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Abstract: Thermal conductivity is one of the main features of a 

thermal barrier coating (TBC) that is important in making sure 

that the TBC gives its best functionality to the system. A good TBC 

has low thermal conductivity, so that the temperature can drop 

across the coating which allows the system to operate in extremely 

high temperatures. There are several factors that can influence 

the thermal conductivity of the TBC such as the type of ceramic 

material used, the deposition method and the physical features of 

the TBC itself. For this research, air plasma spray (APS) is used to 

deposit 8 wt% yttria stabilized zirconia (8YSZ) and mullite on 

medium carbon steel substrates to study their respective thermal 

conductivities. The aim here is to develop a heat shield using TBC 

to protect the electric motor in an electrical turbocompounding 

system. The characteristics of the deposited TBC such as 

microstructure, element composition, phases and thermal 

conductivity are studied. The thermal conductivity is reduced 

when medium carbon steel substrate deposited with TBC. The 

thermal conductivity of 8YSZ, mullite and uncoated sample at 

minute 60 is 0.868 W/mK, 0.903 W/mK and 1.057 W/mK, 

respectively. Therefore, the deposition of 8YSZ TBC can lower the 

thermal conductivity of the medium carbon steel heat shield. 

 
Keywords: Thermal Conductivity, Mullite, 8 Yttria Stabilized 

Zirconia (8YSZ), Air Plasma Spray (APS)  

I. INTRODUCTION 

A thermal barrier coating (TBC) is one of the ceramic 

coatings that is used on components or parts of a system to 

give an optimum protection to the system from the highest and 

most extreme operation temperature conditions. When TBC 

is deposited on certain components or parts, the heat that 

penetrates through it can be reduced as well as protect the 

system from damage and can also lengthen the lifetime of the 

components [1]. TBCs have been extensively used in high 

temperature applications such as in modern gas turbines and 

aircrafts in order to improve engine efficiency by enabling 

further increase of temperature during operation. This is 

because TBCs possess excellent thermal resistance [2]–[5]. A 

TBC can also be used as a resistances towards corrosion and 

oxidation of its metal substrate [6], [7]. Besides so, a TBC has 

its own attraction in the extreme temperature applications due 
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to great wear resistance during its service [8]. 

A TBC is a multilayer coating that consists of ceramic top 

coat, metallic bond coat dan Thermally Grown Oxide (TGO) 

layer that forms during the operation of a TBC [9], [10]. At 

high temperature ambiences, TGO is formed between the 

bond coat and the top coat due to high contents of aluminum 

in the bond coat alloy which reacts with oxygen [11], [12]. 

Some of the researchers stated that the substrate itself is one 

of the layers in the TBC system [13], [14]. Each of the TBC 

layers have their very own function in the TBC to provide 

great service to the system and each TBCs are different from 

one another. Usually, the materials used for the metallic bond 

coat are MCrAlY where M is Ni, Co or both [2]. While the 

ceramic top coat is made up of yttria stabilized zirconia 

(YSZ). 

There are several types of materials that can be used as top 

coat layers, but 8YSZ and mullite is the focus of this paper. 

The YSZ with wt% of 7-8 is the typical material used as top 

coats in TBCs which has contributed to the great performance 

of TBCs [15]–[17]. Some papers have stated that 6-8 wt% 

YSZ can be used as top coat [18]. There are several 

advantages of the YSZ material which are its high thermal 

expansion coefficient with metallic substrate, low thermal 

conductivity, low density, stable phase through high 

temperatures, good erosion resistance, excellent chemical 

inertness and good thermal shock resistance [2], [12], [15]. 

Depending on the temperature and size of its grains, a dense 

YSZ should attain thermal conductivity with a range of 0.6-3 

W/mK and it will decrease when the temperature increases 

[2]. However, the disadvantages of a YSZ as a top coat 

material is that the sintering of YSZ is at extremely high 

temperatures which is above 1473 K, it reacts to oxygen, its 

phase transformation is at 1443 K and has susceptibility to 

corrosions [15], [17]. 

On the other hand, the aluminum silicate or mullite coatings 

show excessive thermal balance, excessive creep resistance in 

oxidative and corrosive environments, high resistance to 

crack propagation, high thermal shock resistance, and low 

thermal expansion [19]. Besides that, mullite coating is also 

not transparent to oxygen [15]. The mullite has higher thermal 

conductivity and more oxygen resistant compared to YSZ, 

which is why mullite is the best alternative for YSZ [15]. The 

lifespan of a mullite is longer than of a YSZ but above 1273 

K, the lifetime of a mullite is generally shorter than that of a 

YSZ [15]. Other than that, the disadvantages of mullites is 

that it crystallizes at 

temperatures of 1023-1273 K 

that can cause cracking and the 
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bonding of the coating will decrease [15]. The composition of 

a mullite is 3Al2O3.2SiO2 with the compounding of SiO2 and 

Al2O3 [15]. Mullite coatings are suitable as an environmental 

barrier coating the top coat to protect the ceramic matrix 

composite because mullite coatings are stable in harsh 

chemical environments and its thermal expansion coefficient 

closer to their metal substrate [15], [19]. Mullite also has a 

good density and chemical compatibility [19]. 

The selection of TBC materials is important and are 

restricted to several properties and characteristic such as low 

thermal conductivity, high melting point, high wear resistant, 

hardness, a good adherence with substrate, and chemical 

inertness [17], [20]. A low thermal conductivity is a 

substantial characteristics that each TBC material must have 

to ensure that the heat flow rate can be reduced or resisted 

from entering the substrate. The TBC materials must have a 

high melting point so that the system can operate in extreme 

temperatures. Besides that, in terms of high wear resistance, 

TBC materials must have resistance towards oxidation and 

corrosion. A TBC is used to protect the components and parts 

for heavy applications whereby the materials used as TBC 

layers must possess the best range of a micro and macro 

hardness. Also, the adhesion of TBC layers must be good and 

strong with its substrate to make sure that the bonding is 

excellent. Other than that, the materials to be used as TBC 

layers must be inert to chemicals avoid reaction with the any 

chemicals during its operation. 

A TBC with low thermal conductivity is the main goal in 

getting a great TBC with excellent performance. This paper 

reports the TBC is developed on a medium carbon steel 

substrate by using an Air Plasma Spray (APS) method where 

it applies as heat shields to protect electric motor in an 

electrical turbocompounding system. There are two types of 

top coat materials used in this research which are 8YSZ and 

mullite to determine which TBC has the lowest thermal 

conductivity. The morphology, phases of the coating after 

spray and the thermal conductivity of both samples are 

explained in this paper. 

II.  METHODOLOGY 

The substrate used in this research for morphology, phases 

and thermal conductivity study is medium carbon steel (AISI 

1050) with dimensions of 200 mm x 100 mm x 2 mm. The 

substrate surface is cleaned first before the deposition process 

is performed. A thinner solution is used to clean the substrate 

from undesirable residues such as impurities and lubricants. 

After that, the substrate is blasted using Al2O3 with a mix of 

mesh 16 and 24. The cleaned medium carbon steel substrate is 

deposited with NiCoCrAlY (wt % of 

Ni-23Co-17Cr-12Al-0.5Y) bond coat via an APS method; 

obtaining a thickness of 100 µm. Then, 8YSZ and mullite top 

coat with 250 µm of thickness is deposited onto the bond coat 

using the APS method as well. The parameters used for the 

deposit of the top coats and bond coat via APS are stated in 

Table-I. 

The as-sprayed TBC sample is cut into a cross-section with 

a size of 15 mm x 5 mm. The microstructures of 

cross-sectional as-sprayed TBC are observed using a 

Scanning Electron Microscope (SEM, Hitachi SU3500) 

equipment. Simultaneously, EDX analyses are executed to 

obtain the element composition in the TBC layers using an 

x-ray detector attached with the SEM equipment. The x-ray 

diffractometer (Rigaku Ultima IV) with Cu Kα radiation is 

used to perform XRD analyses in order to examine the phases 

of the as-sprayed TBCs. The thermal conductivity of the TBC 

samples is obtained using Fourier’s Law of Heat Conduction 

(1). Where, Qcond, is the amount of heat transfer, k, is the 

thermal conductivity, A, is the cross-sectional area, dT, is the 

temperature difference and dt, is the thickness of the sample. 

The dT values are obtained from a heat conduction test 

performed with the heat conduction apparatus. Fig. 1 is the 

heat conduction apparatus. 

 

 (1) 

 

The as-sprayed TBC with mullite and 8YSZ top coat is cut 

into smaller sizes and then clamped between the hot part and 

cold part of the heat conduction apparatus. The temperature 

readings are collected at 6 points which are point 1, 2 and 3 in 

the hot part, and point 4, 5 and 6 in cold part. These readings 

are taken to determine the temperature difference across the 

clamped sample. The readings are taken at every 5 minutes for 

1 hour and it starts when the temperature reaches 55°C. The 

test is repeated 3 times and the thermal conductivity is 

obtained from the formula. The results for the thermal 

conductivity of the coated samples are compared to the 

uncoated sample that is tested in the same apparatus to verify 

the effect of TBC in decreasing thermal conductivity. 

 

 

Fig. 1. Heat conduction apparatus 

Table-I: The parameters used for spraying bond coat and 

top coat. 
Items Bond coat Top coat 

Current (A) 600 600 

Electric power (kW) 40 30 

Stand-off distance (mm) 140 90 

Powder feed rate (g/min) 30 25 

 

III. RESULT AND DISCUSSION 

The microstructure of TBC with different top coat material 

can be seen in the SEM image shown in Fig. 2. From the SEM 

image, it clearly shows that the TBCs are uniformly deposited 

on their medium carbon steel substrates without any cracks 

and is attached orderly. Also, the SEM image proves that the 

APS produced ceramic coatings with lamellar microstructure 

compared to the Electron Beam-Physical Vapor Deposition 

(EB-PVD) which produced 

columnar microstructure [21],  
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[22]. From the observation, there are a lot of micro-pores in 

the 8YSZ and mullite ceramic coatings as shown in the SEM 

images. This is because the APS produces ceramic coatings 

with unorganized micro-pores [9]. From the SEM image, the 

microstructure of mullite coating has large pores compared to 

8YSZ coatings. This shows that there is a weak bond between 

the mullite particles. In APS ceramic coating, due to the 

polishing effect from sample polishing for  microstructure 

analysis, it removes the weak bonded particles and cause large 

pores [23]. 

 

 

Fig. 2. The SEM image of (a) 8YSZ and (b) mullite sample 

The EDX analysis is done on the as-sprayed TBC samples 

to determine the element contents of the coating. The EDX 

analysis is done via the SEM image after the samples are 

examined for microstructure analyses. Fig. 3(a) is the SEM 

image of 8YSZ sample with EDX spot markings for element 

composition analysis. Here, spot 1, spot 2, spot 3 and spot 4 

are located at the top coat layer, top coat-bond coat interface, 

bond coat layer and the interface of bond coat-substrate. The 

results of the EDX analysis for 8YSZ sample is shown on Fig. 

4. The elements contained in spot 1 are 8YSZ top coat 

element which is Zr, Y and O with wt% 63.4 wt%, 7.5 wt% 

and 29.1 wt%, respectively. The Y element decreases after the 

deposition process because the Y element in only 8 wt% 

present in the 8YSZ powder. The elements contained in spot 2 

is Zr, Y, O, Ni, Co, Cr and Al. The bond coat elements do not 

appear much on the interface between top coat and bond coat. 

The Zr and Y elements decreased to 53.6 wt% and 6.2 wt%, 

respectively, in spot 2. The content of O element remains 

constant even after the deposition process. In addition, the 

element contents for the bond coat on spot 3 are unexpected 

because the wt% of Al is very high which is 42.8 wt% higher 

than 12 wt% in the bond coat powder. Still in spot 3, there is a 

presence of the O element with 35.9 wt%. The presence of the 

O element can cause the oxidation to the TBC and 

subsequently lead to failure. Moving on, spot 4 shows the 

presence of the bond coat and substrate elements such as Ni, 

Co, Cr, Al, Y, Mn, Fe, Si, and C. Out of all these elements, the 

highest presence of element is the Ni element with 35.3 wt%. 

 

 

Fig. 3. The EDX spot for (a) 8YSZ and (b) mullite sample 

Different from the 8YSZ sample, the results of the EDX 

analysis for the mullite sample is shown on Fig. 5. The 

locations of EDX spots for the mullite sample were shown in 

Fig. 3(b). There, spot 1 which is located at the mullite top coat 

shows the elements Al, Si and O appearance with the wt% of 

40.4 wt%, 9.7 wt% and 50.0 wt%, respectively. In addition, 

the wt% of elements Al and Si increases to 41.7 wt% and 10.5 

wt%, respectively, at spot 2 which is approaching the 

interface of top coat and bond coat. On the other hand, the 

wt% of element O at spot 2 decreases across the TBC after the 

deposition process. The elements that appear at spot 1 and 2 

are the same because of the location of spot 1 and 2 that is at 

the top coat layer. The element that appeared at spot 3 are of 

the top coat and bond coat elements which are Ni, Cr, Co, Al 

and Y including O, Si and C element with the wt% of 0.7 wt%, 

1.0 wt%, 1.2 wt%, 26.8 wt%, 0.1 wt%, 38.0 wt%, 5.9 wt% 

and 26.4 wt%, respectively. These elements appeared because 

of the interface of top coat and bond coat. The element with 

the highest content in spot 3 is O and the element with the 

lowest content is Y. The wt% 

for element Ni, Cr, Co and Y 

increases at spot 4 with 48.6 
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wt%, 17.8 wt%, 22.5 wt% and 0.3 wt%, respectively. While, 

the wt% for element Al decreases from 26.8 wt% at spot 3 to 

9.6 wt% at spot 4. At spot 5, which is the interface of the bond 

coat and substrate has a higher content of Ni element 

compared to the bond coat itself. 
 

 

Fig. 4. The EDX analysis at different spot for 8YSZ 

sample 

The phase composition of the TBCs after deposition on the 

substrates are analysed using the X-ray diffractometer. The 

8YSZ and mullite samples are cut into small sizes before the 

XRD analysis. From Fig. 6, it is shown that the XRD pattern 

of the 8YSZ sample matched with the phases of standard PDF 

diffraction card for zirconium yttrium oxide (PDF # 

01-070-4429). This shows that the XRD pattern of 8YSZ did 

not change much during the deposition of 8YSZ on the bond 

coated medium carbon steel substrate. The XRD pattern of 

8YSZ sample is similar to other researchers’ results [24]. The 

zirconium yttrium oxide (ZrY2O5) phases formed at the peak 

of (1,0,1), (0,0,2), (1,1,0), (1,1,2), (2,0,0), (1,0,3), (2,1,1), 

(2,0,2) and (2,2,0). 

For the mullite sample, the XRD patterns of its phases are 

shown in Fig. 7. The XRD pattern for the mullite sample after 

the deposition process is similar with the results from other 

researchers [23]. The XRD peak of the mullite sample 

matched with the standard PDF diffraction card for mullite 

(PDF # 01-079-1456). The XRD patterns of mullite also did 

not change much during the deposition of mullite on the 

medium carbon steel substrate. The phase of peak (1,2,0), 

(2,2,0), (2,3,0), (0,4,1) and (3,3,1) is a mullite (3Al2O3.2SiO2) 

phase. 

 

 

Fig. 5. The EDX analysis at different spot for mullite 

sample 

The results for the thermal conductivity of the as-sprayed 

TBCs with 8YSZ and mullite top coats, respectively, is shown 

in Fig. 8. From the thermal conductivity results, it clearly 

shows that the thermal conductivity decreases after TBCs are 

applied to the medium carbon 

steel substrates. 
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 The thermal conductivity of 8YSZ sample at minute 60 is 

0.868 W/mK which is lower than the thermal conductivity of 

mullite sample 0.903 W/mK at minute 60. While the thermal 

conductivity of the uncoated sample at minute 60 is quite high 

compared to 8YSZ and mullite sample which is 1.057 W/mK. 

The thermal conductivity of uncoated sample is higher than of 

the TBC samples because there are no ceramic coatings on it 

to shield the heat from penetrating the sample during testing. 

Other than that, the thermal conductivity of TBC coated 

samples are low due to the interface disorder that scatter 

phonons at the grain boundaries caused by pores and the small 

grains in the ceramic coating [13]. The thermal conductivity is 

reduced by 0.189 W/mK when the TBC with 8YSZ top coat is 

applied to the medium carbon steel substrate. On the other 

hand, only 0.154 W/mK of the thermal conductivity is 

reduced when the TBC with the mullite top coat is applied. 

One of the characteristic of mullite is that it has a higher 

thermal conductivity rate compared to YSZ [15]. 

 

 

Fig. 6. The XRD pattern for 8YSZ sample 

 

Fig. 7. The XRD pattern for mullite sample 

From the thermal conductivity results of coated and 

uncoated sample, it clearly shows that the deposition method 

also influenced the thermal conductivity of the ceramic coated 

substrate. This is because a common APS method produced a 

coating with a microstructure characteristics that consist of 

cracks and  pores with the level of porosity of 10–30%, that 

can decrease a coatings thermal conductivity to less than 1 

W/mK [25]. The presence of porosity very useful  to reduce 

thermal conductivity values. Besides that, the competent 

thermal conductivity for TBCs varies widely, where usually 

for APS coatings it is 0.9 to 1.4 W/mK and for EB-PVD 

coatings it is 1.8 to 2.0 W/mK [2]. Even though the method of 

measuring the thermal conductivity of the TBC samples is not 

really accurate, the results still show that the thermal 

conductivity of the samples decreased when it is deposited 

with TBC. The most acceptable method to measure thermal 

conductivity of TBC is laser flash analysis LFA [26]. 

 

 

Fig. 8.  The thermal conductivity of coated and uncoated 

sample 

IV. CONCLUSION 

The TBCs with 8YSZ and mullite top coats are 

successfully deposited on medium carbon steel substrates. 

The microstructure, element composition, phases and thermal 

conductivity of the TBCs were examined. Therefore, some of 

the conclusions that can be highlighted are: 

- The 8YSZ and mullite coatings are uniformly deposited 

on medium carbon steel substrate. 

- The element that appeared on the 8YSZ and mullite top 

coat after being deposited on the substrates are the 

element composition of the powder itself. 

- The XRD patterns of 8YSZ and mullite sample are the 

same with the XRD patterns from others researchers 

and its peaks matched the phases of standard PDF 

diffraction card for zirconium yttrium oxide (PDF # 

01-070-4429) and mullite (PDF # 01-079-1452). The 

ZrY2O5 and 3Al2O3.2SiO2 formed at the peak of XRD 

patterns. 

- Both the depositions of 8YSZ and mullite on their 

respected TBCs can lower the thermal conductivity of 

the medium carbon steel sample. However, the 8YSZ 

coating has the lower thermal conductivity value 

compared to one of the mullite coating 
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