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Abstract
The depletion of fossil fuel resources at a faster rate in the present 
world of economic competitiveness is generating an essential 
demand for increase in efficiency of internal combustion engines. 
The use of coating in the automotive industry has been found 
to yield a significant effect on the efficiency of engines. Higher 
the operating temperature more will be the efficiency of the 
system. However, such higher temperatures demand for enhanced 
temperature resistant materials to be used. This paper presents a 
review on the application of coating of various thermal insulating 
materials (commonly known as thermal barrier coatings) over the 
high temperature components. 
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I. Introduction
More than half of the energy produced in combustion chamber of 
an internal combustion engine is expelled from the system through 
friction losses, exhaust, cooling etc and very few amount of energy 
produced is actually converted to useful work. The transfer of heat 
is conducted through various combustion chamber elements like 
valves, piston surfaces, rings etc. If this heat loss, however, is 
reduced to some extent it would have a significant effect on thermal 
efficiency of engine. One of the necessary requirements with piston 
material is its high thermal shock resistance, which can be met with 
steel but severe problems with steel are high reciprocating mass 
and high heat loss due to high thermal conductivity (79 W/m-K). 
This caused to make use of steel crowned articulated aluminium 
pistons, which over the years have been in commercial use. Use of 
such articulated pistons decreased the reciprocating mass to much 
extent, but higher conductivity of Al-Si matrix (155 W/m-K) rather 
enhanced the problem of heat loss. This suggested an idea to make 
use of some suitable coating materials (usually known as thermal 
barrier coatings) over the piston and of course, on the other parts 
of the combustion zone. Thermal barrier coatings are usually multi-
layer ceramic coatings, over metallic surfaces, subjected to extreme 
thermal and chemical environments. The aim of such coatings is 
to provide thermal insulation and oxidation resistance at high 
temperatures. Numerous applications can be found in aerospace 
and automotive industries. Design variables for the thermal barrier 
coatings are the number and thickness of layers, as well as the 
coating materials, whereas the design objective is the protection of 
the metallic substrate under operational conditions [1]. The major 
promises of thermal barrier coated (also known as low heat rejection 
‘LHR’) engines were increased thermal efficiency and elimination 
of the cooling system [2-3]. The concept of “adiabatic engines” 
has been arisen as a result of this idea only. Particularly talking 
about piston, an appreciable reduction in heat loss and significant 
reduction in reciprocating mass are the prime benefits from the 
coating and ultimately it would also lead to lesser temperatures inside 
the substrate which would further be responsible for decreasing 
cooling load of the engine and increasing its mechanical efficiency. 
In this article, the main emphasis is placed on investigating the effect 
of TBCs on engine fuel consumption. 

II. Various Coating Techniques 
There are essentially two types of high temperature coatings. The 
first type is a diffusion (conversion) coating in which the deposited 
mass is diffused with substrate to form a uniform composition. The 
second type is an overlay coating in which the material is deposited 
just at the surface of substrate [4]. The different coating techniques 
which have been in use for different applications in automotive 
industry involve diffusion coating processes (pack cementation, 
chemical vapor deposition etc), thermal spray processes (plasma 
sprayed metal matrix composite coating, high-velocity oxy-
fuel coating etc), Physical Vapor Deposition (PVD) processes, 
magnetron sputtering coating, Ni-dispersion coating and electric 
arc wire spray coating [5]. A recently developed version of High-
Velocity Oxy-Fuel (HVOF) technique called as High-Velocity 
Air-Fuel (HVAF) has been considered for aircraft applications. But 
the most widely used process for ceramic coatings has been plasma 
spray technique. In this process the material is in a highly ionized 
state of mass consisting of atoms, molecules, ions, electrons and 
light quanta. The powder is melted and thrown onto the substrate at 
high velocity. The temperature at the centre of plasma arc reaches 
very high but the spraying rarely heats the substrate above 600K 
[6]. The plasma spray equipment consists of complex individual 
apparatuses and devices like plasma torch, power unit, cooling 
system and feeder units for powder and gas. Table 1, presents 
the typical plasma spray parameters for coatings of Ni-Cr-Al and 
MgO-ZrO2 [7].

Table 1: Plasma Spraying Parameters

Spray parameters Ni-Cr-Al MgO-ZrO2

Primary gas (pressure); 
flow rate Ar (80 psi) Ar (80 psi)

Auxiliary gas (pressure); 
flow rate He (20 psi) He (15 psi)

Powder feed rate 37 g/min 37 g/min

Arc current 500 A 500 A

Arc voltage 54 V 54 V

Spray distance 100 mm 100 mm

III. Selection of Material for Thermal Barrier Coating
The material for thermal barrier coating must have a low 
thermal conductivity value, which should further be temperature 
independent. Kingery and his colleagues in 1950s measured the 
thermal conductivity of many oxides as a function of temperature 
and studied the effects of porosity and of mixing of two different 
oxides. They also demonstrated that, after correction for the 
temperature dependence of thermal expansion, the thermal 
conductivity of almost all oxides decreases as 1/T, but they 
did find that three fluorite oxides, YSZ, UO 2-x and Th0.7U0.3O2+x 
exhibit temperature-independent thermal conductivity at high 
temperatures, unlike other crystalline oxides. The variation of 
thermal conductivity of certain ceramic materials with temperature 
as obtained by Kingery [8] has been represented in Fig. 1 and the 
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data for the thermal conductivity of a number of ceramic materials 
is given in Table 1.
Table 1: Thermal Conductivity of Ceramic Materials

Fig. 1: Thermal Conductivity of Some Ceramic Materials

Originally, the low and temperature-independent thermal 
conductivity of Yttria Stabilized Zirconia (YSZ) was attributed 
to the presence of a high point defect concentration associated with 
the substitution of Zr4+ ions by Y3+ ions in the fluorite structure, 
producing a small spacing between point defects. 
The initial attempts for the search for alternative TBC materials 
in the crowd of thousands of chemical compounds have focused 
on exploring the oxides having structure related to zirconia. More 
recently, the atomistic simulations and crystal chemistry have 
helped a lot in this area. Fluorite-structured materials (HfO2, 
CeO2, ThO2, UO2 and transuranic fluorite-structured oxides) are 
found to be of interest. The recent research has shown that co-
doping zirconia and hafnia can result in reductions in thermal 
conductivity. Doped ceria, however, is not a practical choice 
because of its volatilization, although it also exhibits comparable 
thermal conductivity with zirconia. Another class of materials 
known as pyrochlores (A2

3+B2
4+O7) is also of fundamental interest 

because of close relationship between fluorite and pyrochlore 
structures. Several zirconate pyrochlores have even lower thermal 
conductivity than YSZ. The pyrochlore Y2Zr2O7 is actually 
unstable. However, replacing Y3+ ions with larger ions such as 
La3+ or Gd3+ results in a stable pyrochlore structure up to at least 
1500oC. Similarly, replacement of Zr4+ ions by a smaller ion like 
Ti4+ or Mo4+ also stabilizes the pyrochlore structure. Moreover, 
pyrochlores can be formed from a wide range of cations, since 
‘A’ site can have a charge of 3+ or 2+ and ‘B’ site can have a 
valence of 4+ or 5+. Thermal conductivities ranging between 
1.1-1.7 W/mK have been reported for zirconates of Gd, Eu, Sm, 
Nd and La at temperatures between 700oC and 120oC. Further, 
co-doping of pyrochlores on both A and B sites reduces the 
thermal conductivity. For instance, thermal conductivity of 
La2Zr2O7 is observed to be reduced from 1.55 W/mK to 0.9 W/
mK after being doped with 30 at.% of Gd [9]. Many other oxide 
compounds like garnets (Y3AlxFe5-xO12), monazite (LaPO4) and 
magnetoplumbite lanthanum hexaluminate (LaMgAl11O19) have 
been proposed as low thermal conductivity materials (less than 3 
W/mK) [10-12]. One more class in the same area is of perovskites 
(ABO3), which can accommodate a wide variety of different ions 
in solid solution and many of the compositions are stable to very 
high temperatures but several undergo phase transformations at 
intermediate temperatures accompanied by a change in volume. 
For example, SrZrO3 transforms from orthorhombic to pseudo-
tetragonal at about 7300C. However, a recent report of very low 
thermal conductivity in a coating made of a layered perovskite 
with Ruddlesden-Popper structure is showing a plenty of scope for 
future work on perovskites [13]. Based on certain observations, it 
has been concluded that materials with low thermal conductivity 
at elevated temperatures are supposed to have high average 
atomic weight, loose bonding, and highly disordered and distorted 
structures. The technology and property analysis of the materials 
applied for gas turbine, aircraft engine parts and automotive engine 
parts indicates significant limitations concerning chemical content 
variability, their structure and manufacturing technology. As 
presented in fig. 2, modern high temperature resistant coatings 
such as TBC, when applied with cooling systems and SX single 
crystal alloys are potentially remarkably beneficial [14].

Fig. 2: The Development of Superalloys and Heat Resistant 
Coatings [D. S. Rickerby, H. C. Low].
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IV. Application of TBCs to High Temperature 
Components
Among the components working in the environment of high 
temperatures, gas turbine blades and combustion zone parts of a 
diesel engine have been of core interest in regard to application 
of thermal barrier coatings. Extremely low thermal conductivity 
and good phase stability further makes yttrium stabilized zirconia 
the most successful ceramic top layer, when combined with a 
metallic interlayer. The application of just a 0.1-0.2 mm thin layer 
of PSZ over the blade surface can cause a reduction in surface 
temperature of about 170oC, which can be interpreted as a possible 
increase in TET of 170oC for same metal surface temperatures. 
Such increases in TETs, as indicated by Brindley and Miller 
[15], can result in increasing the thrust by 1% and efficiency by 
the order of 1% with attendant fuel economies. This interlayer, 
usually known as bond coat, basically provides sufficient adhesive 
strength between ceramic layer and the substrate and to aid to that, 
it also acts as a protection barrier for oxidation and corrosion. 
Initially, simple NiAl coatings used to be this bond coat but now 
MCrAlY coatings or Pt modified NiAl coatings are in use as bond 
coats. However failure processes associated with TBCs such as 
cracking and spalling are also somehow the result of this bond coat. 
Oxidation of bond coat itself gives alumina (Al2O3). Originally, it 
was considered that TBC failure is the result of this Al depletion 
in the bond coat giving rise to the formation of faster growing 
spinels [16-17]. However, Clarke et al. [18] and Tolpygo et al. 
[19] have shown the stresses development during the growth of 
alumina and also rumpling of the surface of alumina scales due 
to enhanced grain boundary growth rates. Faster growing grain 
boundary regions of oxide push the TBC away from the flatter 
regions of oxide. Zirconia has also been found to possess a good 
compatibility with Al2O3. 
The main difference in loading TBCs in turbines and diesel 
engines is the thermal cycle characteristic. Thermo-mechanical 
fatigue life is the most important life-time limiting factor in diesel 
engines since the thermal cycle lasts for just a fraction of seconds 
and maximum temperature is about 800oC. While in an aircraft 
turbine application, thermal loading cycle is of several hours 
and maximum temperature is also much higher. Therefore, bond 
coat oxidation becomes more important and in fact, it together 
with thermo-mechanical fatigue life decides the life-time of TBC 
coatings [20]. Kim et al. [21] showed that the type of thermal 
cycle testing and therefore service condition, is important with 
respect to TBC life. This work shows that for longer cycle times 
(>1 h), Pt modified NiAl bond coats work in a better way while for 
shorter cycle times (about 10 min), MCrAlY bond coats behave 
in a superior manner.

V. Effects of Thermal Barrier Coatings
A numerical study using the combination of bond coat (0.15 mm 
of NiCrAl) and ceramic coating (various thickness of MgZrO3) 
over the piston was done by M. Cerit [22]. A variation of maximum 
temperatures with the coating thickness for ceramic coating, 
bond coat and base metal surfaces is shown in fig. 3. It was 
observed by him that the coating surface temperature increases, 
with descending order, as the coating thickness increases. The 
temperature in the bond coat and base metal surfaces reduces with 
the coating thickness. There is no significant difference between 
the temperature curves of base metal and bond coat material; they 
are almost parallel with each other and temperature difference 
between the two is less than 3°C. 

Hejwowski and Weronski, experimentally investigated the 
different combination of bond coat  with ceramic coating (0.15mm 
NiCrAl with Al2O340%TiO2 0.35 mm thick, 0.15mm NiCrAl 
with ZrO28%Y2O3, 0.3 mm thick and 0.15mm NiCrMo with 
Al2O340%ZrO2 0.25 mm thick) over the piston of diesel engine 
()[23]. Dependence of specific fuel combustion on rotational speed 
of the engine for conventional and modified engines is depicted 
in fig. 4. It was observed that specific fuel consumption for a 
modified engine decreases by 15–20%.

Fig. 3: Maximum Temperature Distribution as a Function of 
Coating Thickness

Fig. 4: Specific Fuel Consumption for a Conventional (2) and 
Modified Engine (1).

Kamo and Bryzik have put pioneering efforts in the area of adiabatic 
engine technology. With their work over thermally insulating 
materials like silicon nitride for insulating different surfaces of 
combustion chamber, they observed a performance improvement 
of 7% [24]. In another semi-adiabatic diesel engine developed by 
Havstad et al., an improvement was reported ranging from 5-9% 
in Indicated Specific Fuel Consumption (ISFC) and about 30% 
reduction in the in-cylinder heat rejection [25]. Prasad et al. [26] 
used PSZ on the piston crown face and reported a 19% reduction 
in heat loss through piston. A four-stroke, direct injected, water 
cooled, six-cylinder, intercooled, turbo-charged diesel engine was 
used for investigation by Taymaz [24]. A 0.35mm thin coating 
of CaZrO3 was applied over the cylinder head and valves with 
intermediate super alloy bond coating of 0.15mm NiCrAl. The 
pistons were coated with 0.35mm of MgZrO3. Plasma spray 
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technique was adopted for this coating purpose. The engine was 
then insulated and tested at baseline conditions to check the effect 
of coating on engine effective efficiency and brake specific fuel 
consumption (BSFC). Figs. 5, 6 and 7 represent variations of bsfc 
with engine speed at low, medium and high loads respectively 
for Standard Engine (SE) and Ceramic Coated Engine (CCE) at 
injection timings of 18oCA and 20oCA.

Fig. 5: Variation of BSFC With Engine Speed at Low Load

Fig. 6: Variation of BSFC With Engine Speed at Medium Load

Fig. 7: Variation of BSFC With Engine Speed at High Load 

  
Fig. 8: Effect of Ceramic Coating on the Effective Efficiency at 
Low Load

Fig. 9: Effect of Ceramic Coating on the Effective Efficiency at 
Medium Load

Fig. 10:  Effect of Ceramic Coating on the Effective Efficiency 
at High Load

The results show a 2-7% decrease in bsfc for ceramic coated 
engine in comparison to standard engine at all load levels and 
engine speeds. Similarly 2%, 5% and 3% increase was observed in 
effective efficiency of the engine with coating respectively at low 
(20% of full load), medium (50% of full load) and high loads (80% 
of full load). The variations are shown in figs. 8, 9 and 10. 

VI. Conclusion
The application of thermal barrier coatings to various components 
of combustion zone of an engine has produced significant 
improvements in thermal and mechanical efficiency and 
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other performance parameters of the engine like specific fuel 
consumption. The results clearly showed that the temperature 
distribution was a function of coating thickness. High temperature 
appears at the centre of the top surface of the coated piston. Out of 
a number of coating techniques available, plasma spray process is 
one of the most widely used techniques and is well suited for the 
application of TBCs to piston. The main requirement of a TBC 
is its low thermal conductivity but high resistance to thermal 
shocks, corrosion, erosion and wear is also desirable. Zirconia is 
found to give very good results in increasing efficiency of engine, 
which is further enhanced by increase in thickness. However high 
thickness of coating is subjected to high stresses which affects the 
durability of coating. Employing the functionally graded materials 
and intermediate bond layers decreases residual stresses in the 
coating and increases its life. 
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