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The engine piston is subjected to very high temperature during the combustion process, and it is very difficult to control the
stability of the geometry at elevated temperature. The stability of the engine piston was analysed by finite element method with
steady-state conditions for three different types of approach to control it, where the influence of the alloying element of
aluminum piston, influence of surface coating, and its impact on the thickness variation followed by the influence of holes on
the coating surface have been analysed in detail. It is observed that the coating with holes shows good agreement with
requirement compared to the influence of the alloying element and coated piston. The conduction mode of heat transfer is
controlled, and also, the heat transfer to the adjacent components is facilitated by holes on the coated piston.

1. Introduction

The reduction in the temperature of the piston exterior,
especially the throat temperature of piston, can be helpful
in increasing the longevity of the piston, hence improving
diesel engine overall reliability. Reduced piston surface tem-
perature also prevents microwelding on the piston’s second
ring groove surface and lowers the production of surface car-
bon. Various alloying elements like Mg, Mn, Cu, Ni, Si, Zn,
and Ti with different compositions are added to the alumi-
num alloy piston material which will help in reducing the
piston surface temperature. Also, when ceramics are com-
pared to metals on the basis of thermal properties, ceramics
were found to be more durable than metals, so the cooling is
not required as quickly as metals [1]. Ceramics also outper-
forms standard materials in terms of wear performance as
found in the literature [2]. The temperature control of the

piston and heat flow over the surface can be controlled by
disadvantage of the ceramic material—poor thermal con-
ductivity [3, 4]. Thermal barrier coatings have the ability to
improve an engine’s thermal efficiency and also to enhance
combustion and reduce emissions. Many tests have been
conducted to explore how these ceramic properties may be
applied to increase thermal efficiency by decreasing the dis-
sipation of heat and to increase efficiency of the mechanical
system by removing the need for cooling systems. The heat
is transferred to the exhaust since the loss in cylinder cooling
rate is decreases. Thermal efficiency of engines with low heat
desertion is improved by this strong energy recovery
through exhaust [5]. Heat recovery structures, on the other
hand, necessitate a significant amount of effort to install
because they necessarily require multiple engine architecture
changes. Even in the absence of heat recuperation equip-
ment, part of the heat is used to power the pistons which
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results with the increased thermal performance. Therefore,
low heat desertion engines without exhaust heat recupera-
tion equipment are worthy of being investigated. There is a
layer known as bond coat layer in between the thermal bar-
rier coating and the metal substrate. The adhesion of the
thermal barrier coating and also the oxidation controlled
by intermetallic alloy are called bond coating. The coefficient
of expansion of the bond material lies between metallic and
ceramic coating which is also suppressing the thermal
shocking caused by the internal stresses [6, 7].

The stress distribution, combustion temperature, and
temperature gradient are all influenced by the thickness of
the coating. The thermal expansion coefficient, elastic mod-
ulus, and thermal conductivity of a ceramic coating define its
thermal shock resistance [8, 9]. As a result, selecting the
right thickness of the thermal barrier coating is critical not
only for accurate temperature drop evaluation but also for
the coated system’s overall performance. This contribution
will assist piston manufacturers in selecting parameters for
the thermal efficiency of the piston material which will help
in controlling the surface temperature of pistons and result-
ing in the improved efficiency of the piston at high
temperatures.

Liu and his colleagues did a study of Cu and Ni and its
impacts on the thermal characteristics of three types of
aluminum-silicon (Al–Si) alloy piston materials. The crucial
parameters such as specific heat capacity, thermal diffusion
coefficient, and thermal conductivity are evaluated. Three
types of engine aluminum alloy pistons were made under
the identical circumstances. The piston surface temperature
was determined using the hardness plug temperature cali-
bration technique. Ansys commercial package is used for
finite element analysis to model piston surface temperature
field and analyse important piston components with temper-
ature distribution. The finite element modelling findings of
piston surface temperature field are compatible with hard-
ness plug test temperature measurement data, and the tem-
perature change of critical piston sites follows a similar
pattern. Aluminum piston thermal conductivity rises with
temperature. The piston head and skirt have different tem-
peratures. High thermal conductivity lowers piston head
temperature. Cu and Ni diminish thermal conductivity of

aluminum alloys and raise piston surface temperature. Prop-
erly manipulating alloying components can influence piston
heat resistance and high temperature performance [10].

Gehlot and Tripathi in their research analyse the steady-
state thermal behaviour of ceramic-coated diesel pistons
with holes. Ansys finite element software investigates piston
top and substrate temperature distribution. Al–Si piston
crown is coated with Yttria-stabilized zirconia as it is in
the literature. Ceramic top coating thickness is 0.4mm,
while NiCrAl bond coat is 0.1mm. Temperature distribution
is studied using 1.5mm, 2mm, and 2.5mm pores in ceramic
coatings. The top surface (coated surface) temperature
increases with increase in hole radius. As expected the Max-
imum surface temperature for 2.5mm hole radius. Holed
coatings raise piston surface temperature significantly com-
pared to nonholed coatings, and also, increasing hole radius
decreases substrate temperature [11].

In the light of the above discussion, the comparative
study of pure metal piston, alloy piston, and coated piston
was not addressed by any of the researchers to the author’s
knowledge. In this work, the comparative study of the
abovementioned types is addressed using steady-state heat
transfer analysis and compared in terms of surface tempera-
ture distribution over the piston.

The following contents are arranged as in the following:
in Section 2, the detailed description of the model, boundary
condition, coating material, and basic formulations in the
finite element method are discussed. In Section 3, the influ-
ence of alloying elements, coated piston, influence of thick-
ness of coating, and modified coating techniques are
discussed elaborately. The variation in the temperature dis-
tribution is compared and concluded in the last section.

2. Methodology

The methodologies used in the analysis are as follows
(Figure 1):

(i) To begin the simulation, Ansys commercial package
is chosen and enabled the steady-state thermal
analysis

(ii) Following that, the engineering data section defines
the material properties of aluminum pistons with
various alloying element compositions, as well as
the structural and thermal properties of piston,
rings, and coating materials are defined

(iii) After defining the material properties, a 3D model-
ling of the piston is modeled using SolidWorks soft-
ware and saved as a .stl file. The geometry is
imported to the geometry section of the selected
module

(iv) The materials are assigned to specific components
such as pistons, coatings, and rings under the model
section. The piston’s meshed model is then gener-
ated with optimal element size as per the recom-
mendations. Then, the boundary conditions such
as film coefficient and ambient temperature are

Figure 1: Basic methodology.
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defined to various piston locations based on the lit-
erature [10]

(v) Postprocessing: the field variable temperature and
its rate in change are plotted after solving the
simulation

The variation in the alloying element, coating on the sur-
face, and coating with holes is incorporated to the simula-
tion accordingly in the preprocessing stage. The basic
changes in the simulation are explained as follows for three
conditions.

2.1. Aluminum Piston with Various Alloying Elements. The
alloying elements are varied with base metal and compared
the behaviour with conventional aluminum piston. The var-
iation on the alloying elements are listed in Table 1. To run

the simulation, the modelling part is the primary require-
ment in the simulation.

2.1.1. Establishment of Piston Model. The 3D solid model of
the piston is modelled using SolidWorks modelling tool, and
the dimensions of the model are taken from existing litera-
ture [12]. Half piston model is used as the analysis model
in order to simplify the solving stage since it is symmetric
about the axis and also utilize the maximum efficiency of cal-
culation. The model is then split into a single grid size divi-
sion, which is subsequently divided further to follow the
thumb rule. The component with thin sections and surface
with less temperature gradient have higher gradient com-
pactness, whereas grid compactness is reduced in regions
with bigger characteristic surface and a minor temperature
gradient, which helps to better the computation precision
and efficiency. Engine piston geometry with standard layout
and first angle projection is illustrated in Figure 2, and cut
sectional view of geometry is demonstrated in Figure 3.
The piston assembly’s 3D solid model and meshed model
are shown in Figure 4.

Conduction, convection, and radiation are the three
basic ways of heat transfer modes with variation in temper-
ature. Because of the intricacy of heat exchange between ele-
ments as an engine burns in cylinder, it is very difficult to
identify the temperature, making it impossible to determine
precise thermal boundary conditions. The most popular
approaches for transferring gas heat are radiation and con-
vection. Radiant heat transfer accounts for a very modest
percentage of total heat transfer. Observing and studying
the literature help to determine the most of the boundary
parameters of each piston surface [10, 13]. In order to ana-
lyse heat transfer in the piston, the fundamental methodol-
ogy steady-state convection is followed in the entire work.

2.1.2. Thermal Boundary Conditions. Steady-state heat trans-
fer is extensively used since it is simple to solve and verify the
results with minimum tolerance [14]. The combustion pro-
cess takes place in a short period of time, and it produces very
high heat energy. The conductive mode of heat transfer will
take more time, and the temperature change in the top layer
of the piston is directly subjected to high heat zone [12, 15].
With the constant to-and-fro movement of the piston, there
is change in heat transfer condition on the top of the piston,
making the heat transfer state unstable. But logically, the pis-
ton will not absorb all of the heat produced by the combus-
tion process; instead, the part of the heat energy will be
transferred to the piston ring zone and cylinder liner, with
some heat being evacuated via the exhaust. As a result, the
temperature distribution on the piston is generally assumed
to be in stable condition throughout analysis [16–18]. The

Table 1: Three AlSi alloy pistons with different compositions of elements [10].

Elements Silicon Copper Magnesium Nickel Manganese Titanium Iron Zinc

A1 12.15% 0.98% 0.97% 0.97% 0.08% 0.091% 0.30% 0.002%

A2 11.95% 3.47% 1.08% 1.87% 0.20% 0.093% 0.33% 0.005%

A3 12.33% 3.71% 0.94% 2.35% 0.31% 0.102% 0.43% 0.076%
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R12.95 

40 

4 

72 

25 

52 

Figure 2: Geometry of the engine piston with standard layout with
first angle projection.
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Section A-A

Figure 3: Cut sectional view of the geometry.
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(a) Solid 3D model (b) Meshed model

Figure 4: Engine piston assembly model.

Table 2: Thermal boundary condition parameters for pistons with various alloying elements [10].

Position Temperature (°C) Film coefficient (W/m2°C)

Piston crown

Outer 1140 489

Central 1140 578

Interior loop 1150 675

Upper peripheral surface 1150 751

Lower peripheral surface 1150 765

Bottom 1150 486

Combustion chamber

Below the center 1150 395

Above the center 1150 239

Central top 1150 202

Center 1150 328

Firepower shore 200 163

First ring groove

Upper surface 180 2260

Bottom 180 2120

Below surface 180 2223

First ring shore 180 470

Second ring groove

Upper surface 170 2080

Bottom 170 1911

Below surface 170 1972

Second ring shore 170 432

Third ring groove

Upper surface 150 1961

Bottom 150 1909

Below surface 150 2036

Third ring shore 150 325

Piston skirt 150 487

Oil return hole 150 778

Pin hole 140 324

Inner cavity

Upper surface 130 613

Upper peripheral surface 100 435

Middle peripheral surface 130 396

Lower peripheral surface 130 335
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Lower peripheral
surface
(Piston crown)

Central
(Piston crown) Interior loop

(Piston crown)

Centre
(Combustion
chamber)

Upper
peripheral
surface
(Piston crown)

Below the centre
(Combustion chamber)

Outer
(Piston crown)
Above the
centre
(Combustion chamber)
Central loop
(Combustion chamber)

Firepower shore

(a)

Upper
surface

Below
surface

Bottom

Second ring shore

Third ring shore

Oil return hole

Pin hole

Piston skirt

(b)

Upper surface

Middle peripheral
surface

Upper peripheral
surface

Lower
peripheral
surface

Inner cavity

(c)

Figure 5: Positions mentioned as in Table 2.

Table 3: Material properties for piston materials, rings, and coating materials.

Material
Specific heat (J/

kg°C)
Density (kg/

m3)
Thermal expansion 1 × 106

(1/°C)
Thermal conductivity (W/

m2°C)
Poisson’s
ratio

Young’s modulus
(GPa)

AlSi 910 2700 21 155 0.33 90

Steel 500 7870 12.2 79 0.3 200

NiCrAl 764 7870 12 16.1 0.27 90

MgZrO3 650 5600 8 0.8 0.2 46

Rings 460 7200 12 16 0.3 200

MgZrO3

NiCrAl

Base metal
Alsi and steel

0.15 mm

0.35 mm

(a)

MgZrO3

NiCrAl

Aluminium piston
(substrate)

Coating thickness
tc=0.4, 0.8, 1.2, 1.6 mm

tc

tB=0.1 mm

(b)

Figure 6: Thermal barrier coating thickness.
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major path of heat transmission, which includes the film
coefficient and the tangential ambient temperature, is the
third influencing parameter to consider for the piston surface
temperature analysis. Thermal boundary conditions exist on
the top surface layer of the piston, combustors, ring canal,
ring shore, pin bore, piston skirt, and the inner cavity.

Table 2 manifests the thermal boundary conditions uti-
lised in the finite element analysis which were obtained from
the literature [10]. The location of the boundary conditions
is mentioned in Figure 5 for more clarity to the readers.

2.2. Thermal Barrier Coating. Zirconia-based coatings are
basically used in this study as the thermal barrier coatings.
The unique and attractive thermal property of Zr material
such as low thermal conductivity and high thermal expan-
sion coefficient also helps in lowering the detrimental inter-
facial stresses. The material parameters of MgZrO3, NiCrAl,
and AlSi alloys, as well as steel piston materials, are listed in
Table 3. For the illustration purpose, a 350mm coating of
MgZrO3 is applied to the piston above a 150mm layer of
NiCrAl bond coat which is shown in Figure 6. The top layer
of the thermal barrier coating employed with magnesia-
stabilized zirconia (MgZrO3). The unique behaviour of the
material is having exceptional thermal insulating character-
istics and stability in extreme temperature; it was chosen
for this study [19–21] and has a compressive strength of
1450MPa and flexural strength of 520MPa [16]. The coat-
ing material is considered on the top of the AlSi alloy and
steel piston, and the finite element analysis is carried out.
The detailed description of the simulation conditions is dis-
cussed in the following section.

2.3. Finite Element Method Formulation. The piston model is
imported to Ansys workbench as .stl file and rectified the
errors associated with sharp edges and negligible wall thick-
ness in the geometry. The model was discretized with an
appropriate number of elements as in Figure 3. The model

specifies the default bonded contact between the piston ring
and the ring grove. The thermal parameters for piston are
given as the ring land and skirt, the piston pin, the combus-
tion side, and the underside thermal boundary condition.
The ambient temperature and the film coefficient were cal-
culated using published data [7, 21–24]. The temperature
value for the first compression ring is 200Â°C, 180Â°C for
second compression ring, 160Â°C for the cooling ring, and
140Â°C for the oil ring, respectively. In Figure 7, the average
film coefficient and calculated temperatures are shown as
boundary conditions.

3. Results and Discussion

3.1. Influence of Alloying Elements. The influence of the
alloying element was taken in three combinations and com-
pared in the bar chart for clarity on the influencing parame-
ter. Figure 8 shows the outcomes of the thermal analysis for
three different piston materials: A1, A2, and A3 that are
listed in Table 1. The maximum temperature of the piston
under thermal cycle conditions is expected to be 355Â°C
at the neck of the combustor on the piston top. The temper-
ature shows a noticeable temperature gradient and steadily
decreases as other portions that are kept away from the fuel
gas. Of all the components, the piston skirt has the lowest
temperature since it is away from the top section. The sur-
face temperatures of the three piston combustion chamber’s
neck, middle, and firepower shores were compared as in
Figure 8. The outline of the results is shown in Figure 9 for
more clarification with different factors. The temperature
difference between A2 and A3 pistons is minimal due to
the little variation in thermal conductivity of the material,
but both values of temperature are higher than A1 piston,
and also, the temperature difference of the piston combustor
is bigger. The surface temperature of A3 piston is found to
improve by 1.49% in compare to A1 piston and 0.73% in
compare to A2 piston. In comparison to the A1 piston, the
surface temperature of the A2 piston improves by 0.76%.
As a result, when high-content alloying metals such as cop-
per and nickel are introduced, it takes longer time for heat to
move through the material as the material’s thermal conduc-
tance is reduced and this will make a growth in the temper-
ature of the piston surface and leads to less dissipation rate.
Throughout the manuscript in all the contour plots, the field
variable temperature (Â°C) is considered with colour map-
ping motioned in the legend.

3.2. Influence of Ceramic Coating. The temperature for the
standard and thermal barrier coated pistons was evaluated
using numerical analysis. The results for the temperature dis-
tribution on AlSi alloy pistons with standard and ceramic
coatings are shown in Figures 10 and 11. The highest temper-
ature for a standard piston was determined to be 261Â°C. The
rim of the piston bowl is where the temperature reaches its
highest point since the surroundings are also in high temper-
ature. The ceramic-coated piston reached a maximum tem-
perature of 406Â°C. The piston bowl’s top verge is where
the temperature reaches its highest point. Because the largest
temperature is transmitted to the serrated verge of the piston

h=700 W/m2°C, T=700°C

h=500 W/m2°C,
T=225°C

h=400 W/m2°C,
T=180°C

h=400 W/m2°C,
T=170°C

h=400 W/m2°C,
T=160°C

h=1500 W/m2°C,
T=110°C

h=1500 W/m2°C,
T=110°C

Temperature of the rings are 200, 180,
160 and 140°C for the first and second

compression, cooling and oil, respectively

Figure 7: Thermal boundary conditions of piston.
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from the piston rim, the rim has a larger convection area than
the sharp edge. Heat transmission was greatly decreased
because the lip surface was covered circumstantially with a
ceramic substance which is having a low conduction
coefficient.

It exhibits to raise the engine’s combustor temperature
slightly more. The base metal is not exposed to nearly as
much thermal stress as the other metals. Additionally, it
indicates that the requirements for the cooling of the system
have decreased. The temperature circulation on standard
and coated steel pistons is manifested in Figures 10 and 11.
For the standard piston, the highest temperature in the com-
bustion chamber is 316Â°C. The maximum temperature of a
coated steel piston on the edges of the combustion chamber
was found to be 460Â°C. The base metal of the coated piston

reaches the highest temperature of 326 Â°C. The coated pis-
ton’s lifetime is prolonged, and the cooling load is reduced as
a result. The addition of a ceramic coating increases the sur-
face temperature of an AlSi piston by about 55%. This
enhanced value is roughly 45% for the steel piston compared
to the alloying piston. Steel pistons reach temperatures close
to 40Â°C to 80Â°C greater than aluminum pistons. The
ceramic-coated steel piston outperforms the ceramic-
coated AlSi alloy by approximately 13%.

3.3. Influence of Ceramic Coating with Different Thicknesses.
The temperature distribution for uncoated pistons and pis-
tons with variable coating thicknesses of the top coat is dis-
cussed in detail in this paper, which is based on the findings
of thermal stress calculations using the finite element
approach. Temperature distribution results for the piston
without coating are shown in Figure 12. High temperatures
may be detected at the center of the crown and the lip of
the bowl of an uncoated piston. It was to be anticipated,
given the piston’s proximity to the heat flow. As shown in
Figure 12, the highest temperature is located in the middle
and on the piston top surface; the lowest temperature is
observed towards the bottom of the crown bowl. The maxi-
mum temperature value is to be found 301.08Â°C. Heat
rises to the bowl lips, then dips back down again near the
crown surface, in a circular pattern.

Counterplots of temperature distributions for ceramic
coating thicknesses ranging from 0.04 cm to 0.16 cm are pre-
sented in Figure 13 under the same circumstances. The high-
est temperatures are 400.45Â°C, 449.34Â°C, 528.55Â°C,
and 550.5Â°C, respectively, at the crown center of the piston
on the surface of the coating. The maximal temperature was
found on the crown center for coatings and is 24.63%,
32.83%, 42.9%, and 45.17% higher than the uncoated piston,
respectively. Despite the fact that the thickness of the coating
increases in a predictable way, the temperature does not. The
maximum temperature rises as the coating thickness rises.
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Figure 8: Temperature field distributions of piston with different alloying elements: (a) A1, (b) A2, and (c) A3.
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Due to the ceramic’s low heat conductivity in comparison to
the aluminum alloy, the piston’s head top surface reaches its
maximum temperature with a 0.16 cm thick covering, as
projected. Increment in temperature on the top of the pis-
ton’s surface is proportional to the thickness of the covering.
The strength of a material is known to be affected by temper-
ature. As a result, it diminishes as the temperature rises.
Lowering the working temperature improves the piston’s
strength, resulting in longer piston life.

3.4. Influence of Having Holes in the Ceramic Coating. The
piston’s center and bowl lips have the highest temperature,
while the skirt of the piston has the minimal temperature.
For an uncoated piston, the maximum and minimum tem-
peratures are at 301.08Â°C and 112.7Â°C, respectively.
The upper surface of the coated piston reaches a maximum
temperature of 400.45Â°C, 449.34Â°C, 528.55Â°C, and
550.5Â°C for 0.04 cm, 0.08 cm, 0.12 cm, and 0.16 cm top
coat thickness. The lowest temperature recorded was
114.63Â°C, 113.06Â°C, 112.35Â°C, and 111.85Â°C for
0.04 cm, 0.08 cm, 0.12 cm, and 0.16 cm top coat thickness.

Thermal analysis on a piston with a magnesia-stabilized zir-
conia coating with holes for different coating thicknesses is
performed using the same boundary conditions. Figure 14
depicts the temperature circulation on the coated piston’s
top surface with 1.5mm radius holes. For 0.04 cm, 0.08 cm,
0.12 cm, and 0.16 cm coating thickness, the maximum top
surface temperature for 1.5mm radius holes is 440.86Â°C,
500.79Â°C, 575.9Â°C, and 604.39 Â°C, which is 31.54%,
39.73%, 47.5%, and 50% higher than the temperature of
the uncoated piston top surface. The temperature of the
coated piston with no holes rises by 9.16%, 10.27%, 8.22%,
and 8.92% for 0.04 cm, 0.08 cm, 0.12 cm, and 0.16 cm coating
thicknesses, respectively, compared to the temperature of
piston with coating and having no holes.

4. Conclusions

The steady-state thermal analysis was performed on the pis-
ton with the following variable parameters:

(i) Parametric study on alloying element

(ii) Different coating thicknesses

(iii) Coating with holes on the piston surface

The following points are concluded based on the results
from the simulation. It is observed that

(1) A1 piston with higher contents of copper and nickel
has lower temperature than A2 and A3, which shows
that adding alloying elements to a material may alter
its thermal conductance, affecting the temperature
circulation of the piston exterior

(2) the value of surface temperature was increased about
55% for AlSi and 45% for steel piston and , the value

261
248.84
236.69
224.53
212.38
200.22
188.07
175.91
163.76
151.6

(a) AlSi alloy

316.82
297.57
278.32
259.08
239.83
220.58
201.33
182.09
162.84
143.59

(b) Steel

Figure 10: Temperature distribution of a standard steel and an AlSi alloy piston.
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Figure 11: Temperature distribution of ceramic-coated steel piston and ceramic-coated AlSi alloy piston.

301.08

280.15

259.22

238.28

217.35

196.42

175.49

154.56

133.63

112.7

Figure 12: The temperature distribution of the uncoated piston.
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Figure 13: Top-surface temperature circulation for various coating thicknesses.
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Figure 14: Temperature (Â°C) distribution of the top coating surface with holes of 1.5mm radius for various coating thickness.
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for steel piston is 11.7% higher than that of the AlSi
piston. The highest value of temperature for the
coated piston was found at the combustion bowl rim

(3) similarly, the values of maximum temperature at the
piston surface for 0.04 cm-0.16 cm coating thickness
are 24.63%, 32.83%, 42.9%, and 45.17% higher than
the value of the standard piston without any coating

(4) In the same way, the highest temperature values for
the piston having holes in the top coat are 9.16%,
10.27%, 8.22%, and 8.92% higher than those of the
piston without holes and 31.54%, 39.73%, 47.5%,
and % higher than the uncoated piston

From the observation, coating with hole has shown good
agreement with better thermal efficiency for the piston appli-
cation compared to the varying alloying elements and vary-
ing coating thicknesses. The varying coating materials and
shapes of the holes in the coating surface and its influence
on the thermal behaviour for the piston application with
cooling channel are for future communication.
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