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ABSTRACT
The efficiency and fuel economy of the engine primarily depends on the working of the piston. Better
efficiency and fuel economy of SI engine can be achieved by insulation of the combustion chamber
components to reduce heat rejection using the technique of coating the engine components. However,
such insulation will also increase the operating temperature of the piston surface. Since existing ring
or liner materials cannot withstand these higher operating temperatures, alternatives are needed for
this critical tribological interface. In SI engines, thermal barrier coating like Zirconia have been employed
to improve fuel efficiency to reduce corrosion of piston, reduce pollution, low fuel consumption and
improve lubrication oil life. The insulated engines have attractive emission characteristics due to the
more complete combustion in the insulated configurations. These investigations to evaluate the
performance and emission characteristics of the Yttria – zirconia coated piston in the multi cylinder
petrol engine are presented. Test results indicate that coatings on the piston produced a reduction in
fuel consumption while coatings on the piston surface were more effective in reducing heat rejection
and achieve better emission charaterstics when compared to base line test results.
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INTRODUCTION
The role of Thermal Barrier Coatings (TBCs) in
protecting high temperature alloy substrate,
reducing the working temperature and increasing
working efficiency of high temperature component
is becoming vital. So they are currently being used
for various engine applications in aerospace,
aircraft, marine automobiles, nuclear fusion
reactors and heavy-duty utilities. Demand for
TBCs is becoming more and more urgent and the
material selection.1-6

The spark ignition engine is a complex piece of
machinery made up of 150 moving parts. It must
operate in the cylinder with minimum friction and
should be able to withstand the high explosive
force developed in the cylinder and also the very
high temperature ranging from 2,000°C to over
2,800°C during operation. But most of the heat is
reduced by various paths like friction, exhaust and
cooling system. About 35% percentage of total

chemical energy that enters an engine in the fuel
is converted to useful crankshaft work and about
30% of the fuel energy is carried away from the
engine exhaust flow in the form of enthalpy and
chemical energy. This leaves about one third of
the total energy that must be dissipated to the
surroundings by some mode of heat transfer. More
amount of heat is reduced by cylinder walls this
will cause decrease in thermal efficiency. Coating
is applied to the substrate surface to withstand
high temperature and the heat is reduced by using
the technique of coating process.
Some examples of the improvements using coating
engine performance problems are rectified and
analyzed effects of heat rejection in in-cylinder
insulation.7 According to the first law of
thermodynamics the energy which is not rejected
to coolant remains available to produce piston
work, which law is obey on a low rejection heat
engine. It was already testing for a typical
highway truck engine with a zirconia’s coating
would achieve the 5% performance compared to
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baseline tests. The same coating for Isuzu petrol
engine would achieve 7-10% performance in
comparison with the baseline tests. Yttria- zirconia
elements are used for a thermal barrier coating
this improves mechanical properties like thermal
efficiency, fuel consumption and strength.Thermal
insulation reduces in-cylinder heat transfer from
the engine combustion chamber as well as
reducing component structural temperature8.
Reduced in cylinder heat rejection by reduced
insulation, it will result of reduction in fuel
consumption.  In generally, the level of
improvement is 2-12%. In generally, the insulation
of engine components that means effects to
reduce the heat rejection, fuel consumption and
also improves the efficiency of the engine.
Improved fuel economy and reduction of emissions
can be achieved by insulation of the combustion
chamber components to reduce heat rejection.
Such insulation will also increase the operating
temperature of the piston ring/cylinder liner
interface from approximately 150ºC to over
300ºC. These higher operating temperatures
alternatives are needed for this critical tribological
interface9.   Methods to improve the wear
resistance and efficiency by adding special alloying
elements using surface treatment techniques such
as induction hardening applying surface
coatings10,11. Permeability of a correctly selected
and applied coating in a corrosion environment is
the primary characteristic that determines the
coatings useful life.
In SI engine, we have to consider two main
categories like efficiency and emission
characteristics. There are three types of harmful
automotive emissions. The first is evaporative
emission from the fuel system. Evaporative
emissions are raw fuel vapors that drift into the
atmosphere. This evaporation is a direct result of
the property of the gasoline to vaporize at low
temperature it is not the result of the combustion
process. The second type is crankcase emissions
resulting from blow by around the piston rings and
engine oil vapors. The third type is exhaust
emissions, the product of combustion. Exhaust
emissions are produced and engine is running as
by-product of combustion or incomplete
combustion.   The major exhaust emissions of SI
engine consists of unburned Hydro Carbon (HC),

Carbon monoxide (CO) and Nitrogen Oxides
(NOx).
Thermal barrier coatings are highly advanced
material systems applied to metallic surfaces,
operating at elevated temperatures. These
coatings serve to insulate metallic components
from large heat loads by utilizing thermally
insulating materials which can sustain an
appreciable temperature difference between the
load bearing alloys and the coating surface. These
coatings can allow for higher operating
temperatures while limiting the thermal exposure
of piston surface and extending part life by
reducing oxidation and thermal fatigue. Since it is
economical and improves fuel consumption this
type of coating is more effective. One serious
deficiency of plasma sprayed thermal barrier
coatings is the presence of severe internal damage
in the form of macro cracks and micro cracks
and unmelted particles. Thermal sprayed zirconia
thermal barrier coating must additionally possess
10-15 vol% porosity to decrease the overall
thermal conductivity of the coating. These cause
the coatings mechanically poor. Above problem
is analyzed in surface modifications of zirconia
thermal barrier coating12.
Thermal barrier coating method depositing the
same on the combustion chamber in IC engines13.
Thermal barrier coating consist of four layers.
They are the metal substrate, metallic bond coat,
thermally grown oxide and yttria-zirconia topcoat.
The metal substrate and metallic bond coat are
metal layers and the thermally grown oxide and
topcoat are ceramic layers. The metal substrate
is typically a high temperature nickel or cobalt
alloy that is either in single crystal or polycrystalline
form. Typically 5-12 other elements are added to
the alloy. The metallic bond coat is an alloy typically
with the composition of Ni-Co-Cr-Al-Y. It has a
rough component surface. The bond coat is
between the Yttria-zirconia coat and piston
surface. This layer is responsible for forming the
thermally grown oxide, which is the third layer,
when the thermal barrier coating is subjected to
high temperatures. The thermally grown oxide
consists of alumina and this layer protects the
substrate from thermal oxidation and corrosion
by serving as an oxygen diffusion barrier. Finally,
the last coat is theYttria-zirconia coat. It is
composed of Yttria-zirconia which is desirable for
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having very low conductivity while remaining
stable at nominal operating temperatures typically
seen in applications. Advantages of the thermal
barrier coatings are the reduction of fuel
consumption and reduced detonation.
The coating thermal properties and coating
thickness are the resulting of fuel consumption
effects12. Result of analysis all thermal barrier
coating materials provided a performance benefits
depend upon the coating thickness. Most coatings
for the piston provided a maximum benefit
thickness about 0.004-0.005 inch. The coating
thickness is greater than 0.005 inch of the piston
to loss the performance. All coatings were sealed
types13, it will avoid porosity of the coating
surface.  However, the durability requirements
of TBCs for these applications are increasing
rapidly. Some researchers have already indicated
that there is a need for coatings to survive
temperatures higher than 1400 °C.14-16

Much of the literature about TBCs has been
published most focused on the TBCs fabrication,
thermal residual stress, thermal shock resistance,
or high temperature fracture and only little
investigation about the effect of of TBCs on the
performance and emission characteristics of SI
engines is reported. Hence in this work, evaluation
of engine performance and emission
characteristics of zirconia coated piston surface
in SI engine is experimentally evaluated.

MATERIAL    AND   METHODS
Process of coating
Thermal spray is a process, where metal and
materials are heated in a spray gun and then
propelled towards a substrate as fine spray
particles to build up a coating layer. Plasma
spraying is a method of thermal spraying where
yttrium-zirconia coating to piston using the
technique of plasma spray process at normal
atmospheric condition. Some plasma spraying is
conducted in protective environments using
vacuum chambers. The powder is so rapidly
heated and accelerated that spray distances can
be in the order of 25 to 150 mm. The plasma spray
process is basically the spraying of molten or heat
softened material onto a surface to provide a
coating. Material in the form of powder is injected
into a very high temperature plasma flame, where
it is rapidly heated and accelerated to a high

velocity. The hot material impacts on the substrate
surface and rapidly cools forming a coating. This
plasma spray process carried out correctly is
called a cold process as the piston surface
temperature can be kept low during processing
avoiding damage, metallurgical changes and
distortion to the substrate material. Plasma spray
gives reasonable deposition rates, but has a limited
life due to its porous structure17.
Coating is a covering given to an object which
when applied to an object improves the surface
properties of the substance. Yttria- zirconia is used
as a thermal barrier coating to withstand the high
temperature during combustion. The method for
Yttria-zirconia fabrication for thermal barrier
coating applications use of plasma sprays. It can
withstand high operating temperature during
combustion. These coating used to increasing part
life by reducing the oxidation and corrosion
resistance. This result gives the better efficiency
and fuel consumption of the SI engine.  Yttria –
zirconia have a low thermal conductivity at normal
operating temperature. So it can withstand high
temperature on the piston surface. This layer
creates the largest thermal gradient of the thermal
barrier coating and keeps the lower layers at a
lower temperature than surface. Better efficiency
of the engine depends upon the coating material
properties. The presence of yttria gives fine grain
size of the piston surface and using zirconia will
increase corrosion resistance and wear resistance.
Testing engine and specification
A four cylinder SI engine Isuzu make was
employed for measuring thermal efficiency with
yttr ia-zirconia coating and the detailed
specification is given in Table 1 and the schematic
of the experimental set up is shown in Fig. 1.

Table 1 : Test engine specification
 Description Specification
 Number of cylinders 4
 Make Isuzu
 Bore 84 mm
 Stroke 82 mm
 Air drum orifice 22 mm
 Compression ratio 8.5:1
 Piston Aluminum alloy
 Liner Cast iron
 Loading type Hydraulic dynamometer
 Cooling Type Water cooled
 Maximum BHP 10 HP
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RESULTS    AND    DISCUSSION
Fig. 2 and Fig. 3 shows that the brake power
and fuel consumption in coated and baseline tests.
Brake power of Yttria-zirconia coated piston
engine is 12% increased at higher load compared
to baseline test results slightly increased at all
varying load conditions. Fig. 3 indicates a 19%
reduction in fuel consumption for Yttria- zirconia
coating at higher load compared to the baseline
test. This is due to the better performance of the
engine using Yttria-Zirconia coating. Heat is
absorbed on the piston surface and converts it
into useful amount of work.  With increase in brake
power, the specific fuel consumption (Fig. 4) is
reduced 28% at higher load due to the presence

of Silicon (Si), Titanium (Ti) in the material
composition of the coating. The friction power is
reduced to 29% at all varying load conditions with
the use of coated piston which is evident from
Fig. 5.  Fig. 6 shows test results shows indicated
power of the coated engine is 6% greater than
baseline test results. This is because the average
pressure is maintained in the working cylinder, due
to the presence of Silicon, Iron and Yttrium.
Fig. 7 indicates that the overall mechanical
efficiency of the coated engine is greater than
base line test due to the presence of silicon,
titanium, yttrium and the improvement is about
7.2%. Fig. 8 indicates brake thermal efficiency

Fig. 1 : Schematic of Experimental set up

Fig. 2 : Variation of brake power with load in kg Fig. 3 : Variation of TFC with load in kg
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of the coated engine is greater than baseline test
results due to the presence of Zirconia (Zr), Hafnium
(Hf), Aluminum (Al) and Iron (Fe) and the
improvement is about 8.65%.
The following emission parameters CO%, HC
ppm%, CO2%, O2 %, Nox% were measured by

using five gas analyzer (AVL, India) and the trends
are shown in (Fig. 9 to Fig.13). CO% and HC
ppm% is reduced when coated surface is used at
all varying load conditions compared to baseline test.
On the other hand, O2 and  NOx  ppm %  increases
at high load when compared to the baseline test.

Fig. 4 : Variation of SFC with load in kg
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Fig.  5 : Variation of FP with load in kg
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Fig.  6 : Variation of IP with load in kg Fig. 7 : Variation of mechanical efficiency with load in kg
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Fig.  8 :  Variation of BTE with load in kg
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Fig. 9 : Variation of CO % with load in kg
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CONCLUSION
The experimental results indicate that there is
reduction in fuel consumption using the technique
of yttria-zirconia coating to the piston surface.
Hence, it concluded that the coating of piston
results in reduction of heat rejection is more
effective and increases engine efficiency. These
improvements were due to the coating material
properties like Al, Hf, Fe, Si, Ti, Y and Zr.  Brake
power, indicated power, brake thermal efficiency
and mechanical efficiency of yttria-zirconia coated
piston engine is increased by is 12%, 6%, 8.65%
and 7.2% respectively. 19% reduction in total fuel
consumption and 28% reduction in specific fuel
consumption is achieved with yttria- zirconia
coating. The friction power is reduced by 29% at
all load conditions. CO and HC emissions were
reduced when coated surface is used at all

Fig 13 : Variation of  NOx % with load in kg
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Fig. 10 : Variation of HC ppm with load in kg Fig. 11 : Variation of CO2% with load in kg

Fig. 12 : Variation of O2% with load in kg
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varying load conditions compared to baseline test.
On the other hand, O2 and NOx emissions is
increased at higher loads when compared to the
baseline test.
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