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Steel material is one of the necessary choices for piston to meet the high strengthening technical require-
ments of high-duty engines. The finite element model of piston (38MnVS6, 42CrMo4) is constructed. The
temperature field, thermal stress field and fatigue safety factor of the pistons are calculated and analyzed.
The piston durability experiments are carried out to investigate the influence of forging steel materials on
the fatigue resistance. The results indicate that the 42CrMo4 piston has the better fatigue resistance. Under
the same structure conditions, the 42CrMo4 piston achieves a smaller variation range of temperature field
and 13.8% lower maximum thermal stress, compared with the 38MnVS6 piston. Moreover, the safety
factor at the piston throat and at the inner cooling oil cavity is enhanced by 16 and 3%, respectively. The
oxide film thickness and the carbon deposit thickness of the 42CrMo4 piston are 27 and 16% lower than
that of the 38MnVS6 piston, respectively. This work provides an effective method for the selection of forged

steel piston materials.
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1. Introduction

With the gradual increase in engine burst pressure, the
ordinary aluminum pistons can no longer meet the technical
requirements for high-strength piston of engines (Ref 1, 2).
Under normal working conditions, the piston is affected by
high temperature, resulting in the different temperature distri-
bution on the piston surface. The thermal stress of different
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piston materials is quite different, which affects the high-
temperature fatigue resistance of the piston (Ref 3).

At present, forged steel piston is a new material product to
meet the requirements of high-strength and high-power density
of piston (Ref 4-7). 42CrMo4 and 38MnV S6 are widely used as
piston materials, because of the excellent mechanical properties
(Ref 8). The 42CrMo4 material has small Von Mises stress of
189.38 MPa and small deformation of 5.52 x 1075 mm,
according to the static stress analysis (Ref 9). In the manufac-
turing processes, the strength of the 42CrMo4 components can
be improved by combining and optimizing the casting and
forging (Ref 10).

With the increase in the surface temperature of the structural
piston, the oxidation film would appear on the surface of the
steel piston, which can lead to the oil fission of the internal
cooling oil chamber of the piston and the formation of carbon
deposit (Ref 11). The high-temperature gradient can induce the
surface microcracks (Ref 12), which affects its service perfor-
mance. Therefore, the fatigue cracks are easy to be introduced,
which can reduce the fatigue resistance of the piston. On the
other hand, when the engine is running, the brittle oxide film is
formed on the surface of the steel piston combustion chamber at
high-temperature (Ref 13-17). Under the action of high-
temperature gas cycle load, the oxide film is easy to fragment
and flake. The stress is concentrated at the spalling of oxide
film, which results in the rapid decrease in steel strength and
fatigue crack. The further crack propagation will lead to the
cracking and failure of the piston combustion chamber throat. It
is also found that the combination of vegetable-oil-based
nanofluid MQL and surface biomimetic microstructure can
effectively reduce the specific energy (Ref 18), which provides
a new idea for the manufacturing of piston.

For the steel pistons, the internal cooling oil chamber is
usually designed in the piston head. Carbon deposition is an
important evaluation factor reflecting the fatigue of the internal
cooling oil chamber in the piston (Ref 19, 20). The cooling oil
oscillates through the internal cooling oil chamber. And then it
takes away the heat of the piston head. During the cooling
process, the oil is coking and depositing on the inner wall of the
cooling oil chamber under the action of high temperature. And
then a hard and rough carbon layer is formed (Ref 21, 22). The
thermal conductivity of carbon deposition is about 1/50 of steel,
which seriously hinders the cooling and heat dissipation of the
piston head. The high-density heat of the piston combustion
chamber cannot quickly escape through the cold oil chamber of
the piston. At the same time, the uneven distribution of carbon
deposition layer leads to the disequilibrium of heat collection in
the piston head. The hot points are generated in the combustion
chamber wall, which is also easily leads to fatigue failure of the
piston (Ref 23).

Aiming at the high-temperature oxidation and carbon
deposition problems of steel piston, the simulation and
experimental investigation on fatigue resistance and oxidation
resistance of the forged steels (38MnVS6, 42CrMo4) piston in
high-duty engine is conducted in the work. The microstructure
and mechanical properties of 42CrMo4 and 38MnVS6 piston
materials were analyzed. The temperature field, thermal stress
field and fatigue safety factor are investigated. Moreover, the
oxide film and carbon deposition thickness of the piston are
detected to evaluate the fatigue resistance and oxidation
resistance of the pistons. This work provides an effective
method for the selection of piston materials, and a theoretical
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Fig. 1 Microstructure of piston materials, (a) 38MnVS6 and (b)
42CrMo4

basis for the popularization and application of forged steel
piston.

2. Materials and Methods

2.1 Piston Material

42CrMo4 alloy structural steel and 38MnVS6 alloy struc-
tural steel are used to forge piston blanks, respectively. Then,
the finished piston products are processed manufactured. The
microstructure of piston materials is presented in Fig. 1.
38MnVS6 material is mainly composed of coarse pearlite and
ferrite, while 42CrMo4 material is mainly composed of fine
pearlite. The main chemical composition and mechanical
properties of the two alloy structural steel materials are shown
in Table 1 and Table 2, respectively. The comparative analysis
shows that the microstructure and mechanical properties of
42CrMo4 are better than those of 38MnVS6.

2.2 Simulation Model

Using UG CAD software, 1/2 models of piston, connecting
rod small end and piston pin are established. The 3D simulation
model is presented in Fig. 2. And the symmetry constraints are
defined. Piston pin hole and piston pin, connecting rod small
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Table 1 Main chemical composition of the alloy structural steels (wt.%)

Model C Si Mn Cr Mo Ni P S Fe
42CrMo4 0.42 0.21 0.71 1.10 0.23 0.01 0.015 0.01 Balance
38MnVS6 0.38 0.65 1.41 0.19 0.01 0.04 0.011 0.02 Balance

Table 2 Mechanical properties of the alloy structural steels

Model Tensile strength, MPa Yield strength, MPa Reduction of area, % Elongation, %
42CrMo4 1006 £ 35 880 + 46 44 +3 14 +£2
38MnVS6 936 + 41 650 £ 33 40 +£ 2 16 £ 2

Fig. 2 3D simulation model

Table 3 Main performance parameters of engine

Piston

Piston pin

Connecting
rod small end

Cylinder bore, mm  Cylinder stroke, mm  Burst pressure, Pa

Rated power, kKW  Rated speed, r/min  Total displacement, mm

135 157 169

360 1900 13.48

end and piston pin, piston skirt and cylinder liner are defined as
contact constraints. Moreover, the cylinder liner is defined as
full constraints. Then, the three-dimensional model is imported
into ANSYS software for simulation calculation.

Both the piston and the connecting rod small end adopt
second-order tetrahedron element, and the piston pin adopts
hexahedron element. In order to improve the calculation
accuracy, the mesh is locally densified in the parts with large
temperature variation. For the piston, the number of elements is
252484 and the number of nodes is 379064. For the piston pin
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and connecting rod small end, the number of elements is
327555 and the number of nodes is 541714.

Under the rated working condition of the engine, the heat
exchange of the piston is in equilibrium. And the temperature
field is calculated by the third boundary condition. The main
simulation parameters of the engine are presented in Table 3.

2.2.1 Boundary Conditions of Piston Temperature
Field.

(1) Combustion chamber throat
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Table 4 Specific parameters of J; and 4;

Parameter Symbol Value
Cylinder liner thickness o1 7.00, mm
Gap thickness between fire bank and cylinder liner ds 0.30, mm
Gap thickness between center of the 1st ring groove and cylinder liner d3 2.80, mm
Gap thickness between center of the 2nd ring groove and cylinder liner 04 2.55, mm
Gap thickness between piston skirt and cylinder liner Js 0.03, mm
Oil film thickness between piston ring and cylinder liner J¢ 0.01, mm
Gap thickness between piston pin and piston pin hole 07 0.09, mm
Thermal conductivity of cylinder liner A 36.20, Wm™ ' K™!
Thermal conductivity of gas Ao 0.12Wm 'K
Thermal conductivity of the 1st ring A3 52.00, Wm™' K™!
Thermal conductivity of the 2nd ring Ag 52.00, Wm™ ' K~!
Thermal conductivity of oil Asy Ay A7 021, Wm 'K
Table 5 Thermal boundary conditions of key parts of the piston
Key parts of the piston Surrounding temperature, °C Heat transfer coefficient, W m~' K™'
Combustion chamber throat 950 856
Fire bank 200 361
Ist ring groove 200 3086
2nd ring groove 180 961
Internal cooling oil cavity 120 3200
Piston inner cavity 110 3465
Piston pin hole 200 2323
Piston skirt 150 2403

In piston combustion chamber and piston top, the highest 1 - "@ _~_i (Eq 2)
temperature is obtained at the position of the piston combustion T Vi D

chamber. At the same time, the heat transfer coefficient at this
position is also the largest.

The conversion formula of convective heat transfer coeffi-
cient at the piston combustion chamber throat /4, can be
expressed as shown in Eq 1 (Ref 24).

e ()

| Zhme Y (Eq 1)
4 1+eo_1(2%)15

where 4, is the average equivalent heat transfer coefficient of
gas (h,, =428 W m ? K "), and N is the distance from the
piston combustion chamber throat to the piston centerline
(N = 37.5 mm).

(2) Fire bank, ring groove and piston skirt

When the piston fire bank and one ring groove are in contact
with gas, the temperature is high. Other ring grooves and ring
banks have less gas under the sealing action of piston ring. And
the heat is exchanged through multi-layer flat walls through
gas, ring, oil film, cylinder liner, cooling water.

The calculation formula of heat transfer coefficient of multi-
layer flat wall exchange model can be expressed as shown in
Eq 2 (Ref 25).
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where £, is heat transfer coefficient of fire bank, ring groove,
piston skirt and other parts, J; is the gap thickness, 4; is the
thermal conductivity of intermediate material, and #,, is heat
transfer coefficient between cylinder liner and cooling water
(h, = 12,969 W m 2 K’l). The specific parameters of J; and 4;
are presented in Table 4, which is provide by Chongkang
Engine Co., Ltd in China.

(3) Piston inner cavity

The piston inner cavity is communicated with the oil pan.
The upper part of the piston inner cavity is located at the
bottom of the piston combustion chamber. At the same time,
the bottom part of the piston inner cavity is communicated with
the oil pan. The heat exchange of the piston inner cavity mainly
comes from the heat at the top of the piston and the heat of the
oil mist in the oil pan at the bottom of the piston. The heat at the
bottom of the combustion chamber is taken away by the oil in
the oil pan.

The heat transfer coefficient of the oil mist in the piston
inner cavity i (Ref 26) is calculated as
1 (I —-T,)o

W (T - K (Eq 3)
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Table 6 Specific working conditions of engine fatigue test

Parameter Value

Rotation speed 1900 £ 5, r/min

Power 360 £ 1, KW
Oil pressure 261 £+ 2, kPa
Oil temperature 122 £ 1, °C
Inlet water temperature 95 £ 1,°C
Outlet water temperature 105 £ 1, °C
Inlet air temperature 24 £+ 1,°C
Outlet air temperature 623 £ 2, °C
Temperature before intercooling 159 + 2, °C
Temperature after intercooling 49 £ 1, °C
Fuel consumption 82 £+ 1, kg/h

where 7 is the temperature of the piston top surface
(Ty =369.8 °C), T, is the temperature of the piston inner
cavity bottom surface (7, =231.3 °C), T, is the oil mist
temperature in the crankcase (7, = 130.0 °C, which is gener-
ally the same as the oil temperature in the oil pan), J is the
thickness between the center of the piston top combustion
chamber and the bottom of the piston inner cavity (6 = 7 mm),
and K is the thermal conductivity of the piston material
(K=42Wm 'K,

The thermal boundary conditions of key parts of the piston
mainly include the surrounding temperature and heat transfer
coefficient of the piston combustion chamber throat, the fire
bank, the Ist ring groove, the 2nd ring groove, the piston
internal cooling oil cavity, the piston inner cavity, the piston pin
hole, the piston skirt. According to the engine temperature field
experiment and the calculation of Eq 1, 2 and 3, the thermal
boundary conditions of key parts of the piston are determined,
as shown in Table 5. The data in Table 5 are also provided by
Chongkang Engine Co., Ltd in China.

2.2.2 Mechanical Load. During the working process of
the piston, the mechanical load borne by the piston mainly
includes the explosion pressure of gas, its own inertial force
and the lateral force between piston and cylinder sleeve.

The total force applied to the piston F, is expressed as

nD?

Fyg —(P_P/)

4 (Eq 4)

where D is the diameter of piston (D = 135 mm), p is the
pressure exerted by the maximum explosion pressure of fuel
gas in the cylinder on the piston top surface and fire bank
(p =17 MPa), and p’ is the gas pressure in the oil pan
(" = 0.1 MPa).

The maximum reciprocating inertia force of the piston
assembly F; is expressed as

F; = —m;Rw*(cos o + /.cos 20, (Eq 5)
where m; is the weight of piston assembly (m; = 3658 g), R is
the radius of crank (R =70 mm), o is the rotation angular
velocity of crank (w = 199 rad/s), 4 is the ratio of crank radius
to connecting rod length (A= 0.33), and o is crank corner
(= 10°).

The lateral force on the piston F is expressed as
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() A

Fig. 3 Schematic diagram of detection position, (a) Oxide film
detection position and (b) Carbon deposition detection position

Fy = (Fy+F;) tan® (Eq 6)

where ¢ is the swing angle of the connecting rod (¢p = 3.32°).

2.3 Experimental Design and Method

After the 1000-h fatigue test of the engine, the engine is
disassembled and the piston is taken out. The specific working
conditions of engine fatigue test is exhibited in Table 6.

The oxidation degree of the piston combustion chamber and
the surface carbon of the inner cooling oil cavity wall are
observed. The processing method of wire cutting is adopted.
And a f-shaped block is, respectively, taken from the four
representative positions of the oil outlet hole, the oil intake
hole, the intake valve and the exhaust valve of the piston, which
is made into an insert for SEM observation (Fig. 3). As shown
in Fig. 3(a), the oxide film thickness at these three locations is
detected: (A) the upper part of piston combustion chamber, (B)
the piston combustion chamber throat, and (C) the bottom of
piston combustion chamber throat. As shown in Fig. 3(b), the
carbon deposition thickness at these two locations is detected:
(D) at the top of the internal cooling oil cavity and (E) at the
internal cooling oil cavity corresponding to the combustion
chamber throat.

Journal of Materials Engineering and Performance
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Fig. 4 Temperature field distribution of piston, (a) 38MnVS6 and (b) 42CrMo4

The formation of high-temperature oxide film is the process
of surface oxidation of piston material. The degree of oxidation
reflects the anti-oxidation fatigue performance of the material.
The oxide film thickness of the forged steel piston combustor is
measured by scanning electron microscopy (SEM) to analyze
the high-temperature fatigue characteristics of forged steel at
the piston combustor throat. Then, the thickness of carbon
deposits in the inner cooling oil cavity is detected, in order to
compare and analyze the high-temperature fatigue properties of
the forged steel material in the inner cooling oil cavity of the
piston.
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3. Results and Discussion

3.1 Temperature Field and Thermal Stress Field

The temperature field distribution of pistons is exhibited in
Fig. 4. The highest temperature of the piston is concentrated at
the combustion chamber throat on the top surface of the piston.
For the inner cooling oil cavity, the maximum temperature is
concentrated at the top position of the cooling oil cavity of the
piston. This position is close to the piston combustion chamber
throat. With the decrease in piston height, the piston temper-
ature is reduced gradually.

Volume 32(7) April 2023—3207
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Fig. 5 Thermal stress distribution of piston, (a) 38MnVS6 and (b) 42CrMo4

As shown in Fig. 4, the temperature range of the main part
of 38MnVS6 piston is 102-476 °C, while the temperature range
of the main part of the 42CrMo4 piston is 106-443 °C. The
temperature distribution range of 38MnVS6 is greater than that
of 42CrMo4, which can be attributed to the thermal conduc-
tivity of the two materials. Under the working conditions of the
engine, the throat temperature rise of 38MnVS6 piston
combustion chamber is 34 °C higher than that of 42CrMo4,

3208—Volume 32(7) April 2023

which results from the high-density heat flow of gas. Most of
the heat is released by the piston ring and the cold oil chamber
in the piston. At the same time, the engine cooling system
causes it to cool down. Due to the dual effects of heat release
and cooling, the piston skirt low-end temperature of 38MnVS6
is 4.3 °C lower than that of 42CrMo4.

The thermal stress distribution of piston is displayed in
Fig. 5. Under the same working conditions of the engine, the

Journal of Materials Engineering and Performance
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Fig. 6 Fatigue life coefficient of piston combustion chamber, (a) 38MnVS6 and (b) 42CrMo4

temperature variation range of 42CrMo4 piston is lower than
that of 38MnVS6 piston. Compared with 38MnVS6 piston, the
higher mechanical properties of 42CrMo4 piston (Table 2) lead
to the lower changes in thermal stress. The maximum thermal
stress of 38MnVS6 piston is 414 MPa, while the maximum
thermal stress of 42CrMo4 piston is 357 MPa, as shown in
Fig. 5. According to the simulation calculation, the maximum
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thermal stress of 42CrMo4 piston is 13.8% lower than that of
38MnVS6 piston.
3.2 Fatigue Life Analysis

The calculated piston temperature field and stress are
imported into FEA fatigue analysis software FE-SAFE. Fatigue
strength of piston material is set in the software, which is
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Fig. 7 Fatigue life coefficient of internal cooling oil cavity in piston, (a) 38MnVS6 and (b) 42CrMo4

Table 7 Oxide film thickness on the piston combustion chamber surface

Piston material Qil inlet hole Qil outlet hole Intake valve exhaust valve
38MnVS6 7.07-17.9, um 21.4-50.7, um 15.8-32.5, um 20.5-43.2, um
42CrMo4 5.93-10.9, um 15.8-37.0, um 8.28-23.7, um 14.9-32.6, um

3210—Volume 32(7) April 2023 Journal of Materials Engineering and Performance



measured by test. Then, the loads are applied to the model by
simulating the actual working conditions of gas in the engine
cylinder. And the fatigue calculation is performed. According
to the Haigh type Goodman curve method (Ref 27), the fatigue
life coefficient can be calculated by the maximum principal
stress under the maximum working condition and the minimum
principal stress under other working conditions. The fatigue life
coefficient a can be obtained by the following formulas (7) and

(8).

04 = (Gmax + amin)/z (Eq 7)

(Eq 8)

where 6, 1S maximum principal stress under the maximum
working condition, o, is minimum principal stress under
other working conditions, a, is the stress amplitude, o_is the
fatigue strength of piston material, and a is fatigue life
coefficient.

The fatigue life coefficient of the piston combustion
chamber is presented in Fig. 6. The weakest fatigue perfor-
mance of piston combustion chamber is located at the throat.
The lowest theoretical calculation values of fatigue life
coefficients of 38MnVS6 and 42CrMo4 are 2.375 and 2.75,
respectively, which is higher than the empirical standard value
of 1.4 of Binzhou Bohai Piston Co., LTD. It can be seen that the
safety factor of forged steel piston is significantly improved.
Moreover, in piston combustion chamber, the throat safety
factor of 42CrMo4 is 16% higher than that of 38MnVS6. So,
the fatigue resistance of 42CrMo4 piston is better in piston
combustion chamber, compared with 38MnVS6 piston.

The fatigue life coefficient of internal cooling oil cavity in
piston is exhibited in Fig. 7. The fatigue life coefficient of
38MnVS6 in internal cooling oil cavity is 1.3884-1.4196, while
that of 42CrMo4 in internal cooling oil cavity is 1.4250-1.4948.
In weakest part of the internal cooling oil cavity, the fatigue life
coefficient of 42CrMo4 is 3% higher than that of 38MnVS6. In
addition, the minimum fatigue life coefficient of 38MnVS6 in
internal cooling oil cavity is lower than the empirical standard
value (1.4) of Binzhou Bohai Piston Co., LTD., which is an
unreliability factor.

The microstructure of 42CrMo4 is mainly fine pearlite
(Fig. 1), resulting in its higher comprehensive mechanical
properties (Table 2), especially the yield strength, compared
with 38MnVS6. Under the high explosion pressure of the
engine, the thermal stress of 42CrMo4 piston is lower than that
of 38MnVS6 piston. The large thermal stress will damage the
fatigue life of the piston. Therefore, 42CrMo4 piston has higher
fatigue life coefficient and better fatigue resistance, compared
with 38MnVS6 piston, as shown in Fig. 7.

a=0,/0_1¢

3.3 Experimental Analysis

The piston is examined after the experiment, and oxidation
is found on the surface of the piston combustion chamber at

360°. The oxide film thickness on the piston combustion
chamber surface is exhibited in Table 7. Moreover, there is
carbon deposition on the wall surface of internal cooling oil
cavity at 360°. The carbon deposit thickness on the wall surface
of internal cooling oil cavity is exhibited in Table 8.

The oxide film thickness at oil inlet hole, oil outlet hole,
intake valve and exhaust valve are presented in Fig. 8. The
highest thickness of oxide film thickness is obtained at outlet
hole of combustion chamber. The cooling oil absorbs the heat
from the top of the piston. Then the cooling effect is gradually
reduced. The oil temperature at outlet hole is higher than that at
oil inlet hole. Therefore, the probability of oxidation is
enhanced at the oil outlet.

On the other hand, the oxide film thickness at position B is
greater than that at positions A and C. This is due to the
formation of vortex gas in the piston combustion chamber
during the fuel combustion process. The high-temperature gas
strongly swept the position of the piston combustion chamber
throat, resulting in the highest temperature at this position.
Therefore, the most serious oxidation of the piston material at
this position is presented, which is consistent with the
calculation results (Fig. 4).

As shown in Fig. 8, the oxide film thickness of 42CrMo4
piston is lower than that of 38MnVS6 piston. The oxide film
thickness at position B in Fig. 3 is exhibited in Fig. 9. The
oxide film thickness of 42CrMo4 piston at outlet hole B is
37.0 um, which is 27% lower than that of the 38MnVS6 piston
(50.7 um). On the one hand, the Fet+ and Cr+ elements in the
42CrMo4 piston matrix material combine with O+ to form an
oxide layer. The Cr+ element in the material has better affinity
for oxygen. The Cr,O; oxide layer is firstly formed on the
surface of the matrix, which hinders the formation of Fe;O,.
However, the content of Cr+ in 42CrMo4 material is not
enough to completely form a dense Cr,O; oxide film on the
substrate surface. So, some Fe;O, is still formed. On the other
hand, temperature is also an important factor affecting the
formation of Cr+ oxide layer. Under the working conditions of
the engine, the temperature of the piston combustion chamber
throat can reach 950 °C. With the increase in temperature,
Crt element in the matrix with relatively low temperature
diffuses outward. Cr3+ with smaller radius gradually replaces
Fe3+ in the octahedral gap. Finally, the Fe;0, inverse spinel
structure is transformed into the more stable FeCr,O4 spinel
structure. In addition, there is no antioxidant element Cr+ in
38MnVS6 piston material, which cannot prevent the oxidation
of Fe+ element. Therefore, the oxide layer thickness at the
combustion chamber throat of 38MnVS6 piston is relatively
large.

The carbon deposit thickness at oil inlet hole, oil outlet hole,
intake valve and exhaust valve are exhibited in Fig. 10. The
carbon deposit thickness at position £ is higher than that at
position D. At the same time, the carbon deposit thickness at
the internal cooling oil cavity corresponding to the combustion
chamber throat (E) are serious. Due to the high temperature at

Table 8 Carbon deposit thickness on the wall surface of internal cooling oil cavity

Piston material Qil inlet hole

Qil outlet hole

Intake valve exhaust valve

38MnVS6
42CrMo4

86.7-134, um
56.8-78.7, ym

275-321, um
205-269, ym

217-228, yum
94.0-142, um

282-318, yum
239-245, um
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the piston throat, the heat conduction leads to the serious oil
coking at the internal cooling oil cavity corresponding to the
combustion chamber throat. Therefore, carbon deposition
thickness at this position (E) is very high.

As shown in Fig. 10, the carbon deposit thickness of
38MnVS6 piston on the internal cooling oil cavity is signif-
icantly higher than that of 42CrMo4 piston. The carbon deposit
thickness at position £ in Fig. 3 is presented in Fig. 11. For
38MnVS6 piston, the carbon deposit thickness at oil outlet hole
E reaches 321 um. For 42CrMo4 piston, the carbon deposit
thickness at oil outlet hole £ is 269 um.

The 1000-h fatigue test of the engine is carried out.
According to the enterprise standard of Binzhou Bohai piston

3212—Volume 32(7) April 2023

Co., Ltd. (Q/BHS 0088-2012, Test method for engine piston
performance) (Ref 28), the limit value of carbon deposition in
the inner cooling oil cavity is 300 um. The carbon deposition
thickness of 38MnVS6 piston exceeds the standard value.
According to the temperature field analysis in Fig. 4, the
temperature of the internal cooling oil chamber can reach about
300 °C under the working conditions of the engine. At 300 °C,
the thermal conductivity of 42CrMo4 piston matrix material is
39 W/m K, while that of 38MnVS6 piston matrix material is
30 W/m K (Ref 29). The large thermal conductivity of the
piston material can make the heat exchange speed of the
internal cooling oil chamber fast, and promote the rapid cooling
of the internal cooling oil chamber surface. Thus, the high-
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Fig. 11 Carbon deposit thickness at position E in Fig. 3

temperature coking and deposition of engine oil can be
reduced. On the other hand, the uniform and dense Cr,O3
layer is easy to form because of the chromium in 42CrMo4
piston, which can inhibit the formation of new oxide films. So,
the 42CrMo4 piston surface has a relatively low carbon deposit
thickness.

Compared with 38MnVS6, 42CrMo4 has more stable mi-
crostructure, stronger comprehensive mechanical properties,
especially higher volume stability, under high-temperature
conditions. The oxidation layer and carbon deposit layer on
the surface of the 42CrMo4 material are not easy to form
fatigue cracks, which can further avoid oxidation fatigue
cracking at the combustion chamber throat and the inner
cooling oil chamber. Therefore, 42CrMo4 forged steel has a
higher fatigue resistance, which can be used for this type of
piston material.
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4, Conclusions

(1) The highest temperature of the piston is concentrated at
the combustion chamber throat. 42CrMo4 piston has a
lower temperature distribution range (106-443 °C).

The maximum thermal stress of the 42CrMo4 piston is
13.8% lower than that of the 38MnVS6 piston. The
safety factor of 42CrMo4 at piston throat and at internal
cooling oil cavity has a 16% and 3% higher than that of
38MnVS6, respectively.

The top surfaces of both pistons are oxidized at 360°.
Moreover, the combustion chamber throat of the piston
is the most severely oxidized. The oxide film thickness
and carbon deposit thickness of 42CrMo4 piston are sig-
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nificantly lower than those of 38MnVS6 piston, respec-
tively.

(4) Based on the analysis results of simulation and experi-
ment, the fatigue resistance of the 42CrMo4 is obvi-
ously higher than that of the 38MnVS6. 42CrMo4
forged steel can be used for this type of piston material.
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