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Abstract
The objective of this paper is to determine the temperature and 
thermal stress distributions in plasma sprayed Yttrium Stabilized 
Zirconia (Y-PSZ) and Magnesium Stabilized Zirconia (Mg-PSZ) 
coating on an aluminium piston crown to improve the performance 
of a diesel engine. Because thermal barrier coatings on the top 
piston surface decreases the thermal conductivity and increases 
the unburned charge oxidation by increasing the temperature in 
the flame quenching area near the entrance of the crevice volume 
between the piston and liner during the compression and the early 
part of the expansion strokes. Effects of varying coating thickness 
on the temperature and thermal stress distributions are investigated, 
including comparisons with results of an uncoated piston by using 
Ansys_Finite Element  (FE) software. Temperature and thermal 
stress analyses are performed for various coating thicknesses from 
0.2 to 0.8 mm excluding the bond coat layer. It is concluded that 
Y-PSZ coating may contribute better, as compared to Mg-PSZ, 
to decrease the steady state HC emissions without auto ignition, 
since the temperature at the region increases sharply.
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I. Introduction
Ceramic coatings are often used to provide improvements in 
wear, corrosion, erosion, and heat in a designs. Although coatings 
exhibit excessive unpredictability and variability, Thermal Barrier 
Coating (TBCs) in internal combustion engine is still a subject 
of research especially for reducing in-cylinder heat rejection 
in adiabatic engines. TBCs are commonly applied on piston 
substrates to insulate them thermally to allow for higher operating 
temperatures. TBC can also be used in insulation of combustion 
chamber components in Low Heat Rejection (LHR) engines which 
can reduce the heat transfer between the fuel-gas mixture inside 
the cylinder and the cylinder wall thus increasing the combustion 
temperature. The LHR engine concept is based on reducing heat 
rejection to the coolant and recovering the energy in the form of 
useful work [1-2].

Fig. 1: Different Bond Coat Layers in the Thermal Barrier 
Coating

The coatings are ceramic-based material that have low thermal 
conductivity and good strength and are also capable of enduring 
higher temperatures than metals. One of the most widely used 
materials is partially stabilized zirconia (PSZ). These are the 
most widely studied, commercially important, micro-structurally 
complex, and some of the toughest of the transformation ceramics. 
Stabilization of PSZ’s involve dopant addition, such as Y2 O3 
and MgO, in concentrations lower than that required for full 
stabilization of ZrO2. PSZ’s, to which the specific dopant is added 
are appended as: Y-PSZ, Mg-PSZ, etc. The PSZ’s are applied on 
the substrate by a plasma-spraying technique. The main purpose 
of PSZ’s is to raise the temperature of the piston surface during 
the expansion stroke, since the piston can operate at 60% of 
melting point of aluminum. Reducing heat transfer to the substrate 
helps increase temperature inside the combustion chamber. The 
additional heat energy in the cylinder can be converted and used 
to increase power and efficiency [3].

To prevent oxidation at high temperature and also for adhesion 
between the TBC layer and the substrate a bond coat layer is 
used between the TBC and the metal substrate. The bond also 
helps in reducing the internal stresses which arises between 
the ceramic coating and the coating because of thermal shock. 
Thickness of the coating also has a significant effect on the stress 
distribution, combustion temperature and the temperature gradient. 
The thermal shock resistance of a ceramic coating depends on 
its elastic modulus, thermal expansion coefficient and thermal 
conductivity. Thicker coatings do provide better insulation, but 
thermal stress leads to spallation of thicker coatings.[4] Therefore, 
determining the best thickness for the TBC plays an important 
role in the accurate assessment of the temperature drop and also 
in the resulting performance of the coated system. Two of most 
important factor that affect the life of TBC are: thermal mismatch 
between the Substrate and the Top coating and oxidation of the 
bond coat. Thermal mismatch increases the stress at the interface. 
Also stresses due to changing thermal loads during the operation 
lead to formation of crack and its propagation in parallel direction 
to the ceramic-bond coat interface. Another type of TBC failure 
occurs because of spalling of the ceramic top coat from the bond 
coat due to excessive thickness. Computer simulations of thermal 
stress analyses are very useful and economically viable for reducing 
the time and cost of design of a piston for a diesel engine. The aim 
of this paper is to investigate the aluminum piston temperature 
and stress distribution by using various thicknesses of both the 
coating materials (Y-PSZ & Mg-PSZ) to achieve higher diesel 
engine performance and also do a comparative analysis between 
both these different ceramics. Analyses have been performed for 
coating thickness ranging from 0.2 to 0.8 mm which is acceptable 
level of thickness. The coating is also composed of a 0.1 mm bond 
coat (NiCrAl) underneath the ceramic coat between the substrate 
and coating. The dimension of the piston is given in Table 1 .
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Table 1: Thermal Properties of Material

Material
Thermal
conductivity
(W/m –C)

Thermal
expansion
10e-6 (1/C)

Density
(kg/m3)

Specific 
heat (J/kg –C) Poisson’s ratio Young’s

modulus (Gpa)

AlSi 155 21 2700 910 0.33 90

NiCrAl 16.1 12 7870 764 0.27 90

Mg-PSZ 0.8 8 5600 650 0.2 46
Y-PSZ 1.4 10.9 5650 620 0.25 11.25

II. Thermal Barrier Coating
TBC’s are used to increase the operating temperature of the material. 
The coating is always has a ceramic-metal configuration and must not 
be isotropic. Mostly, non-homogeneousceramic coatings are applied 
to the metal substrates. Thermally-sprayedceramic material have a 
layered structure, with a defect density resultingfrom successive 
impacts from a number of fully or semi-moltenparticles. Plasma-
sprayed coatings exhibit transverseisotropic symmetry. Although 
properties of coating materials aredifferent in thickness and in-
plane directions, the materialbehaves linearly in each direction. In 
this study Y-PSZ and Mg-PSZ are compared. Individually Yttrium 
has a melting point of is 2410C. It is very stable in the air and 
cannot be reduced easily. Magnesia is more abundant and has a 
melting point of 2800C. Its thermal expansion rate is very high. 
It can be reduced easily at high temperatures and evaporate at 
2300-2400C. Y-PSZ have high thermal expansion co-efficient, 
low thermal conductivity and high melting point Whereas Mg-PSZ 
have low thermal conductivity, high fracture toughness and high 
Young’s Modulus. However in they have some disadvantages. 
Y-PSZ undergo Sintering above 1473 K and Phase transformation 
at 1443 K and Mg-PSZ has a low Melting point and very low 
thermal expansion-coefficient. Partially stabilized zirconia and 
oxide yttrium temperature have been in use for a long time as 
ceramic coating materials [5]–[7]. Properties of piston alloy and 
coating materials are shown in Table 2 .

III. Temperature and Thermal Stress Analysis
Steady-state thermal stress analyses is done to study the effect of 
thermal barrier coating of various thicknesses of Y-PSZ and Mg-
PSZ TBC on diesel engine pistons. The variations of temperature 
and thermal stress on the piston are investigated for both coated 
and uncoated piston heads. Thermal stress analyses are performed 
by using the FEA software ANSYS, produced by ANSYS Inc. 
PA. The piston model used in the simulation is created in Catia 
V5r20. The piston used is designed for direct injection diesel 
engine with a 92 mm bore. Meshing of the piston, bond coat and 
coating is achieved with a second-order couple field (thermal stress) 
element with eight nodes arranged in a manner that it can support 
irregular shapes without losing accuracy. The model is made of 3 
part bodies including coating layers and contains approximately 
90,000 elements. The system is modeled in 3 layers with a defined 
interfaces between them such as a top coat (layer 1), bond coat 
(layer 2) and substrate(layer 3). All materials are assumed to be 
isotropic and linearly elastic. It is also assumed that the major 
mechanism of heat transfer between the combustion chamber and 
the piston surface occurs as Convection heat transfer. A convection 
heat load that also includes the radiation effect is applied to the 
piston surfaces. Boundary conditions for the oil-cooled part of the 
piston are obtained from the literature. The Equation devised by 
Hohenbergis used to predict instantaneous heat transfer coefficients, 
[8].

Where,
hgas (t) is the instantaneous convective heat transfer coefficient 
(W/m2 K),

Vc(t), P(t) and T(t) are the instantaneous cylinder volume (m3), 
pressure (105 Pa) and temperature (K) the mean piston speed 
(m/s), respectively.

The average heat transfer coefficient and temperatures predicted as 
the boundary conditions are given in Fig. 2, 3 ,4. The temperature 
valuesin the cylinder are taken from the average of four cycles 
.Piston thermal boundary conditions consist of the combustion 
sidethermal boundary condition (1), upper ring land (2), lower 
ringland (3) and skirt thermal boundary condition (4), underside 
thermalboundary condition, inside piston surface (5) and piston 
pinthermal boundary condition (6).The inner temperature is 
estimated to be 650 Cwith a convection coefficient of 800 W/m2 
K. The upper ring landtemperature of the piston was specified as 
300 C with a convectioncoefficient of 230 W/m2 K. The lower ring 
land temperatureof the piston is defined as 110 C with a convection 
coefficient of 200 W/m2 K. The piston skirt, piston inside surface 
and piston pintemperatures are defined as 850C with convection 
coefficient of 60 W/m2 K.

Fig. 2: Boundary Condition 1

Boundary condition for The porting above the ring With 
Temperature = 225℃ and convection heat coeficient as 500 W/
m2 ℃ from Fig. 2.



IJRMET Vol. 6, IssuE 1, NoV 2015-ApRIl 2016

w w w . i j r m e t . c o m InternatIonal Journal of research In MechanIcal engIneerIng & technology 11

 ISSN : 2249-5762 (Online)  |  ISSN : 2249-5770 (Print)

Fig. 3: Boundary Condition 2

Boundary condition for the top surface With Temperature = 700℃ 
and convection heat coeficient as 700 W/m2 ℃ from Fig. 3

Fig. 4: Boundary Condition 4

Boundary condition for the outside portion with Temperature 
= 110℃ and convection heat coeficient as 1500 W/m2 ℃ from 
Fig. 5

Fig. 5: Boundary Condition 5

Boundary condition for the inside portion with Temperature=110℃ 
and convection heat coefficient as 1500 W/m2 ℃  from Fig. 6. The 
above values are obtained from literature review [9-10].
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Fig. 4: Boundary Condition 3

Boundary condition for the piston ring With Temperature = 180℃, 
170℃, 160℃ and convection heat coefficient as 400 W/m2 ℃  
from Fig. 4.

The mathematical solution is found out using the heat equation, 
which is a parabolic partial differential equation that describes the 
distribution of heat in a given region over time [11].

Where,
T = T(x,y,z,t) is temperature as a function of space and time

∂T/∂t is the rate of change of temperature at a point over time

 is the thermal diffusivity, a quantity which depends 

on Thermal conductivity (k), mass density (ρ) and specific heat 
capacity Cp.

The natural boundary condition for thermal structure can be 
considered as [12]

Where,
kn is thermal conductivity normal to surface
qp is the prescribed flux (W/m2)
h is the heat transfer coefficient (W/m2 C)
σ is Stefan-Boltzman Constant (W/m2 C4)
ε is the Emissivity
T∞ is the ambient temperature for convection heat transfer

IV. Results and Discussion
Highest temperatures is observed at the piston surface center, 
since it is subjected to heat flux circumferentially. The maximum 
temperature is at the center and the minimum is at the extreme 
end of the piston as can be seen in Fig. 7. 

Fig. 7: Temperature Distribution for Piston with 0.2mm Mg-
PSZ

Under the same conditions, a plot of the temperature vs coating 
thickness is shown in Fig. 8 for the ceramic coating thicknesses 
of 0.2 mm, 0.4 mm and 0.8 mm for both Mg-PSZ and Y-PSZ. It 
is seen that the maximum temperature on the pistons on top of the 
coating surface are 328.7℃, 365.52℃,421.125℃ for Mg-PSZ and 
308.65℃, 333.16℃, 373.9℃ for Y-PSZ respectively.

Fig. 8: Max Temperature on Piston Vs Coating Thickness

It is well known that the strength of the material depends on the 
temperature. It decreases with increasing temperature. The strength 
of the piston is improved by lowering operating temperatures; this 
leads to increase in piston life. It is hence very important that the 
temperature of the substrate is at a lower level. A special path is 
defined along radial direction, starting from piston canter A and 
ending at the outer edge B. The temperature of the top coating 
surface versus radial distance along line AB for various thicknesses 
for both Mg-PSZ and Y-PSZ are plotted in Fig. 9.

Fig. 9: Temperature of Top Coating Surface Vs Radial Distance
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The Temperature value increases with increase in coating thickness 
by a decreasing rate(slope is decreasing) on the top coat surface. 
The temperature of the aluminum substrate surface for the coated 
piston with various coating thickness for both Mg-PSZ and Y-PSZ 
versus radial distance along OA line is plotted in Fig 10. The same 
is also given for Bond coat surface temperature in Fig. 11.

Fig. 10: Substrate Temperature Vs Radial Distance

Fig. 11: Bond Coat Temperature vs Radial Distance

Temperatures curves obtained for Mg-PSZ and Y-PSZ for various 
thicknesses along the radial direction AB are similar to each other 
and are roughly parallel. The aluminum alloy substrate surface 
temperature is significantly lower than that of an uncoated piston 
surface, this is due to the low coefficient of thermal conductivity 
for both the ceramic material. The temperature reduction on the 
metal surface helps to increase the strength of the piston material. 
There is very less difference between the temperature curve of 
the substrate and the bond coat material, they are almost parallel 
and the temperature difference between them is less than . This is 
because the thermal conductivity of the bond coat and the substrate 
is much higher than that of the ceramic coating and also the Bond 
Coat is thin as compared with the ceramic coating. These findings 
can further be reinforced with the graph of deformation in piston 
radially due to thermal expansion. This is also includes the pressure 
on the piston during peak loading. This is illustrated in Fig. 12, 
Fig. 13, Fig. 14 .

Fig. 12: Total Deformation of the Substrate When Using a 0.2 
mm Coating

Fig. 13: Total Deformation of the Substrate When Using a 0.4 
mm Coating

Fig. 14: Total Deformation of the Substrate When Using a 0.8 
mm Coating

While neglecting effect of pressure on the piston which is taken 
as 200 bar it can be easily observed that expansion due to heat is 
reduced with increase in piston coating thickness. The effect in 
more pronounced in case of Mg-PSZ but less obvious in Y-PSZ.
This can be further analyzed in the following Fig. 15 which 
details the maximum deformation in the piston for various coating 
thickness.

Fig. 15: Max Deformation Vs Different Coating Thickness

As mentioned earlier the negative slope of Y-PSZ is less obvious 
than that of Mg-PSZ
As the diesel engine is often subjected to severe thermal loading, 
thermal stresses occur frequently and they occur at the interfaces 
between layers, due to this the coating can be damaged. Any 
point where maximum thermal stress occurs has the greatest 
potential for the formation of crack and its nucleation. One of 
the ceramic’s undesirable characteristics for the present project 
is it’s brittleness, Due to this small imperfections can easily 
spread into large cracks and the coating and can destroy the 
bond coat. Hence determination of the Vonmises Stresses is of 
extreme importance. The maximum normal stresses for Mg-PSZ 
and Y-PSZ are 691.190Mpa, 709.420Mpa, 720.930Mpa and 
803.170Mpa, 827.240Mpa, 844.60Mpa respectively for coatings 
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with thicknesses of 0.2, 0.4, 0.8mm respectively. These can be 
observed in the graph shown in Fig. 16.

Fig. 16: Max Stressvs Coating Thickness

When the vonmises stresses for various thicknesses are compared 
with the strength of all materials, the values are low. Hence TBCs 
have a limited life because of crack nucleation and propagation in 
a direction that is parallel to the ceramic-bond coat interface. The 
value of the Stress distribution for coating, bond coat and substrate 
radially are shown in Fig 17, Fig 18 and Fig 19 respectively.

Fig. 17: Stress Acting on the Coating Layer Vs Radial Distance

Fig. 18: Stress Acting on the Bond Coat vs Radial Distance

Fig. 19: Stress Acting on the Substrate Vs Radial Distance

It can Clearly be seen that Stress distribution on the Ceramic 
Coating is uneven for different material and different coating 
thickness. With Y-PSZ having lesser stress for all thickness as 
compared to Mg-PSz which has comparatively very high value of 
Stress. The values of the stress on Both the bond coat and Substrate 
are nearly identical with the curve being nearly parallel except in 
the case of 0.8 mm Coating of Mg-PSZ.

V. Conclusion
The study showed that designing pistons diesel engine with 
partially Stabilized thermal barrier coatings, which possesses 
low heat conductance properties, has a great potential to improve 
performance and to reduce unburned emissions at idle and partially 
loaded conditions. High Temperature exhaust can also be used 
for making energy recovery systems more viable. The results 
of the simulation when viewed only by considering the thermal 
aspect show that Mg-PSZ has the more ideal property to act as 
a thermal barrier coating. However as seen in the simulation the 
effect of Stress is very high in Mg-PSZ as compared to Y-PSZ. 
More research needs to be conducted on ways to reduce stress 
on Mg-PSZ and ways to increase the life of the thermal barrier 
coating. But till then Y-PSZ, which has similar properties, can 
be a better candidate, as it is prone to lesser crack proliferations. 
The simulation of also showed that temperature and thermal stress 
distribution are a function of coating thickness. However at very 
high coating thickness it leads to formation of alternating stresses 
as seen from the graph, hence a nominal coating thickness is 
recommended.

VI. Nomenclature
PSZ  Partially Stabilized Zirconia
Mg-PSZ  Magnesia Partially Stabilized Zirconia
Y-PSZ  Yittria Partially Stabilized Zirconia
TBC  Thermal Barrier Coating
FEA  Finite element analysis
LHR  Low heat rejection
hgas (t)   is the instantaneous convective heat transfer   
  coefficient (W/m2 K),
Vc (t), P(t) and T(t) are the instantaneous cylinder   
   volume (m3), pressure (105 Pa) and   
   temperature (K)
Sp  the mean piston speed (m/s), respectively.
T = T(x,y,z,t) is temperature as a function of space and time

  is the rate of change of temperature at a point  
  over time

 is the thermal diffusivity, a quantity which   
  depends  on Thermal conductivity
K  mass density (ρ) and specific heat capacity Cp
kn  is thermal conductivity normal to surface
qp  is the prescribed flux (W/m2)
h  is the heat transfer coefficient (W/m2 C)
σ  is Stefan-Boltzmann Constant (W/m2 C4)
ε  is the Emissivity
T∞  is the ambient temperature for convection   
  heat transfer
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