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Abstract. The aim of this work is to study the influence of MAO-coatings
on the thermal state of the engine piston. The results of numerical
modeling of the temperature distribution in the piston are presented for
different values of thickness and conductivity of the coating. Regression
equations are obtained. For thermal protection of the piston it is
recommended to apply MAO-coatings with thermal conductivity of
0.3...0.7 W/m∙K and thickness 150…300 µm.

1 Introduction
The piston is the most loaded part of the internal combustion engine (ice). In the process,
this component is exposed to pressure from gases and is heated to high temperatures (~350450 ºС) [1]. As a result, the piston there is often a defect of burnout, which looks like a
through hole in the bottom of the piston. Burnout usually leads to breakage of the whole
engine.
The pistons are traditionally made of aluminium alloys [2, 3]. One way to reduce
burnout is the use of heat-protective ceramic inserts or coatings on the top of the piston [4].
Recently, for the formation of such thermal barrier coatings on the pistons using the method
of microarc oxidation (MAO) [5]. This technology allows you to create on the surface of
the pistons with ceramic thermal barrier layer which consists of high-temperature oxides
[6, 7]. The MAO coating is characterized by high heat resistance (up to 2200 ºC) and good
adhesion strength [8, 9]. Coating thickness up to 400 µm [10].
The use of thermal barrier coatings on the pistons of the engine requires an assessment
of the impact of these coatings on the thermal state of components and the workflow
engine. Studies in this area are being actively pursued by many engine research centers in
the world [11-13]. However, research on the prediction of impact properties of MAO
coatings on temperature of various parts of the piston, is not sufficient at present. Therefore,
the goal was formulated: to investigate the effect of thickness and thermal conductivity of
the ceramic coating formed on the bottom of the piston by an MAO, the thermal state of the
piston.
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2 Research methodology
2.1 The object and stages of research
The object of the study was the piston of two-stroke two-cylinder engine with a volume of
550 cm3 and a power of 37 kW at speed 6800 min-1. The piston has a diameter of 76 mm
and made of hypereutectic silumin with silicon content ~25-26 %.
The study consisted of several stages. In the first stage, the experiment was conducted
for determination of coefficient of thermal conductivity of the alloy of the piston. In the
second stage were numerically calculated parameters of the workflow engine in the
simulation software "Albea" [14, 15]. The third phase was conducted a full two-factor
numerical experiment to establish the influence of thickness and coefficient of thermal
conductivity of micro-arc oxide layer formed on the bottom of the piston, the thermal state
of the piston. For calculations of the third stage, we used data obtained at the first and
second stages of the study.
2.2 Determination of the thermal conductivity coefficient of the material of the
piston
The thermal conductivity coefficient of the material of the piston is determined by the
formula of Wiedemann-Franz [16]:
λ = σLT,

(1)

where λ – coefficient of thermal conductivity of the material, σ is electrical conductivity at
temperature T, L is the Lorentz number equal to 2,47∙10-8 W∙Ω∙K-2.
Electrical conductivity aluminum alloy of the piston were measured using the eddy
current measuring specific electrical conductivity of VE-27 NC. The measurements were
carried out at temperatures of 25, 50, 75, 90 ºC at least 18 times.
The value of thermal conductivity for temperatures above 90 °C were obtained by linear
extrapolation.
2.3 Numerical simulation of engine
Numerical calculation of the examined engine in software "Albea" was carried out for
maximum power, which is achieved at speed 6800 min-1. The estimated model is going in
accordance with the user manual [15]. In result, data were obtained about the temperature
and the pressure in the working chamber depending on the crankshaft angle. Were also
obtained the values of average piston speed, temperature, pressure and volume at the
beginning of the compression stroke.
2.4 Numerical modeling of the thermal state of the piston
Modeling of the thermal state of the piston was carried out in Ansys Mechanical. The
calculated diagram indicating the boundary conditions of the third kind shown in Fig.1 [17].
Temperature field of the piston during the working cycle varies slightly and can be
considered as stationary [17, 18]. Therefore, the local values of the gas temperature and
heat transfer coefficients on the surface of the combustion chamber was replaced by
averaged constant temperature T1 and the heat transfer coefficient α 1 [19]. The current
averaged value of the heat transfer coefficient α, which is necessary to calculate α 1 is
determined by the G. Woschni correlation [20].
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For the calculations have been performed of three-dimensional model of the piston,
consisting of two solid parts: piston of aluminum alloy and coatings of a ceramic material
with different thickness.

Fig. 1. Design scheme, boundary conditions and temperature control points.

The coating effect on the thermal state of the piston was modeled on the plan of full
factorial experiment of the type 22 [21]. As factors were used: the thickness h f , and the
coefficient of thermal conductivity λ f of the coating. The experiment plan given in Table 1.
Table 1. Composite plan of experiment of second order for the two factors.
Number of
experience

Factors in conventional
units
X1

X2

1

-1

-1

2

+1

3
4

Number of
experience

Factors in conventional units
X1

X2

5

0

0

-1

6

+1

0

-1

+1

7

-1

0

+1

+1

8

0

+1

9

0

-1

The values of the factors and their variation levels are shown in Table 2. It is known that
MAO-layers have a conductivity of 0.5-1.6 W/(m∙K) [6, 9]. Therefore, the values of the
coefficient of thermal conductivity of the MAO-layer for the experiment were chosen from
the range 0.1-1.5 W/(m∙K). The thickness of the MAO layer was also out of the achievable
range: 50-300 µm [5, 7, 8].
Table 2. Factors of the experiment.
Factor
Property
Coefficient of thermal conductivity
λ f , W/m∙K
The thickness of the coating h f ,
μm

Level

The range of
variation

Variable

-1

0

+1

X1

0.1

0.8

1.5

0.7

X2

50

175

300

125

Responses in all the numerical experiments were performed: the temperature of the
piston top from the side of working chamber of the T y1 and the side of the crankcase of the
T y3 , the temperature of the aluminum alloy under the coating T y2 (Fig.1). The results of the
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experiment were processed using the software DataFit [22] to obtain a regression equation.
Selection criterion of the form of regression equations were parameter residual sum of
squares, which shows the difference between data and a regression equation.

3 The results of the research
The experimental data showed that electrical conductivity of the material of the piston is
related with the temperature according to the equation:
(2)

λ Al = 0.154T+43.448,

where T –temperature, K.
The calculation in the simulation software "Albea" is allowed to obtain the parameters
of the working cycle of the engine (Fig. 2). This data were used to determine the values of
the boundary conditions for further calculations (Fig.1, Table 3).

Fig. 2. Changing the parameters of the working cycle of the engine according to the crankshaft angle
φ, where p is the indicated pressure, MPa T – temperature, K.
Table 3. Boundary conditions
Parameter

Value

Parameter

Value

Parameter

Value

α1

592 W/m2∙K

T1

1413 K

α r1

116009 W/m2∙K

α2

148 W/m2∙K

T2

1413 K

α r2

1818 W/m2∙K

α3

1485 W/m2∙K

T3

473 K

α r3

97 W/m2∙K

α4

174 W/m2∙K

T4

363 K

T r1

573 K

T r2

423 K

When modeling the thermal state of the piston in accordance with the two-factor
experiment plan was carried out 9 calculations. As a result, an array of data was obtained in
the form of temperature fields. In Fig. 3 shows the temperature fields in the Central cross
section perpendicular to the axis of the gudgeon pin for piston without coating (Fig. 3, a)
and of the piston with a coating thickness of 300 µm and a coefficient of thermal
conductivity 0.1 W/m∙K (Fig. 3, b). As a result of processing the obtained data were
withdrawn following regression equation:
T y1 = 867,62+205,92∙ln λ f -127,42∙ln h f +25,54∙ln2 λ f +18,43∙ln2 h f -53,35∙ln λ f ∙ln h f ,
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T y2 = 607,59-52,03∙ln λ f +18,75∙ln h f -2,96∙ln2 λ f -2,85∙ln2 h f +11,89∙ln λ f ∙ ln h f ,

(4)

T y 3 = 582,56-33,49∙ln λ f +20,89∙ln h f -4,33∙ln2 λ f -2,96∙ln2 h f +8,66∙ln λ f ∙ln h f .

(5)

a

b

Fig. 3. The temperature field in the piston without coating (a) and piston cover (b) with thickness h f
=300 µm and a coefficient of thermal conductivity λ f = 0.1 W/m‧
K.

These equations describe the thermal state of the piston only in the presence of the
coating on its top. Temperatures T y1 , T y2 , T y3 for piston without coating amounted to 636 K,
635 K and 621 K, respectively.

4 Conclusion
Analysis of the results obtained through simulations showed that the MAO coatings reduce
the temperature of the aluminum alloy, of which the piston (T y2 , T y3 ), see formula (4, 5).
However, the application of coatings with a thermal conductivity higher than 1 W/m∙K,
even when the coating thickness of 300 microns reduces the temperature of the material of
the piston under the cover on ∼14...15 K relative to the original piston. On the other hand,
the thicker the coating and the lower the conductivity, the higher the temperature of the
bottom of the piston (T y1 ), which can have a negative impact on the workflow engine. Thus,
the thickness and conductivity of micro-arc oxide layer should be selected based on a
compromise between reducing the temperature of the material of the piston and rise in
temperature of the bottom of the piston. Based on the obtained regression equations it can
be concluded that it is appropriate to apply MAO-layers with thermal conductivity of
0.3...0.7 W/m∙K and thickness of 150...300 µm. Under these conditions, we can expect a
temperature reduction of the piston from the crankcase 27...55 K.
This work was produced during the contract № 14.574.21.0161 from 26.09.2017 sponsored by the
Ministry of Education and Science of the Russian Federation (a unique identifier of the work (project)
RFMEFI57417X0161).
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