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Abstract— Tremendous amount of heat is being lost at 

the turbine area of an automotive turbocharger during its operation. 

Application of ceramic thermal barrier coating to components 

operating under severe temperature condition such as automotive 

turbocharger turbine volute casing can reduce the heat lost to the 

environment, improve the efficiency and reliability of components 

and extend their service life. But high cost of installation and 

maintenance, complexity and spallation problem due to thermal 

expansion mismatch between the ceramic and the metal substrate 

have seriously restricted the acceptance and widespread practice of 

ceramic thermal barrier coating. In the present study, a solvent 

based slurry functionally graded thermal barrier coating technique 

was employed in depositing different compositions of Yttria 

stabilized zirconia and nickel powders on a nickel alloy substrate 

using a simple laboratory-scale surface coating machine. The 

coating compositions of 25wt% YSZ & 75wt% Ni, 60wt% YSZ & 

40wt% Ni and 75wt% YSZ & 25wt% Ni were used for the 

deposition of the first layer, second layer and third layer of the 

functionally graded coating on the nickel substrate respectively. 

Experimental validation of heat transfer across the coating and 

adhesion tests were used to evaluate the suitability and integrity of 

the functionally graded coating produced for the intended 

application. The coating microstructure was also analyzed using 

optical microscope, scanning electron microscopy (SEM) and 

energy dispersive X-ray (EDX). The results have shown that, the 

functionally graded coating produced has the heat resistance 

capability of 350C, 1400C and 2500C for one layer, two layer and 

three layer respectively. The adhesion strength of the coating 

improved with an increase in the number of the coating layers. 

There was no spallation problem observed from the coating, also 

no crack or deformation was observed from the results of the 

microstructural analysis of the functionally graded coating after the 

experimental heat transfer tests. 
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1. Introduction  
Turbocharging is the common technique of increasing 

power density of internal combustion engine, when used 

with the downsizing technique, it reduced the fuel 

consumption and pollutant emission [1-3]. Turbocharger 

used the extracted energy of the engine hot exhaust gas by 

expanding it through the turbine which in turn drives the 

compressor by a shaft and compress ambient air into the 

engine cylinder via the intake manifold. However, studies 

have shown that thermal energy transfer from the 

turbocharger turbine seriously affects the turbine power and 
in turn affects the overall turbocharger performance [4-6]. 

On the other hand, experimental data from several studies 

have shown that insulating the turbocharger turbine can 

significantly improve the non-adiabatic performance of the 

turbocharger and hence the overall engine efficiency [4, 7, 

8]. 

 

Developments in advanced structural ceramics and 

their composite had opened a new chapter for the design and 

fabrication of mechanical structural components that can 

withstand severe conditions of temperature without serious 

changes to their mechanical properties. Advanced ceramics 

are the most thoroughly characterized materials and have 

become prime candidates for engineers and designers in a 

variety of wide range of applications which include heat 

exchangers, gas turbines, automotive engine components 

such as valves and tappets for cam followers, non-resonance 

knock sensors, spark plugs, turbocharger turbine rotors and 

housings as well as other wear resistance components 

subjected to elevated temperature conditions [9-13]. Their 

incorporation by Daimler-Benz as engine valves of some 

diesel engines and as high temperature components made by 

AlliedSignal for supplementary power unit of turbo engines 

and several turbine engine components [14] as well as the 

Rolls Royce Allison and Solar turbine programmes for the 

production of gas turbine components made from ceramics 

[15] are indications which demonstrated their practical 

capability, durability and reliability. Automotive vehicles 

which travel long distances have the problem of periodic 

replacement of worn parts. The use of ceramics as wear 

parts can solve this problem because of their exceptional 

resistance to wear [12].  

Thermal barrier coating is a thin layer of 

material(s) having high insulating properties which are 

bonded to a metal substrate to insulate and protect it from 

temperature excursion or damage by foreign object. Thermal 

barrier coating materials selection is constrained by 

requirements like lower thermal conductivity, high melting 
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point,  good adhesion to substrate, chemical inertness, lower 

thermal expansion mismatch with the substrate as well as 

absence of phase transformation between operation and 

room temperatures [16]. Hitherto, only a few ceramic 

materials had been found to basically satisfy the basic 

requirements of thermal barrier coating, and among these 

materials Yttria Stablized Zirconia (YSZ) is the most 

generally used and studied material for thermal barrier 

coating application due to its excellent performance 

capabilities in applications operating under severe 

temperature condition like gas turbine and diesel engines 

[16-19]. Many applications including but not restricted to 

automotive industry, gas turbine, nuclear industries, 

aerospace and heavy-duty utilities such as diesel trucks have 

benefited from one of thermal barrier coating techniques 

[20-30]. Functionally graded thermal barrier coating (FG-

TBC) is a new thermal barrier coating technique consisting 

of non-homogeneous materials whose composition and 

microstructure are varied according to a predetermined 

profile in order to enhance its thermo-mechanical properties 

and reduced spallation problems occurring in thermal barrier 

coated engineering materials [31-33]. Two or more different 

materials powder in most cases ceramic and metal are being 

mixed and used depending on the objective, applications and 

the nature of the substrate material. Research findings have 

also indicated that Nickel powder effectively reduce residual 

thermal stresses between the ceramic coating and the 

substrate through reducing the thermal expansion mismatch 

between them [33, 34]. The automatic film application 

technique is a new and relatively less expensive process for 

fabricating surface coatings using automatic film applicator 

machine. The machine is equipped with different wire-

wound bars with very small gaps based on the user 

requirements in order to have the required coating thickness 

similar to those frequently used for thermal barrier coating 

applications [35-37]. It has the advantages of accuracy, 

simplicity, and reproducibility, thus eliminating uncertainty 

and human error [36, 38]. The aim of the present research is 

to evaluate the quality, integrity and reliability of a 

functionally graded thermal barrier coating (FG-TBC) 

produced using automatic film applicator machine for use in 

automotive turbocharger turbine volute casing. 

2. Materials and methods 

2.1 Materials 

The raw materials used in this study were 

commercially obtained Yttria stabilized zirconia (YSZ) 

powder (90.90ZrO2, 7.14Y2O3, 1.96HfO2) from Sigma-

Aldrich, UK, having average particle size of 0.38 µm  with 

commercially purity of 99.9% and Nickel powder (95.8Ni, 

4.2Fe) from Sigma-Aldrich, USA, having average particle 

size of 1.24 µm with commercial purity of 99.99%. Other 

coating materials used included Polyvinyl alcohol (PVA) 

from Sigma-Aldrich, USA, with commercial purity 99% 

serving as the binder, an Ammonium citrate tribasic 

dispersant from Sigma-Aldrich, Germany, with commercial 

purity 97% and distilled water. Also a commercially 

obtained Nickel alloy (95.4Ni, 4.17Co, 0.148Ti, 0.078Zr, 

0.025Cr2, 0.025Mo, 0.019C, 0.018Cu2, 0.011Mn, 0.0047Pb, 

0.002Mg, 0.002P)  from Baoji Tianbang Ti & Ni Co., China, 

was used in this study as the substrate material for the FG-

TBC coatings. 

2.2 The coating method 

In the present study, the nickel alloy substartes 

were cut into the dimension of 60mmx30mmx4mm and 

were sand blasted using sand blasting machine (Growell 

Manufacturing, Thailand). The substrate were then degrease 

with acetone for 15 minutes and kept in ethanol before 

coating. Approptriate compositions of the YSZ-nickel 

powder were then mixed with the percentage weight 

propotion of 25wt%YSZ-75wt%Ni, 60wt%YSZ-40wt%Ni 

and 75wt%YSZ-25wt%Ni for the first, second and third 

layer respectively. The ceramic-metal composition was ball 

milled for three hours in the presence of approriate 

percentage of binder, dispersant and solvent to produce the 

required coating slurry. An automatic film applicator (Sheen 

Instruments, UK) was used for coating the nickel alloy 

substrate with the FG-TBC slurry composition. The coated 

samples were then allowed to dry under atmospheric 

condition for 48 hours after which they were further dried in 

an oven at a temperature of 100°C for 2 hours before 

proceeding to the sintering stage. The binder removal and 

sintering stages of the FG-TBC were carried out in a 

controlled environment. A programmable KSL-1800X high 

temperature muffle furnace  from MTI Corporation, USA, 

was used for this purpose in the presence of Argon air. The 

samples were subjected to a heating rate of approximately 7 

°C /min up to the time the temperature reached 650 °C 

where it was hold at that point for 20 minutes in order to 

effectively remove the binder there present in the coating. 

Then after the binder removal the temperature in the furnace 

was raised to 1200 °C and the samples were hold at that 

point for 60 minutes to ensure effective sintering of the 

nickel powder contained in the FG-TBC composition. The 

coated FG-TBC samples were tested on a high temperature 

test rig to evaluate their thermal resistance capability, 

quality and reliability. Furthermore, in order to evaluate the 

bonding strength of the FG-TBC, a pull-off adhesion testing 

method was employed on all the samples for both before and 

after the high temperature test using PosiTest automatic 

adhession tester (AT-A DeFelsko Corporation, USA). 

3. Results and Discussion 

The microstructure of the FG-TBC taken using 

optical microscope (OM) is shown in Fig. 1, while Fig 2-3 

shows the scanning electron micrsocopy (SEM) images of 

the FG-TBC samples for both before and after the high 

temperature testing. As can be seen from the figures, there 

was no deformation or crack or spallation problem observed 

on all the images of the coating for both before and after the 

high temperature test. This is a clear indication of the 

integrity, durability and reliability of the FG-TBC produced.  
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Fig. 1 Optical images of FG-TBC (a) before testing (b) after testing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 SEM images of FG-TBC before testing 

(a) 1 layer (b) 2 layer (c) 3 layer 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 SEM images of FG-TBC after testing (a) 1 layer (b) 2 layer 

(c) 3 layer 

 

Fig. 4 shows the line scane EDX result of a three 

layer FG-TBC for both before and after the high temperature 

test. The presence of high peak of zirconia in the EDX result 

is a clear demonstration of the high insulation capability of 

the FG-TBC produced due to the fact that zirconia ceramic 

has a very low thermal conductivity. It was observed that 

there is a high peaks of carbon in the EDX result of the FG-

TBC after testing which can be attributed to the fact that the 

carbon comes from the flame used (ie Oxy-acetelyne flame) 

during the high temperature test and as a result can be 

concluded that a ‘curburizing’ flame category of the oxy-

acetelyne was dominant flame used during the test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Line-scan EDX of  3 layer FG-TBC (a) before testing 

(b) after testing 
 

 

In all the EDX results of both before and after the 

high temeprature test, an intermetallic layer can be clearly 

observed between the substrate and the coating, this is also 

an added advantage to the FG-TBC strength and probabily 

that is what has give its adhesion strength. Table 1 shows the 

result of the experimental heat resistance ability of the FG-

TBC samples. It was observed that the heat resistance 

increase with an increase in the number of coating layers. 

This can be attributed to the increase in the YSZ 

composition in the layers as well as the coating thickness 

since they all increase as the number of layers increases. 

While Table 2 shows the result of the adhesion test 

conducted on the FG-TBC samples for both before and after 

the high temperature test. It can be seen that the adhession 

strength of the coating increase with an increase in the 

coating layer and ofcourse with an increase in the number of 

the sintering cycles since after each FG-TBC layer 

deposition it must undergo cycle of sintering process before 

another layer can be deposited. 
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Table 1 Experimental heat resistance ability of the FG-TBC 

S/No. Layer 

number 

FG-TBC layer 

composition 

Total 

temperature 

reduction 

(°C) 

1 First  25wt% YSZ-

75wt% Ni 

35 

2 Second 60wt% YSZ-

40wt% Ni 

140 

3 Third 75wt% YSZ-

25wt% Ni 

250 

 
Table 2 The adhesion strength of the FG-TBC 

S/No. Layer Adhesion 

before testing 

(MPa) 

Adhesion 

after testing 

(MPa) 

1 One layer 2.63 2.88 

2 Two layer 3.08 3.07 

3 Three layer 3.59 3.44 

 

 

4. Conclusions 
In this study, slurry based functionally graded 

thermal barrier coating was successfully deposited on nickel 

metal alloy for use as an automotive turbocharger turbine 

volute casing material. The microstructural examination of 

all the FG-TBC produced had revealed their integrity and 

durability. The thermal resistance results of the FG-TBC and 

their subsequent adhesion strength results have both 

demonstrated the suitability and reliability of the FG-TBC 

on the nickel alloy substrate for use as a turbocharger 

turbine volute casing material.  
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