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ABSTRACT

BACKGROUND: In order to protect pistons of internal combustion engines (ICE) from burnout and increase their durability,

it is reasonable to use ceramic coatings formed on the piston head with micro-arc oxidation (MAO). Many scientific papers have

been devoted to the study of the efficiency of these coatings. However, most of these studies were carried out at laboratory

facilities simulating the engine operation, generally, not taking into account the real thermophysical parameters of the MAO

coating. Therefore, the thermal protection efficiency of these coatings is difficult to assess.

AIM: Study of efficiency of the thermal protection of pistons using a ceramic coating formed by micro-arc oxidation on the piston

head with numerical simulation.

METHODS: The study was conducted in the SolidWorks Simulation software. Two piston aluminum alloys were used as

the piston material: AK12d (with a silicon content of 12%) and AK4-1 (with a silicon content of 0.35%). Temperature loads

corresponding to the operation of a real engine were applied to the surfaces of the model piston. At the first stage of the study,

the thermal state of pistons made of different uncoated alloys was simulated. At the second and third stages of the study,

the effect of the coating thickness on the piston thermal state was simulated. The piston material of the second study stage

was the AK4-1 alloy. The piston material of the third study stage was the AK12d alloy. Ceramics, which properties correspond

to the coatings properties formed with the micro-arc oxidation method on these alloys, were used as the coating material.

The coating thickness varied in the range from 50 to 350 ym in increments of 100 um. The probing method was used to determine

the temperature in various areas of the piston, such as at the piston head surface at the MAO coating and under it, in the area

of piston grooves, at a piston skirt and the piston head from the side of a crankcase.

RESULTS: With the simulation, it was found that:

1. The micro-arc coating of the piston head reduces the thermal tension of the piston regardless of the aluminum alloy
chemical composition.

2. The efficiency of the piston’s thermal protection increases with an increase in the ceramic coating thickness and a decrease
in its thermal conductivity coefficient.

3. The greatest heat-protecting effect is achieved by the piston made of the AK12d eutectic alloy.

CONCLUSIONS: 1t is found that the MAO coating at the piston head is an effective way to reduce the thermal tension of the ICE

pistons. Increasing the ceramic coating thickness and a decrease in its thermal conductivity coefficient increases the efficiency

of the pistons thermal protection. Reducing the thermal conductivity of the MAO coating and increasing the MAQ coating

thickness increases the temperature on the coating surface.

Keywords: Internal combustion engines; thermal protection; ceramic coating; piston; micro-arc oxidation.

To cite this article:
Dudareva NYu, Kolomeichenko AV, Kisel YUE. The efficiency of thermal protection of ICE pistons with the micro-arc oxidation. Tractors and Agricultural
Machinery. 2024;91(1):101-112. DOI: https://doi.org/10.17816/0321-4443-586629

Received: 21.09.2023 Accepted: 20.01.2024 Published online: 15.03.2024

4 The article can be used under the CC BY-NC-ND 4.0 International license & moscow
ECOSVECTOR © Eco-Vector, 2024 polytech



https://doi.org/10.17816/0321-4443-586629
https://doi.org/10.17816/0321-4443-586629
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.17816/0321-4443-586629&domain=PDF&date_stamp=2024-03-15

102

KA4ECTBO, HAEHHOCTb Tom 91, N2 1, 2024 TpaKTOPbI V1 CeMbX03MaLLMHL!

DOI: https://doi.org/10.17816/0321-4443-586629

ODVII'VIHaJ'IbHOG nccneaposaHme

3ddeKTUBHOCTD TENNO0BOK 3awwMTbl nopHei [BC
NoKpbiTUEM, ChOpMUPOBAHHBIM MUKPOAYOBbIM
OKCUAUPOBAHUEM

H.10. Oynapesa', A.B. Konomeituenko?, 10.E. Kucens®

1 YhuMcKmin yHuBepCHTET HayKu 1 TexHonorui, Yoa, Poceuitckas Oenepaums;
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3 BpAHCKMIA roCY1apCTBEHHBIN MHXEHEPHO-TEXHOOMUECKMIA yHUBEpCUTET, BpsHck, Poccuiickas Oepepauns

AHHOTALMA

06ocHoBaHuMe. [Ins 3aLLumTbl NOpLUHEN ABUraTenen BHYTpeHHero cropaus (OBC) oT nporapa v NOBbILEHMS UX JOATOBEYHO-
CTU LienecoobpasHo MCronb30BaTh KepaMmyeckue MoKpbITUs, hopMUpyeMble Ha SHULLE MOPLUHA MUKPOAYTOBbIM OKCUAMPO-
BaHueM (M0). UccnenoBanunio 3 deKTUBHOCTU TaKOro NOKPbLITUS NOCBALLEHO MHOMO paboT. OaHaKo, boMbLUMHCTBO Nofo6-
HbIX MCCNeL0BaHMI NPOBEAEHDbI HA TabOpaTOpPHbIX YCTAHOBKaX, MMUTUpYIOLWMX paboTy aBuratens, U 0BbIYHO He YYUTHIBAIOT
peanbHble Tennodusuyeckue napametpbl M0-nokpbitus. Mo3atoMy oueHUTb 3G(EKTUBHOCTL TEMOBOM 3aLLMTLI TAKOro Mo-
KPbITUS [LOBOJIBHO CIIOMKHO.

Llenb paboTbl — wccneaoBaHMe MeTOAOM YMCIIEHHOrO MOAENMPOBaHMA 3((EKTUBHOCTM TENoBOM 3aluuThl MOPLUHEI
MOCPEeSCTBOM KEPAMUYECKOTO MOKPLITUS, pOPMUPYEMOro METOAOM MUKPOJYrOBOr0 OKCUAMPOBAHMS Ha NOBEPXHOCTU AHULLA
MOPLLHA.

MeTogpl. Wccneposanne nposoamnoch B nporpamme SolidWorks Simulation. B KadyecTBe Matepuana nopLuHA MCMONb30-
Ba/UCb [Ba MOPLUHEBbIX antoMuHMeBbIx cnnaea: AK12p (c copepxanueM kpemunsa 12%) u AK4-1 (c copepikaHueM KpeM-
Hua 0,35%). K noBepxHocTAM 006pa3LioBOro NopLUHsA NpUKNaAbIBaNIMCL TEMNEPATYPHbIE Harpy3KuW, COOTBETCTBYloLMe paboTe
peansHoro Asurarens. Ha nepsoM atane MofenvpoBanoch TEMAOBOE COCTOSHME MOPLUHEN M3 pasHbix cnnasoB 6e3 M/0-
MOKpbITUS. Ha BTOPOM 1 TpeTbeM 3Tanax UCC/ef0Banoch BAMSHUE TOJLLMHBI KEPAMMYECKOTO MOKPLITUSA, CHOPMUPOBAHHOIO
Ha [JHMLLEe NOPLUHSA, Ha ero TenyoBoe cocTosHue. Ha BTopoM 3Tane MaTepuasnoM nopLuHs aensncs cnnas AK4-1, a Ha TpeTbeM
atane — cnnae AK12. B KauecTBe MaTepuana NoKpbITUA UCMoNb30Banach KepaMuka, CBOMCTBa KOTOPOW COOTBETCTBOBA/IU
CBOMCTBAM MOKPBITUIA, (hOPMUPYEMBIX METOZIOM MUKPOZYrOBOr0 OKCWUAMPOBAHWA Ha paccMaTpUBaeMbIX CrjaBax. TonwwmMHa
MOKpPbITUA M3MeHsnach ¢ warom 100 Mkm B ananasoHe ot 50 fo 350 MKkM. TeMnepatypa onpegensnacb MeToA0OM 30HAMPOBa-
HWA B pa3fIMyHbIX 061aCTAX NOPLUHSA: HA NOBEPXHOCTM AHULIA HAa MJI0-NOKpbLITUM U NOA HUM, B 06/1aCTM NOPLUHEBBIX KAHABOK,
Ha 10bKe NOPLUHA U Ha NOBEPXHOCTU JHMWLLA MOPLUHS CO CTOPOHbI KapTepa.
Pe3ynbtathl. MogenupoBaHueM ycTaHoB/EHO:
1. ToKpbiTMe [HWLLA NOPLUHS MUKPOLYrOBLIM OKCMAMPOBAHWEM CHUXAET TEM/IOBYIO HAMPSKEHHOCTb MOPLUHS HE 3aBUCUMO
OT XMMWUYECKOr0 COCTaBa a/lloMUHUEBOrO CMaBa.
2. 3bdeKTMBHOCTL TENN03ALLUMTLI NOPLLHA NOBLILLIAETCS NPY YBENMYEHUM TONLLUMHBI KEPAMUYECKOr0 NOKPBITUS U NPU YMeHb-
LUEHWM ero KoadpuLmMeHTa TeNI0MPOBOLHOCTH.
3. Hawubonblumii Tenno3sawwmTHbIi 3G PEKT [oCTUraeTcs y NOpLUHA U3 3BTEKTUYecKoro cnnasa Afl12p.
3akuitouenme. YcraHoBneHo, 4to MI0-noKpbITve Ha fHULLE NOpLUHA ABnseTca 3IG(EKTUBHBIM CNOCOHOM CHIKEHUS TEMNOBOM
HanpsxeHHocTW nopluHen [BC. MoBbileHMe TONLMHBI KEPAaMUYECKOTO MOKPBITUS U CHKEHWE ero KoadduumeHTa Tenno-
MPOBOAHOCTY BeAET K yBeNnYeHUo 3P HEKTUBHOCTY TENSIOBOW 3alLuTbl NopLuHeid. CHuxeHne Ko3dduumeHTa TennaonpoBo-
AHocT MAO-noKpbITMS 1 yBEIMYEHWE ero TOLUMHbI TAKKe NPUBOLUT K POCTY TeMNepaTypbl Ha NOBEPXHOCTY KEpaMUYECKOro
MOKPbITUS, HAHECEHHOTO Ha JHWLLLE MOPLUHS.

KnioueBble cnoBa: fiBuratenb BHYTPEHHEro CropaHus; TensoBas 3alluTa; Kepamuyeckoe nokpbitue (MJIIO-nokpbiTue);
NOpLLEHb; MUKPOAYrOBOE OKCUAMPOBAHME.
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BACKGROUND

Pistons are heavily loaded parts of internal
combustion engines (ICE). During engine operation, the
piston heads perceive high pressure (up to 8 MPa), come
into contact with gases formed during fuel combustion,
whose temperature reaches approximately 2500°C, and
heat at temperatures of up to 350°C-450°C [1, 2]. These
cyclic temperature and mechanical loads, which lead
to burnout of the bottom parts of the pistons, result in
the destruction of the pistons and ICE failure [3, 4]. For
this reason, the choice of piston material is a key factor
in ensuring reliable and durable operation of not only this
part but the entire engine. Aluminum alloys are typically
used in the production of pistons; however, because they
do not have high heat resistance, use of this material
can increase the probability of burnout [5].

To prevent burnout, various methods are used,
namely, 1) the rejection of aluminum alloys and
production of pistons from steel, cast iron, or composite
materials; 3) the use of special heat-insulating linings
and inserts for the bottom part; 2) the application
of special heat-insulating coatings on the surface of the
pistons, consisting mainly of oxides, such as Zr0,, Al,0,,
Mg0, BeO, or complex-component coatings, such as
NiCrAl [6-8]. However, such solutions are not always
optimal due to various reasons [9].

At present, the most promising and actively developing
technology that allows the formation of heat-protective
ceramic coatings on parts made of aluminum alloys is
microarc oxidation (MAOQ) [10, 11]. Their many advantages
include the following: thicknesses of up to 300-
400 microns, consist predominantly of aluminum oxides,
characterized by high adhesion to the base material even
under conditions of significant thermal cyclic loads, and
good corrosion resistance, high microhardness (up to
22 GPa) [12], and low thermal conductivity coefficient
of approximately 0.5-5 W/(m-K) [13, 14]. Another
distinctive feature of MAQ coatings is that their thermal
conductivity coefficient depends on the substrate material.
For example, the thermal conductivity coefficient of the
MAOQ coating on aluminum alloys with a small amount
of silicon in the chemical composition (AK4-1 type) is
approximately 4.5-5.0 W/(m-K) [15], while the thermal
conductivity coefficient is 1.0-1.5 W/(m-K) on alloys with
a high silicon content (12% and more) [16].

Currently, MAO coatings are already used for the
thermal protection of pistons. A study [17] demonstrated
a temperature decrease of 33°C (23.9%) on the surface
of the piston crown on the crankcase side when a coating
with a thickness of only 25-30 microns is applied
to the piston crown and piston grooves. Other studies
note that 25-30 pm MAO coating reduces the thermal
effect on the piston by only 15% [18]. Furthermore,
studies conducted on diesel ICEs have shown that MAO
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coatings with a thickness of 120-160 microns reduce
piston temperature by 6.5°C [19].

Despite the abovementioned findings, available
scientific and technical information is unsystematized
and insufficient in terms of depth and volume. While
the information presented enables researchers
to conclude that MAO coatings can be used for the piston
thermal protection, it does not allow for evaluations
of the effectiveness of these coatings. This gap can be
attributed to several reasons. First, past research did not
consider the fact that the thermophysical properties of MAO
coatings (specific heat capacity and thermal conductivity
coefficient) largely depend on the aluminum alloy chemical
composition from which the piston is made [14-16]. Such
studies typically use a reference value for the thermal
conductivity coefficient of aluminum ceramics, which
differs significantly from those of MAQO coatings [13, 20].
Second, the technical and methodological complexities
of organizing thermophysical measurements on the piston
of a running engine contribute to the fact that many of the
experimental data were obtained on nonmotorized stands
or in laboratory installations, whose operating conditions
differ from the operation of real ICEs. Third, many of the
experimental data indicated in the works were obtained
on pistons with different MAO coating thicknesses,
whereas the thickness of the ceramic coating, like any
heat-protective layer, has a significant impact on the
effectiveness of the thermal protection of the part.

One modern approach that can be used to examine
the influence of the MAO coating on the thermal state
of the piston, while considering its complex geometric
shape, material properties, and the thickness and
thermophysical properties of the MAQO coating, is
numerical modeling using modern application programs
[21, 22]. The main aim of the current work is formulated
based on this approach.

STUDY AIM

The work aim is to study, using numerical modeling,
the effectiveness of pistons thermal protection due
to the ceramic coating formed by MAO on the piston
crown.

STUDY METHODS AND DESIGN

The study was performed on a three-dimensional
(3D) model of the piston using numerical modeling
in the SolidWorks 2018 program in the SolidWorks
Simulation application. These programs are used
for thermal calculations of parts taking into account
temperature loads of various types [21, 22].

The research was performed in three stages. At Stage
1, the thermal state of pistons without ceramic coating
was simulated. This experiment enabled us to determine
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the influence of the piston material properties on its
thermal state. In accordance with GOST 4784-2019,
the materials were set as two deformable aluminum
alloys with different amounts of silicon in the chemical
composition, namely, hypoeutectic aluminum alloy AK4-1
and eutectic alloy AK12d with silicon contents of 0.35%
and 11%-13% Si (by weight), respectively.

At Stage 2, an experiment was performed to
determine the influence of the thickness of the MAO
coating formed on the piston crown on its thermal state.
Here, AK4-1 alloy was chosen as the piston material.
Four calculations were performed, with different MAQO
ceramic coating thicknesses.

Stage 3 was similar to Stage 2, in which we chose
AK12d alloy as the piston material. At this stage, four
calculations were performed for different thicknesses
of the ceramic coating. The temperature loads applied
to the piston surfaces were specified by boundary
conditions, namely, temperature and convective heat
transfer coefficient of the gases.

The boundary conditions were the same for all stages
of modeling.

ELIGIBILITY CRITERIA

In the research, we used a 3D piston model made
in the SolidWorks program (Fig. 1a). The piston has
a diameter of 76 mm. The piston crown was spherical
and convex, with a radius of curvature of 322 mm.
This piston was chosen as a model due to the fact that,
previously, in the ALBEA simulation system, a complex
web of temperature loads acting on the surface
of this piston was determined and the convective heat
transfer coefficients were calculated [23, 24]. Diagrams
of the application of the main loads on the base surfaces
of the piston and on the surface of the piston grooves
are presented in Fig. 2a and 2b, respectively. The values
of the boundary conditions are presented in Table 1.

The choice of materials for modeling was determined
by the following facts. First, the bulk of modern pistons
are made of eutectic aluminum alloys, such as AL30,
AK12, and AK12d. All these alloys contain 11%-13%
silicon, and because it is the main alloying element,
this determines the physical and mechanical properties
of the alloy. The AK12d alloy, a eutectic wrought alloy,
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Fig. 1. The engine piston assembly model: @ — the SolidWorks 3D-model; b — the meshed model.
Puc. 1. Mogenb nopwHs geuratens: a — 3D-Mopenb B SolidWorks; b — Mogienb ¢ ceTKoiA.
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Fig. 2. Diagram of temperature and mechanical loads: a — at the main piston surfaces; b — at the piston grooves surface.
Puc. 2. CxeMa TeMnepaTypHbIX U MeXaHU4ECKUX Harpy30K: @ — Ha OCHOBHbIX MOBEPXHOCTSAX MOPLLHS; b — Ha NOBEPXHOCTAX MOPLLUHEBbIX

KaHaBOK.
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Table 1. Boundary conditions
Tabnuua 1. IpaHnyHble ycnosus
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Convective heat transfer coefficient, W/(m2-K)

Temperature, K

Designation Value Designation Value
3 592 t; 1413
a, 148 t, 1413
3, 1485 ty 473
4, 174 t, 363
ar, 11609 tr, 423
ar, 97 tr, 573
ar, 1818

was chosen as the study material. AK4-1 aluminum alloy
is also a piston wrought aluminum alloy, which is close
to duralumin in terms of composition and is widely used
throughout the world due to its high heat resistance [25].
Second, for MAO coatings obtained on these alloys,
the thermophysical properties (thermal conductivity
coefficient and specific heat capacity) were previously
determined [15, 16], allowing us to conduct research
using the current values of thermophysical properties
not only for aluminum alloys but also for MAO coatings.

The calculations for Stage 1 were performed on
a 3D model of the piston, whereas the calculations
for Stages 2 and 3 were performed on multilayer
structures representing a 3D assembly of the piston and
ceramic coating. The ceramic coating model was a thin
film that replicated the surface of the piston crown in
terms of shape and size. Calculations were performed
for MAO coatings of different thicknesses: 50, 150, 250,
and 350 pm. The choice was justified by the technological
capabilities of MAQ, as this technology does not allow
the formation of ceramic coatings with a thickness
of more than 350-400 pm [12, 13].

CONDITIONS

The application of temperature loads considered
the fact that the temperature field of the piston during
the ICE operating cycle changes insignificantly and can
be considered stationary. Therefore, local values of gas
temperatures and convective heat transfer coefficients were
replaced by average constant values of temperatures and
convective heat transfer coefficients. This approach is often
used in the thermal modeling of ICE parts [24, 26, 27].

STUDY PROCEDURES

The materials of the piston and MAO coatings were
specified prior to the simulation. Due to the fact that
the SolidWorks library does not contain all materials,

DAl https://doiorg/1017816/0321-4443-586629

it is possible to create new materials and change their
properties. Thus, a user-defined material was selected for
the piston based on an aluminum alloy, the properties of
which were adjusted in accordance with the alloys used in
the study, namely, AK4-1 or AK12d. The material chosen
for the MAQ coating was ceramics, whose basic properties
were also adjusted in accordance with the reference data
[28]. The thermophysical parameters of MAO coatings were
preliminarily calculated using the equations presented
in [15, 16] while also considering the piston alloy. The
characteristics of aluminum alloys and MAQ coatings
formed on these alloys and used in subsequent modeling
are presented in Table 2. When modeling, we used the
characteristics of MAO coatings and aluminum alloys
corresponding to a piston heated to a temperature of 350°C.

Due to the fact that calculations of a piston with MAQO
coating were performed in assemblies consisting of “piston”
and “coating” models, we ensured that the nodes of the
finite element meshed on the coinciding mating models,
thereby allowing us to obtain the most accurate results
[29]. For this purpose, when creating the assembly,
two mates were specified between the “piston” and the
“coating,” namely, “coincidence” and “concentricity” for the
spherical faces and the cylindrical edges of the piston and
the coating, respectively. Next, temperature loads were
applied to the 3D model of the piston (Fig. 2, Table 1).

A finite element mesh was constructed after specifying
the materials on the models. The mesh quality was set to
“high,” and this was constructed by considering the mixed
curvature of the surfaces (Fig. 1b). With such a mesh,
the finite elements had a minimum size of 1.01 mm,
a maximum element size of 5.08 mm, and minimum
element thickness corresponding to the thickness of the
MAQO coating. The number of finite elements in the models
was 38406, while that in the nodes was 62112.

The thermal state of the piston was calculated after
creating the finite element mesh.. Next, the piston
temperature was determined at specific points. Their
location is presented in Fig. 3.
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Table 2. Properties of piston materials (the AK4-1 and AK12d aluminum alloys) and MAO coatings [15, 16, 28]
Tabnuua 2. CeoiicTBa MaTepuanoB NopLUHA (antoMuHKeBbIX cnnaBoB AK4-1 1 AK12a) n MIO- nokpbituii [15, 16, 28]

Values
Characteristics AKé4-1 AK12d
Aluminum alloy MAO coating Aluminum alloy MAO coating
Density, p, kg/m? 2800 3128 2680 2720
Yield strength 5, MPa
-at20°C 310-330 - 190-230 -
-at 350 °C 30-50 - 20-30 -
Tensile strength, G, MPa
-at20°C 380-400 172 200-250 172
-at 350 °C 30-50 172 35-55 172
Elasticity modulus, £, GPa 72 220 80 220
Poisson’s ratio, p 0,33 0,22 0,33 0,22
Shear modulus, G, GPa 27 90 27 90
Thermal expansion, a, 10 1/K
-at20°C 20,6 4,7 20,6 4,7
-at 350 °C 23,4 5,2 23,4 5,2
Thermal conductivity, A, W/(m-K)
-at20°C 144 5,1 162 1,5
-at 350 °C 175 bk 165 1,6
Heat capacity, C,,, J/(kg-K)
-at20°C 863 803 818 851
-at 350 °C 1053 1232 970 1032

MAIN RESEARCH OUTCOME

As a result of modeling at Stages 2 and 3,
temperature values on the surface of the piston coating
(T,—T) were obtained. Temperatures were determined
at points on the surface of the piston crown (7,-7%),
which, for Stages 2 and 3 of modeling, were under
the MAOQ coating. The temperature at the center of the
piston crown on the surface located on the crankcase
side (point 7>, ) was also determined.

ADDITIONAL RESEARCH OUTCOMES

Due to the fact that burnout is sometimes noted
in the area of the piston grooves, the effect of the MAO
coating on the temperature in the area of the grooves
(Ts—T,,) was determined as additional modeling
results. As an additional parameter, the temperature
on the piston skirt at point T7,, located in the middle
of its height, was determined.

ANALYSIS IN SUBGROUPS

To analyze the temperature distribution in the piston,
all the results obtained were divided into subgroups. Group

DAl https://doiorg/1017816/0321-4443-586629

Fig. 3. Temperature gauging points in the piston.
Puc. 3. Touku 30HAMPOBaHUA TeMNEpaTypbl B MOPLUHE.

1 included temperatures that facilitated the evaluation
of the heating of the piston crown with MAO coating (T},
T, n T5). Group 2 included temperatures characterizing
the state of the metal surface of the piston crown under
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the coating 7, T, T,. The temperature state in the piston
grooves area was estimated by temperatures T, T and
T,o which were included in Group 3.Temperatures 7,
and 7, were independent measurements.

METHODS OF OUTCOME REGISTRATION

A SolidWorks Simulation tool called a probe
was used to record temperatures at specific points
on the piston. By using such a tool, the temperature can
be determined in a specific finite element of the object
under study.

STATISTICAL ANALYSIS

Principles for calculating sample size

Dividing the simulation data into groups facilitated
the estimation of the temperature in individual areas
of the piston. In the formed subgroups, the average
temperature value was calculated as the arithmetic
mean. The average temperature on the coating in
Subgroup 1(7,,,) was calculated as the arithmetic mean
of the values 7, T,, and T;. The average temperature
value in Subgroup 2 (7, ,) and in Subgroup 3 (7, ;) was
calculated in a similar manner.

Methods of statistical data analysis

Statistical analysis of the data was not performed
because the research results were obtained using the
finite element method and did not contain random and
instrumental errors.
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RESULTS

Objects (participants) of the study

As a result of the simulation, an array of data on
temperatures at individual points of the piston was
obtained.

Main research results

All data on temperatures at the probing points
of the piston with MAO coating on the bottom are
presented in Table 3.

Additional research results

The results of data processing for Subgroups 1-3 are
presented in Figs. 4-6, respectively.

DISCUSSION

Summary of main research results

Analysis of the data obtained revealed that,
regardless of the chemical composition of the aluminum
alloy, the presence of MAO coating on the piston crown
reduces its thermal stress. Furthermore, the efficiency
of thermal protection increases with increasing
thickness of the MAO coating and decreasing thermal
conductivity coefficient. The greatest heat-protective
effect is registered for a piston made of eutectic alloy
AK12d.

Table 3. Temperatures of the piston with various thickness of the MAO-coating
Tabnuua 3. TeMnepaTypbl NOPLUHA C pa3HOii ToNLWMHOA MII0-noKpbITUS

N!AO coating Temperature at probing points, K

thickness, ym Ty T, Ty T, Ts T, T; Tg Ty T Th

for AK4-1 alloy piston
0 - - - 619 603 582 608 575 527 512 498
50 625 609 585 618 601 581 605 573 526 512 495
150 626 613 594 617 600 580 604 572 525 51 496
250 627 617 605 616 599 579 604 572 525 510 496
350 630 621 616 620 602 581 607 573 524 510 495

for AK12d alloy piston
0 - - - 624 612 585 611 577 527 51N 499
50 644 622 593 620 603 581 605 574 526 512 498
150 645 635 618 618 601 580 605 572 524 509 495
250 645 646 L4 615 598 577 603 570 523 508 494
350 645 657 668 613 603 574 600 568 522 507 494
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Fig. 4. Average temperature at the piston head surface.
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Discussion of the main research result

The results also showed that in the absence
of a ceramic coating, the properties of the aluminum alloy
have little effect on the thermal state of the pistons. The
temperatures in the area of the piston grooves and on
the piston skirt (at points T, T,, 7,,and T,;) for both
the piston made of AK4-1 alloy and the piston made
of AK12d alloy are practically the same, although they
differ by no more than 2 K. In addition, the temperature
of the bottom part of the piston from AK4-1 is lower on
average by 5 K, given that this alloy has a higher thermal
conductivity coefficient. As a result, heat removal from
the bottom improves and its temperature decreases
(Table 3).

The MAOQO coating on the bottom reduces the
temperature of the piston metal. The greatest effect
for a piston made of AK4-1 is recorded with a coating
thickness of 250 pm; the temperature at the center
of the bottom under the MAO coating decreased by
3 K compared with an uncoated piston. However,
increasing the coating thickness to 350 pym leads to
an increase in the temperature on the surface of the
coating itself, which increases the temperature under
the coating. As a result, the heat-protective effect of
the thick coating (350 pm) on the AK4-1 alloy piston
almost disappears. Furthermore, we established that the
temperature at the center of the piston crown (point 7,)
made of AK12d alloy decreases by 11 K with a coating
thickness of 350 pm (Fig. 5), which can be attributed
to the low thermal conductivity coefficient of the MAO
coating. The dependence of the average temperature
under the coating on a piston made of AK12d alloy is
expressed in the following equation:

T

2(akian = 004,6—0,0264 (M
where 7, is the average temperature of the piston under
the ceramic coating, K, and 74 is the ceramic coating
thickness, um.

For a piston made of AK4-1 alloy, this equation has
the following form:

Tzwz(Am-n =600,2-0,0024, 2)

The temperature reduction in the area of the piston
grooves also depends on the MAQO coating thickness
on the bottom and has an average value of 2.3 K with
thicknesses of 350 microns and 6 K for AK4-1 and AK12d
pistons, respectively. The effect of the ceramic coating
on the temperature in the area of the piston grooves
can be described by the following linear relationships
(Fig. 6):

Tavj’(AKlzu) =538-0,017h, 3
Tav3(AK4-1) =537,3-0,0064, (4)
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where T, ; is the average piston temperature in the area
of the piston grooves, K.

The temperature at point 75, located on the piston
crown on the crankcase side, is reduced because of the
ceramic coating on the AK4-1 piston by 4 K at 250 ym and
on the AK12d piston by 11 K at 350 pum (Table 3). Similarly,
the temperature on the piston skirt at point 7, is also
reduced due to the ceramic coating, so that with a thickness
of 350 um, the reduction is 5 K on a AK12d piston and 3 K
on a AK4-1 piston (Table 3).

The MAO coating helps to increase the temperature
on its surface, such that the lower the thermal
conductivity coefficient of the ceramic coating, the
higher this temperature becomes (Fig. 4). The MAQ
coatings on the AK12d and AK4-1 alloys have thermal
conductivity coefficients of 1.6 and 4.5 W/(m-K),
respectively. As a result, with a ceramic coating thickness
of 350 um, a temperature increase of 50 K is registered
on the surface of the AK12d alloy piston; under the same
conditions, the temperature increase on the AK4-1 piston
crown is recorded at 21 K (Fig. 4). The dependence
of the average temperature on the coating surface 7,
for pistons made of different alloys can be represented
by the following equations:

TVI(AKIZH) =610,4-0,137/ and

a

T, e, = 602,2-0,058% |

a

Study limitations

Despite the fact that the temperature distributions
in the piston determined in this work were obtained
for a specific two-stroke engine, this effect can also be
attributed to the pistons of other ICEs. If the chemical
composition of the piston material and the
temperatures of the piston without coating are known,
then the temperatures can be predicted in different
zones of the piston with an MAO coating on its piston
crown in accordance with Egs. (1)-(4).

CONCLUSION

As a result of the research, we established that
the MAO coating on the ICE piston crown is an effective
way of reducing the thermal stress of pistons made
of aluminum alloys. Our findings reveal that the piston
temperature decreases under the ceramic coating, under
the piston crown on the crankcase side, in the area
of the piston grooves, and on the piston skirt. Increasing
the MAO coating thickness increases the efficiency
of the pistons’ thermal protection. A decrease in the
thermal conductivity of a MAO coating leads to an increase
in the temperature on its surface and an increase in the
heat-shielding effect. The greatest heat-shielding effect
is registered on a piston made of eutectic alloy.
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