forms during the heating process of the sample.
When the cycles keep repeating, the TGO thickness keeps on increasing. At
cycles 14, the mullite coating could not hold the TGO effects which is when
peel off occurs. On the other hand, the failure of the 8Y'SZ sample is not as bad
as the mullite sample. The mullite coating with the bond coat totally peels off
from the substrate. While the 8YSZ's coating is still attached to the substrate
with only small parts of topcoat is peeled off. In order to increase the lifetime
of the TBC system, the thickness of the TGO must be reduced. One of the best
methods to reduce a TGO thickness is through a shot peening process. A shot
peening method produces uniform TGO structures and lower oxide content
compared to the APS method. This is because when the surface roughness is
decreased, a lower TGO surface area and uniformity of TBC is gained [16].

Conclusion

As a conclusion, the 8YSZ and mullite topcoat is uniformly deposited on a
medium carbon steel substrate. Besides that, the ceramic coating that is
deposited using the APS method has micro-pores within its layers. The pores
in the 8YSZ layers are more in numbers compared to the pores within the
mullite layers. This porosity is good because it can reduce thermal conductivity
of the TBC and can also boost the insulating efficiency of the TBC. In terms
of thermal cycle life, the 8YSZ sample is better than the mullite sample.
Because of its properties, YSZ with wt% of 7-8 is used as the typical material
for topcoats in TBCs and can result in great performance of TBCs. Overall,
medium carbon steel can be used as a TBC substrate, but it depends on the
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application since TBC can be deposited on it. In addition, its performance is
not good as the TBC deposited on nickel-based superalloy substrates.
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