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In the modern engines with higher compression ratios, severe pressures and
non-uniform heating up is occurred for the engine parts. The piston as the

most critical part among all automotive components has been the subject of

Igf_s)ggrds. numerous studies on calculation of temperature distribution, but thermal
Finite Element Method stress analyses are limited. In this study, the piston of gasoline engine XU7
Thermo-mechanical analysis which is widespread in Iran transport section is considered for thermo-
Ceramic Coating mechanical investigation. A 3D linear static stress analysis is constructed in
Stress distribution COSMOS Works to determine the stress distribution during the combustion

stroke. The maximum normal stress takes place at the middle surface of the
piston crown. The von Mises stress is found to be critical on upper parts of
the pin-hole area. Effect of ceramic coating layer on stress distributions are
evaluated and compared with results obtained for a traditional uncoated
piston. According to the results, the maximum stress can be readily
controlled by increasing the thickness of ceramic layer.

@ © Iranian Society of Engine (ISE), all rights reserved.
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1) Introduction

The engine piston as the movable wall of the
combustion chamber is affect by high pressure and
temperature resulted from explosion of air-fuel
mixture which may reach about 180-200 bar for
diesel engines and less than 70 bar for gasoline
engines [1]. It is noted that the components
subjected to high temperatures lose their stiffness
and strength due to decrease in amount of Young
modulus and yield point [2]. Temperature
distribution also leads to further thermal
deformations and thermal stresses and has a crucial
role in amount of generated frictional effects on the
piston skirt region [3]. So, the piston should be well
designed to withstand the thermal and mechanical
stress resulted from extreme heat and pressure of
the combustion chamber.

In modern engines, the desire to increase thermal
efficlency makes it tempting to adopt higher
compression ratios [4]. It seems an appropriate
strategy for promoting the older engines like XU7
with widespread use in Iran. However, severe
resulted heat and pressure in the combustion
chamber should be considered so that the hardness
and strength of the parts would not be destructively
affected [5].

Computer simulations of the piston are very useful
and economically viable for reducing the time and
cost at design stage of the engine before the first
prototype is constructed. There are many research
papers on the calculation of temperature
distribution. Cerit and Soyhan showed that the
maximum temperature on the top surface of
aluminum and steel coated with ceramic layer may
diminish  and, compared to the clean piston [6].
Using a three dimensional finite element model, Li
[7] proved that the operating temperatures on skirt
region play an important part in reduction of
scuffing and friction. Tahar Abbes et al. [8] presented
the thermo-mechanical behavior of a direct-injection
diesel engine piston subjected to the combined
thermal and mechanical loads. Bohac et al. [9] used a
resistance-capacitance model for steady state and
transient heat transfer of gasoline engines. Using
Matlab software, Ghasemian and Jazayeri evaluated
the effect of cooling system performance on
temperature distribution of a specified gasoline
engine [10]. Gharloghy and Kakaee successfully
investigated the effect of boundary conditions and
rings on temperature distribution of an EF7TC
engine [11]. Pourhamid et al. showed that the
pistons and cylinders made of combination ceramics
and metals, known as functionally graded materials,
have better wear properties and thermal insulations
[12].

Thermal ceramic coatings are commonly applied to
insulate the substance surfaces to allow for higher
operating temperatures and protecting the metallic
surfaces from thermal stresses during the power and

exhaust strokes of both diesel and gasoline engine
cycles [13, 14]. However, one of the main
characteristics of the ceramics is brittleness and
residual thermal stress leads to spallation of coatings
[15].Therefore, it is very important to determine the
thermal and mechanical stresses occurred in the
piston for instantaneous heating and cooling the
piston. However, thermo-mechanical stress analyses
for the engine pistons are limited [1].

In this paper, a thermo- mechanical investigation is
presented for evaluating the stress distribution of an
aluminum piston assembled in XU7 gasoline engine.
Several thicknesses of ceramic layers are studied to
achieve the optimum engine performance. The
results are then compared with the results of the
uncoated piston to evaluate the contribution of
coating layer to better engine performance. The
effect of thermal condition of lubricating oil on stress
and deformation fields of the engine piston is also
investigated in this work.

2) Material and method

The object of the study is taken from the piston of
gasoline engine XU7. This engine is assembled in car
Peugeot 405 as a widespread car in Iran transport
section. The characteristics of the engine under
study are summarized in Table 2. The rings placed in
piston grooves aid in sealing the cylinder to prevent
the escape of exploded gases. Piston and rings are
made of AlSi alloy and cast iron, respectively. The
materials used in the analysis are assumed to be
linear elastic and isotropic and their mechanical
properties are given in Table 1.

In order to calculate the thermal stress distribution
in the piston as a complex shaped thick-walled
cylinder and variable thickness, the equilibrium
equation in polar coordinate is consider [16]:

1
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However, it is noted that the total strain are made of
two strains, the first one is dependent on the induced
stresses and other one is due to free thermal
expansion. Thus, evaluating the temperature
distribution is a key factor in thermo-elastic analysis
of engine piston. The differential equation of time
dependent heat flow is given in polar coordinate by:

L2, 2T), 120
ror or r oo 00

of(,o0T 1 oT (10)
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where Ot* is the thermal diffusivity, r is the radial

distance and T is the temperature as a function of
randt.

A closed form solution of the coupled set of
differential equations is commonly difficult to obtain.
So, the analysis should be performed by numerical
approaches like the finite element method.

For the steady state thermal analysis of the piston,
the major mechanism for heat transfer is convection.

In this paper, the fluid temperature T, and the

convection coefficient h are considered as the
boundary conditions of the problem. These
conditions can be mathematically expressed as
follows:

oT
k== h(T-T,)

(11)

where n is the exterior normal vector for the
boundaries.

Table 1: Material properties of piston, ring and ceramic [1].

AlSi Steel NiCrAl MgZrOs Oil ring Compression ring
Thermal conductivity, [W/m °C] 155 79 16.1 0.8 33 52
Thermal expansion, 10-6 [1/°C] 21 12.2 8 12 10
Density, [kg/m3] 2700 7870 7870 5600 7200 7300
Specific heat, [J/kg°C] 960 500 764 650
Poisson’s ratio 0.3 0.3 0.27 0.2 0.29 0.3
Young's Modulus, [GPa] 90 200 46 142 125

According to the empirical investigations [17-19],
the heat transfer coefficients are greatly dependent
on properties of coolant, the speed of engine and
thermodynamic conditions of combustion gases. On
5000 rpm, maximum power condition and partially
dry lubrication is provided for the engine. So, this
speed is considered for the analysis. Based on the
published literatures [20-23], it is reasonable to
estimate the inside ambient temperature as the
average temperature values during an engine cycle
[20].

Table 2: Specification of the engine under study

result, the heat transfer conditions in this region are
badly affected. Neglecting the effect of piston motion
in the oil film thickness, it is assumed that the rings
and skirt are fully engulfed in oil and there is no
cavitation.

Table 3: Heat transfer coefficients and average
temperature on each position of the piston [20-23].

Bore 9.2 cm
Stroke 8.9 cm
Compression ratio 8.7
Connecting rod 13.61 cm
IVO 34°bTDC
IVC 74° aBDC
EVO 36°bBDC
IP 0.83 bar
IT 297K

A 1.1

RPM 3000

Ignition time 55 bTDC

Heat transfer Average
coefficient  temperature
Region ( w ) of medium
m2K (C)
The top of piston crown 800 650
T_he lateral surfaces of 280 300
ring grooves
The regions between 200 160
ring grooves
The plst.on skirt and pin- 400 120
hole region
Internal oil-cooled 1500 95

regions of the piston

For the considered case study, the average
temperature and convection coefficients on each
position of the piston are given in table 3. In this
study the rings are considered to be in contact with
both surfaces of ring gaps. When the clearance
between piston and cylinder are high, formation of
cavitation in lubricating oil film is inevitable. As

As previously mentioned, by improving the
temperature distribution, the generated stresses can
be effectively controlled. Developing high strength,
heat resistance compounds of sprayed powders with
the parent metals is a very important method to
solve the problem of repair, reconditioning and
increasing the service life of the engines [24]. The
ceramic coating layers are commonly applied to the
top of piston substrate metallic surfaces to insulate
them thermally so as to allow for higher operating
temperatures. To keep the combustion chamber
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volume constant, a layer having a certain thickness
should be removed from the top surface of standard
piston. The zirconia-based ceramic coating MgZrO3
is used as thermal barrier layer for piston coating.
The low conductivity and relatively high coefficients
of thermal expansion, greatly reduce the detrimental
interfacial stresses. The bond coat layer, as an inter-
metallic alloy, is first placed between the ceramic
layer and the metal substrate for providing the
adhesion of the coating layer to the substrate and
reducing the internal stresses arisen from thermal
shock. It is noted that the coefficient of thermal
expansion of the bond coat should be between that
of the ceramic layer and the metal substrate [25].
Then zirconia-based ceramic coating MgZrOs ranging
in a thickness from 0.2 to 0.8 mm, are used as
thermal barrier coatings owing to their low
conductivity and their relatively high coefficients of
thermal expansion, which reduced the detrimental
interfacial stresses. The coating is also composed of a
0.1 mm NiCrAl as bond layer, which is deposited
onto the piston crown by air plasma spraying
technique [14]. Material properties of the MgZrOs,
NiCrAl and piston material made of AlSi alloy are
listed in Table 1.

Thermal and stress analyses have been carried out
by means of finite element method which is a
powerful numerical method. Figure 1 show the solid
model of the piston and cylinder under study which
are generated by SolidWorks. As can be seen, great
attention was paid for modelling the details of the
parts. A commercial finite element package COSMOS,
which has the capability of 3D heat transfer and
stress analyses, is used for the current study.
Uniform shapes and forms of elements play an
important role to obtain precise results. Therefore,
meshing of the piston is built with second order solid
elements having 20 nodes for both thermal and
structural fields. These elements can tolerate
irregular shapes of the piston model. However, for
the coating layers as narrow domains, the
conventional automatic meshing with uniform
distributed nodes usually yields ill-shaped elements
in the bowl rim where the curvature of domain
boundary is high. In order to avoid these ill-shaped
elements, the boundary nodes distributed over the
coating layers are manually adjusted. Resultantly,
the finite element mesh of the piston shown in Fig.
le, contains 176702 nodes and 860841 elements for
improving the accuracy and acceptability of the
obtained results.

The selection of the displacement boundary
condition is very important to the finite element
analysis. If the selection is not correct, it will
seriously affect the calculation precision. On the
moment of the maximum gas pressure, the pin
contacted mainly to the upper surface of the pin hole,
but the support reaction of the pin hole didn’t act on
the whole upper surface. In the cylindrical

coordinate system, the displacements of X, Y
directions of all nodes in the contact region were
restricted. Moreover, by including the of cylinder
model in the analysis, the displacements of Z
direction on lateral side of piston pin boss were also
restricted.

Figure 1: The models used in FE analysis: a and c) Images
of the traditional piston and cylinder, b and d) Piston and
cylinder solid models generated by SolidWorks and e)
Finite element model of the piston

3) Result and discussion

The mechanical loads on the piston include gas
pressure, reciprocating inertial force, side pressure,
thermal load and support reaction on the inner
surface of the pin hole In order to avoid neglecting
any combination of forces that may be critical, the
times at which individual components of the
mechanical load reach a maximum are analyzed. In
the current study, the maximum of cylinder pressure
is at upper dead center at explosion stroke is
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considered for investigation [26]. The explosive
pressure of fuel gas is the main factor to cause the
stress concentration and the deformations are most
serious at this moment. In addition, the side pressure
on the skirt was zero at this moment. The values of
gas pressures which are loaded on the piston top
surfaces and ring grooves are listed in Table 4 [27]:

Table 4. Gas pressure of fire on the each position of the
piston (MPa)

Piston top, field of fire, upper and under surface
of the first ring groove
Bottom Surface of the First Ring Groove 5.7
First piston land, upper and under surface of the 1.875
second ring groove '
Bottom Surface of the Second Ring Groove 1.5
Second piston land, upper and under surface
of the third ring groove
Bottom Surface of the Third Ring Groove 0.57
Third piston land, upper and under surface of

. 0.375
the fourth ring groove
Bottom surface of the fourth ring groove 0.285

7.5

0.75

It is noted that the thermal conditions on different
parts of the piston are significantly different. So, the
temperature gradient would be unavoidable which
may have affects the stress field. Ceramic coatings on
the piston crown surface improves the temperature
distribution and resultantly controls the thermal
stresses and deformations within acceptable level
[14]. However, ceramic layers may have limited life
at any point where maximum thermal stress occurs
[15]. In this study, the thermal stress distribution of
engine piston is analyzed for evaluating the effect of
ceramic layer thickness on amount of generated
thermal stresses.

Distribution of normal stress, which may cause
surface cracks in the coating, for various thicknesses
are plotted in Figure 2.

e -
™\ sz MPa) %\ sz (P
_— 1 0.00
K ,._/ | §

-0.83
167
. -250
_ -333
417

. 500
. 583
_ -6.67

| (b’ =

9 \ 52 (MPa)

> 0.00
l -0.83

§ N 167

~ -2.50
- -3.33
- =417
. 500
- =583
- -6.67
_ -7.50
-8.33

(d’ ‘1000
Figure 2: Normal stress distribution for four different

coating thicknesses: a) 0.2, b) 0.4, ¢) 0.6 and d) 0.8 mm
respectively

The maximum normal stresses occur at the top of
piston crown surface and skirt region. It is obvious

that the maximum stress over the ceramic top
surface, which causes surface cracks, has a slight
increase with increasing coating thickness. However,
the magnitude of normal stresses on the skirt,
reduce for thicker coating layers. The results of Zhao
[28] proves the fact that the thermal stress under the
ring groove of the ceramic coated piston is obviously
less than that of the conventional piston. So, without
any dangerous effect on ceramic layer, the normal
stress distribution can be conveniently improved.
Distribution of shear stress on the crown and skirt
regions of the piston, are shown in Figure 3.
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Figure 3: Distribution of shear stress for four different
coating thicknesses: a) 0.2, b) 0.4, c) 0.6 and d) 0.8 mm
respectively

The shear stress on the skirt can be interpreted as
resisting effect against piston reciprocal motion. It is
noted from the figures that a negligible increase in
the shear stress is occurred for thicker ceramic
layers. Meanwhile, amount of stresses on the skirt
undergo a very slight reduction due to the
contributing effect of ceramic layer on thermal
strains of piston lower parts. According to obtained
results for gradient of stress distributions over the
surface ceramic layer, the most critical stresses are
found along two perpendicular axes, one of them
crossing the pin holes. For more quantitative
investigations, several test points are chosen along
the two axes shown in Figure 1d. For two testing
paths AB and CD, the changing curves of normal
stress for the conventional uncoated and ceramic
coating piston are presented in Figures 4a and 4b.
Similar results are obtained by Cerit, and Coban [13]
for a diesel engine. Their results show that the
maximum normal stress which occurs at the edges of
piston crown is decreased by 19.6% for the
thickness of 0.4 mm; while 15.8% decrease is found
the current study for the same thickness.
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Figure 4: Variation of normal stresses along axes AB and
CD over the piston crown surface

It can be concluded through analysis that the normal
stress along the pin-holes axis, are much greater
than the other axis. On the other hand, the most
notable variations in the normal stresses are found
on the extreme points. However, the amount of the
normal stresses over crown surface of the ceramic
coated piston, are less than that of conventional
piston.

The shear stress distributions versus radial distance
for the ceramic coated pistons are shown in Figs 5a
and 5b. For thicker ceramic layers, the shear stress
reaches its maximum at the edges of the bowl area
over the crow region of the piston (Fig 1c). Shear
stress is also found much higher on the axis of pin-
holes (along line AB), rather than the other axis.
According to the results, the shear strength of the
ceramic is the prominent factor for selection of
coating thickness.

It is noted that, on the internal parts of considered
piston, multi-axial stresses are generated because of
the complex geometry and thermo-mechanical
loading. Therefore, von Mises stress is used as a
combined normal stress. The gradients of von Mises

stress distribution for the conventional uncoated
piston and ceramic coating piston are shown in Figs
6. The maximum von Mises stress of uncoated piston
occurred on upper parts of the two pin holes. The
calculation results show that the von Mises stress of
uncoated piston, are greater than that of ceramic
coated pistons at the ring grooves and piston pin
holes.
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Figure 5: Variation of shear stresses along axes AB and CD
over the piston crown surface

Variation of maximum von Mises stress versus the
thickness of ceramic layer deposited on the piston
crown surface is shown in Fig 7. It is clear that the
ceramic coatings can effectively reduce the
combined bearing stress of the piston over the pin-
hole areas. The relation between the maximum von-
Mises stress and the ceramic layer thickness is also
found to be a convex curve by ref. [13]. This
reduction can notably increase the strength of the
piston against crack nucleation and fatigue failure on
this region.
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of the piston stress and deformation fields. For three

von Mises different temperatures of 90°C, 80°Cand70°C the
(MPa) contours of normal stress, shear stress and von
:g'g: Mises stress are shown in Figures 8, 9 and 10,
l : respectively. To be more accurate, variation of
- :%gg normal and shear stresses along the diametric line of
i 5 3' i the piston crown are depicted in Figures 8, 9 and 10,
| 5917 respectively.
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are depicted in Figures 11a and 11b respectively.
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According to the obtained results, the oil According to the obtained results, if the average
temperature has not a considerable effect on thermal temperature of circulating oil is lowered by 10°C,

stress gradient of the piston. the displacement of entire points located on line EC

(Fig. 1b) are decreased by 20%.

Tau¥Z
(a) (MPa)
13.50 von Mises
12.38 (MPa)
11.25 50.00
10.13 l 45.83
. 9.00 . 41.67
_ 7.88 _ 37.50
‘ 6.75 _ 33.33
~~ 5.63 _ 2917
_ 4,50 25.00
_ 3.38 20.83
. . 16.67
113 12,50
0.00 5
417
0.00
TauYZ
(MPa)
13.50
12.38 von Mises
11.25 (MPa)
10.13 50.00
_ 9.00 45.83
- 7-83 3 41.67
= g-z: _ 37.50
b _ 33.33
450 L5
3.38
5.55 25.00
113 _ 20.83
0.00 _ 16.67
_12.50
8.33
TauyYZ 417
(MPa) 0.00
13.50
12.38
11.25 von Mises
10.13 (MPa}
- 9.00 50.00
ok l 45.83
‘ 63 . A1.67
g 563 _ 37.50
. 4,50
3.38 _ 33.33
S _ 2917
o~ ' 25.00
0.00 - B 20.33
. 16.67
_ 12.50

Figure 9: The shear stress gradients of uncoated piston for
3 different temp. of lubricating oil: a) 70, b) 80 ¢) 90 C

8.33
I 4.17
0.00
As can be seen in Fig 12, the radial displacement of
points located on the skirt region can be effectively Figure 10: The variation of von Mises stress for three
controlled by lowering the oil temperature. different temp. of lubricating oil: a) 70, b) 80 and ¢) 90 ‘C
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Figure 12: The effect of lubricating oil temperature on
radial displacement of the points located on the skirt

region of the piston

For different thicknesses of ceramic coating layer,
variation of radial displacement of points located on
line EC are given in Fig. 13. It is obvious that the
lower parts of piston skirt are not affected by the
thickness of ceramic layer. However for the points
located near the piston crown, the thickness has a
considerable effect on controlling the radial
expansion of the piston.
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Figure 13: The effect of ceramic coating thickness on radial
displacement of the points located on the skirt region of
the piston

4) Conclusion

In this paper, thermo-mechanical the stress
distribution of an aluminum piston is investigated
through finite element analysis. The effect of ceramic
coating and thermal condition of lubricating engine
oil are studied and compared with the results of the
uncoated piston. According to the results, the
maximum normal stress takes place at the middle
surface of the ceramic coating in radial direction.
When the coating thickness increases gradually, it
moves towards the inner edge of the coating. The
maximum stress can be readily controlled by
increasing the thickness of ceramic layer. The von
Misses stress, which is found critical on upper parts
of the pin-hole area, decreases with increasing
coating thickness. The shear stress which causes
lateral cracks increases with the coating thickness
increase and reaches its maximum level at the inner
edge of the coated region at the interface of the
substrate. According to the obtained results, the
temperature of lubricating oil has not a considerable
effect on thermal stress gradient of the piston.
However, the radial displacement of points located
on the skirt region can be effectively controlled by
lowering the oil temperature.
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