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Abstract: Rather than focusing on the residual stress generated from casting, machining, or heat
treatment unilaterally, a comprehensive research method to consider the whole dynamic evolution
of residual stress is proposed. The cast iron piston is taken as the research object to establish a
continuous simulation model for its manufacturing. Firstly, a simulation model of piston casting is
established to analyze the stress change. Subsequently, through the machining and heat treatment
simulation of the piston, the variation law of residual stress before and after machining is analyzed.
Different process parameters are designed to study the redistribution mechanism of residual stress.
Residual stress tests are further conducted on the processed piston products. The results indicate that
shakeout can effectively remove 60% to 80% of the residual stress. The removal of materials results
in overall residual stress release and redistribution for the piston, and the piston releases 10% to
40% of the residual stress after machining. The heat treatment of the machined piston can effectively
reduce the residual stress with a maximum reduction of 27.1%. The good consistency between
experimental results and simulation results further confirms the feasibility of the comprehensive
research method. This study is beneficial for achieving low stress manufacturing of pistons and
improving their working performance.
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1. Introduction

Cast iron pistons are one of the core components of marine diesel engines, and their
complex structure and harsh working environment require high reliability and dimensional
accuracy during service [1]. The release of residual stress runs through the entire manu-
facturing process of the piston, which can be roughly divided into three stages: casting,
machining, and heat treatment. The presence of residual stress directly affects the strength
and stiffness of the piston, and then reduces its service life [2-4]. Therefore, it is necessary
to study the residual stress during the manufacturing process in order to achieve low stress
manufacturing, and further improve the working performance of the piston.

In order to study the residual stress in the casting stage, some scholars have studied
the development process of stress during casting solidification from the point of view of
establishing a theoretical model [5,6]. The pouring temperature affects the liquid fluidity.
High pouring temperatures can result in defects, such as porosity and cold segregation,
while low pouring temperatures may lead to issues like shrinkage holes [7,8]. Li et al. [9] ex-
plored the optimal parameter combination for casting temperature, knockout temperature,
and mold preheating temperature in the casting process to mitigate residual stress. Residual
stress is one of the important factors affecting the properties of castings. In the process
of casting manufacturing, the cooling rate of the adjacent area of the part is also different
because of the different wall thickness, which leads to the stress concentration [10-12].
Zhang et al. [13] investigated and continuously optimized the low-pressure casting process
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for a ZL205A alloy hemisphere shell casting. Hu et al. [14] established a mathematical
model of a continuous casting process to predict the stress change in the casting embryo.

For thin-walled parts, the machining process is mainly achieved by removing the
surface materials of the parts. In this process, the initial stress balance is broken, which leads
to the redistribution of the stress field, so it is of great significance to study the influence of
machining residual stress on machining quality and mechanical properties [15-17]. Jiang
et al. [18] found that the tensile residual impact stress on the machined surface can be
reduced by increasing the cutting speed. The increase in cutting speed will lead to a higher
temperature and smaller force. High temperatures can release the internal stress of the
material, and a small force may reduce the deformation and stress concentration of the
workpiece, thereby reducing the accumulation of residual stress. Zhang et al. [19] studied
the coupling distribution of initial residual stress and machining residual stress and found
that the influence of coupling stress distribution is very significant with the decrease in the
thickness of thin-walled parts. Huang et al. [20] comprehensively considers the mechanism
of the influence of machining parameters and tool parameters on residual stress.

More importantly, Jiang et al. [21] studied the redistribution of residual stress on
the surface during machining and found that the overlapping effect of cutting tools has
an important influence on the deformation of thin-walled parts. Robinson et al. [22,23]
analyzed the redistribution of residual stress in aluminum alloy 7449 during layer-by-
layer removal. Zhou et al. [24] et al. proposed a novel genetic-based residual stress and
deformation prediction method for the coupled machining process of connecting rods.
In Guo et al. [25], in order to study the effect of residual stress on the deformation of
thin-walled parts, the redistribution mechanism of residual stress in the grinding process
was analyzed.

Heat treatment is a technological process in which the internal stress is released over
time by placing the part at a higher temperature in order to reduce the residual stress of the
part. Some scholars [26-28] use the traditional inverse heat transfer method to determine
the actual heat transfer coefficient of parts during quenching and carry out numerical
simulations of quenching. The results show that the process parameters have an important
influence on the residual stress. Dong et al. [29] studied the effects of different quenching
temperatures and hot and cold cycles on residual stress. Zhang et al. [30] studied the effect
of cooling rate on the residual stress and tensile properties of aluminum alloy. In addition,
some scholars focus on the influence of the structure and materials of heat-treated parts on
residual stress [31]. Kaiser et al. [32] found that short-time quenching and tempering will
lead to the transformation of surface residual stress from compressive stress to tensile stress.
Li et al. [33] analyzed the superimposed residual stresses produced by heat treatment and
grinding processes and found that the heat treatment and grinding processes produce
compressive residual stresses.

However, the above studies only focused on the residual stress generated from casting,
machining, or heat treatment unilaterally; the research on the dynamic evolution of residual
stress is more important. Su et al. [34] introduced residual stress generated by casting as
the initial conditions for a heat-treated step part of 4140 steel. Tian et al. [35] proposed a
comprehensive research method to consider the whole dynamic evolution of the casting
from the residual stress generated by casting to the stress relief by heat treatment.

It is crucial to study the residual stress during the manufacturing process in order to
achieve low stress manufacturing and further improve the working performance of the
piston. In this paper, rather than focusing on the residual stress generated from casting,
machining, or heat treatment unilaterally, a comprehensive research method to consider
the whole dynamic evolution of residual stress is proposed. The cast iron piston is taken
as the research object to establish a continuous simulation model for its manufacturing.
The simulation model of piston casting is established to analyze the stress change in the
process of casting. The change law of the residual stress before and after machining is
further analyzed based on the simulation model of piston machining and heat treatment.
Meanwhile, the effect of heat treatment on reducing and homogenizing the residual stress of
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the piston is explored. The influence of different process parameter conditions is analyzed
by numerical simulation, and we explore the redistribution mechanism of residual stress
in the piston manufacturing process. Residual stress tests are further conducted on the
processed piston products to confirm the feasibility of the comprehensive research method.

2. Materials and Methods
2.1. Workpiece Material

The working environment of a marine diesel engine piston requires it to have the
characteristics of high strength, high toughness, and high wear resistance. The material
used in actual production is nodular cast iron QT700. The iron QT700 has the same material
composition as EN-GJS-700 in software ProCAST 2019, and the software provides the
required thermal properties parameters for casting. Its chemical composition is shown in
Table 1. The stress data are based on the built-in Linear Elastic in the software material
library, and the sandbox material is selected as Green Sand. The mold cavity is defined
as 100%, and the stress data are rigid. Because this study mainly considers the influence
of pouring temperature and sand dropping temperature on the residual stress of the
piston, complete rigidity can well represent the influence of pouring temperature and sand
dropping temperature on the residual stress of the piston, as well as the process of stress
and strain changes. At the same time, due to the fact that the fully rigid sandbox model
can ignore the calculation of stress, the calculation speed is improved. To further simulate
mechanical processing and heat treatment processes in ABAQUS 2016, Table 2 just shows
the material parameters of QT700 shown after further interpolation processing, and the
units in the table need to be converted to the units input into ABAQUS accordingly.

Table 1. Chemical composition of QT700.

C Cu Mg Mn Si P S
3.5 0.8 0.06 0.1 2.7 <0.05 <0.05

Table 2. Material parameters.

T (°CO) p (kg/m®) E (GPa) |z (J.(kg(—:llj.K—l) a (10~ K1) (W~m£<1~K_1)
20 7.44 x 103 103.479 0.28 445 2.05 44
100 7.33 x 10° 103.478 0.28 443 2.05 45
300 7.16 x 103 100.632 0.28 484 2.04 37
500 7.13 x 103 84.193 0.28 530 2.04 27
700 7.04 x 10% 60.431 0.28 624 1.90 29

2.2. Multi-Process Simulation Modeling

The basic structure of the piston is cylindrical, the material is QT700, the maximum
diameter is @280 mm, the overall height is 330 mm, the net weight 54 Kg, the maximum
wall thickness is 33 mm, and the minimum wall thickness is 12 mm. There are two pin holes
with diameters of @120 mm on the side wall of the casting, which are typical thin-wall
castings. The three-dimensional model is shown in Figure la. According to the structural
characteristics and casting process of the piston, the gating system model is determined, as
shown in Figure 1b.
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(b)

Figure 1. Establishment of 3D models: (a) Piston model (b) Pouring system model.

In the three-dimensional modeling stage of the piston, the model needs to be processed,
and the materials that need to be removed in the subsequent machining simulation are
drawn into a single part, and finally a complete assembly model is formed with the piston
model and the gating system model. The assembled casting system model is imported
from the three-dimensional software UG NX 2021 to ProCAST 2019 for meshing, and the
finite element model is shown in Figure 2. The Visual Mesh module of ProCAST software
is used to partition the mesh size. The mesh size of the gating system and the casting mesh
size are both 6 mm. The number of elements in the model is 1,455,287, and the mesh type is
C3D4 (tetrahedral elements).

(a) Sandbox mesh (b) Casting and gating system mesh

Figure 2. Finite element model: (a) Sandbox mesh; (b) Casting and gating system mesh.

The gravity casting process is adopted in the actual production of cast iron pistons.
The casting simulation needs a pouring time of 7 s, a pouring temperature of 1430 °C, and
an initial sandbox temperature of 25 °C. After the pouring is completed, the liquid metal
fills the mold cavity and carries out heat transfer, and the thermal boundary condition
between the sandbox and the air is set to air cooling. The top wall thickness of the casting
is relatively large, and the side wall thickness is uneven. Therefore, it is required that the
metal liquid rises steadily and slowly along the mold cavity during the filling process. At
the same time, according to the principles of simultaneous solidification and equilibrium
solidification, in order to reduce the temperature field during the solidification process
of casting, the casting method is determined to be a bottom pouring system. The casting
adopts a semi-closed pouring system, and the minimum flow resistance section size should
be firstly determined when designing the dimensions of each runner. Meanwhile, the
calculation of the dimensions of each sprue in the pouring system should use the inner
sprue section size as the minimum section reference, which is beneficial for ensuring the
rapid filling of the molten metal. The cross-sectional ratio of the inner runner, transverse
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runner, and straight runner is A1:A2:A3 = 1:1.5:1.2, and the inner runners are dispersed
and arranged at the bottom of the casting. The shrinkage feeders are added at the locations
where casting defects may occur to supplement the solidification process of the casting.

After the pouring is completed, the liquid metal fills the mold cavity and carries out
the heat transfer, and the thermal boundary condition between the sandbox and the air is
set to air cooling. The heat transfer coefficient between the casting and the mold is set to
800 W /(m?-K) before the solidification of the molten metal; after the solidification of the
molten metal, the heat transfer coefficient between the casting and the mold is
400 W/(m?2-K). The heat transfer coefficient between the mold and the air contact sur-
face is set to 10 W/(m?2-K).

The cast iron piston retains a certain amount of casting residual stress in the casting
stage. After a large number of materials are removed in the machining process, the release
and redistribution of the original residual stress in the casting is the main reason for the
deformation of the workpiece in the machining process. The machining process of the
piston machine is shown in Table 3.

Table 3. Simplified process flow.

Serial Number Process Name

1 Car end face
Outer circle of car
Drill hole
Boring
Car combustion chamber
Ring groove

N Ul = W N

Before piston machining simulation, the casting residual stress simulated by ProCAST
software should be loaded onto the finite element model of piston machining in ABAQUS
software. The specific implementation method is as follows: the ABAQUS keyword is
edited, adding *InitialConditions, type = stress, and input = cast.dat statements between
*Material and Step. The “life and death unit” technology is used to simulate the machining
process of the piston to achieve the removal of metal materials.

Finally, in order to reduce and homogenize the residual stress, stress relief annealing
is carried out for the complex structure of the parts, while stress relief annealing heat
treatment mainly includes three processes: the heating, insulation, and cooling processes.
The machined workpiece is placed in the heat treatment furnace, and the workpiece is
heated from room temperature to a certain temperature according to the appropriate
heating speed. After reaching this temperature and holding the heat for a period of time,
cooling is performed with the furnace to a certain temperature at the appropriate cooling
speed, and finally the air is cooled to room temperature. The specific process flow is as
follows: heating to 580 °C, holding the heat for 3 h, cooling to 200 °C with the furnace,
and natural air cooling to 25 °C, where the heating and cooling speeds are not less than
50 °C/h.

2.3. Experimental Setup

The rationality of the piston multi-process continuous simulation model is verified
by the residual stress test experiment. The X-ray stress detector Xstress3000G2 and the
electrolytic polishing machine XF-1 selected by the experimental instrument are shown in
Figure 3a,b. Figure 3¢ is a schematic diagram of the piston measuring point. Considering
the structural characteristics of the piston, the selection of the five measuring points is
mainly concentrated around the piston pin hole and skirt, in which measuring points 1, 2,
and 3 are distributed in the piston skirt, and measuring point 4 is located on the upper side
of the pin hole, while measuring point 5 is located on the side plate. In addition, because
the X-ray inspection has some requirements on the surface quality of the tested sample, it
is necessary to carry out electrolytic polishing on the testing point.
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le 2 e rs

(c) Schematic diagram of piston measuring point

Figure 3. Test arrangement.(a) Electrolytic polishing machine; (b) X-ray stress detector; (c) Schematic
diagram of piston measuring point.

In order to ensure the accuracy and reliability of the experimental data, the piston parts
used in the measurement are all pistons produced in the same batch, 5 groups of pistons in
each process stage are selected, and the average number of 5 groups of experimental results
is taken. The physical figure of the selected piston after machining and heat treatment is
shown in Figure 4.



Metals 2024, 14, 1327

7 of 16

Figure 4. Physical image of the test piston: (a) Piston after machining; (b) Piston after heat treatment.

3. Results and Discussion
3.1. Casting Simulation Results

With the solidification process, a temperature difference between the inner and outer
layers and an uneven distribution of temperature in different regions of the casting will
appear. The metal liquids in different parts will obstruct each other when contracting,
leading to the generation of thermal stress. In addition, the blocking effect of the sandbox
on the casting shrinkage will also lead to casting forces, which will form a stress field in
the casting.

The restraint of the sandbox is lost after the sand falls, and the overall stress of casting
decreases greatly. When the piston castings are cooled in air, the stress increases slowly
with the decrease in temperature, and gradually tends to a stable value. Figure 5a shows
the stress nebulae of the piston during shakeout. It can be seen from the figure that the
residual stress of the whole piston at this time is mainly concentrated in 70~250 MPa, and
the stress is mainly distributed in the piston head, pin hole side plate, and skirt area, among
which the maximum stress in the side plate and skirt area is about 250 MPa. Figure 5b
shows the stress cloud diagram of the piston when it cools down to room temperature. At
this time, the piston loses the restraint effect of the sandbox, and the overall stress begins
to change and transfer. It can be seen from the figure that the residual stress of the piston
castings is not high and is mostly kept in the range of 25~115 MPa. The residual stress is
mainly concentrated in the top, head, pin hole, side plate, and skirt of the casting. The main
reason is that the wall thickness of the top, head, and pin hole of the casting is large, and
the temperature difference between the inner and outer surface is large during the cooling
process, which causes the stress concentration. The residual stress of the side plate and the
skirt is caused by the cooling deformation of thin-wall thickness. The maximum residual
stress of casting does not exceed the tensile strength of the material.

Figure 6a shows the stress variation curve of measuring points 1-5 from the beginning
of the solidification of the casting to the sand falling. From the graph, it can be seen that the
stress changes in measuring points 1-5 during the cooling process are basically consistent,
and can be roughly divided into three stages: the stage of rapid stress growth at the begin-
ning of solidification, the stage of stress reduction, and the stage of gradually increasing
stress with cooling. At the beginning of solidification, the liquid metal in the sandbox has
good shrinkage and deformation ability, and there is no stress generated at this time. As the
temperature decreases, the molten metal begins to cool and solidify, and the liquid phase
inside the casting gradually begins to transform into a solid phase. The ratio of the solid
phase continues to increase, and the mutual hindrance and confinement of the sandbox
inside the casting lead to a rapid increase in stress. As the casting gradually solidifies
and undergoes phase transformation, its volume gradually increases. The hindering effect
inside the casting decreases, and the stress decreases accordingly. After the casting is
completely solidified, the stress of the casting is mainly affected by the cooling rate in each
region. As the temperature difference in each region decreases, the stress slowly increases.
Points 1, 2, and 3 in the figure have similar wall thicknesses and are located in the piston
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skirt, so the stress changes in the three stages are basically the same. However, points 4
and 5 are affected by wall thickness and position, and the stress reduction stage and stress
gradually increasing stage with cooling occur later than points 1, 2, and 3. Figure 6b is the
stress change curve of the casting at measuring points 1~5 when the casting is cooled to
room temperature after sand outfall. It can be seen from the figure that the constraint effect
of the sandbox is lost after sand outfall, and the stress at each point of the casting decreases
significantly in a short time. Subsequently, the castings were cooled in the air, and the stress
in each region rose slowly due to different local cooling rates. After a period of time, the
stress growth at each point tended to be flat. The stress growth of point 5 is larger than
other points due to the tensile action of the pin hole and piston skirt on both sides.

Effective Stress [MPa] Effective Stress [MPa]
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Figure 5. Cloud chart of residual stress in piston casting: (a) Residual stress before shakeout;
(b) Residual stress after shakeout.
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Figure 6. Stress CHANGE curve at measurement point: (a) Stress change curve before shakeout;
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(b) Stress change curve after shakeout.

3.2. Machining Simulation Results

The residual stress of castings after sand falling out at 500 °C is taken as the initial
residual stress of piston machining simulation. The piston machining simulation is carried
out according to the piston machining process in Table 4. The stress nebulogram of the
piston before and after machining simulation is shown in Figure 7.
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Table 4. Different shakeout temperature parameters.

Factor Shakeout Temperature (°C)
A 300
B 400
C 500
D 600

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+3.407e+02 +3.6742+02
+3.106e+02 - +3.372e+02
+2.860e+02 +3.069e+02
+2.566e+02 +2.767e+02
+2.285e+02 +2.4652+02
+2.006e+02 +2.163e+02
+1.825e+02 ~ + +1.860e+02
+1.445e+02 + +1.558e+02
+1.165e+02 +1.256e+02
+8.844e+01 +9.538e+01
+6.042e+01 +6.516e+01
+3.236e+01 +3.493e+01
+4.365e+00 +4.712e+00

Figure 7. Stress cloud diagram before and after piston processing.

It can be seen from Figures 7 and 8 that the casting residual stress is taken as the initial
stress. After the machining simulation of the piston, the overall residual stress of the piston
begins to be redistributed and released due to the removal of materials in various parts. The
stress of the piston is mainly concentrated on the top surface, the top step, the outer circle,
the side plate and the pin hole before machining. The residual stress at the top of the piston
is transferred to the inner wall of the combustion chamber after removing the combustion
chamber material. The residual stress at the top step and ring groove is transferred to the
processed surface of the ring groove. The residual stress at the outer circle, side plate, and
pin hole decreases or increases to varying degrees. Taking the measuring points at the outer
circle of the piston and the rib as an example, it can be seen from Figure 8 that the residual
stress at points 1 and 3 is increased after machining, while the residual stress at points 2, 4,
and 5 is reduced to different degrees, and the stress release at point 2 is reduced by 45.1%
compared with that before machining.

[C_] Stress before machining

[T Stress after machining
100 - —e— Rate of stress change 1

o
s

80 - -

Stress(MPa)
2
T
L
o N
g s

s
T
L
o
S
Rate of stress change(%)

20 |- 4 B

>

1 2 3 4 5
Test point

Figure 8. Stress changes at each measurement point.

3.3. Simulation Results of Heat Treatment

The machined piston was annealed for stress removal, heated at 80 °C/h, kept at
560 °C for 3 h, and finally cooled in the furnace at 40 °C/h. The overall temperature of the
piston increases gradually, and the yield strength of the piston decreases with the increase in
temperature. When the yield strength of the material is lower than the residual stress in the
piston, plastic deformation will occur in the local area of the piston structure, and certain
residual stress will be released. The stress distribution during the stress removal annealing
process is shown in Figure 9. Heat treatment can eliminate part of the residual stress, but
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cannot completely eliminate the residual stress; the heat treatment of the machined piston
can effectively reduce the residual stress, and the maximum residual stress is reduced
by 24.1%.

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+3.6742+02 +2.787e+02
- 43.372e402 +2.558e+02
+3.069e+02 +2.329e+02
+2.767e+02 +2.100e+02
+2.4658+02 +1.871e+02
+2.163e+02 +1.642e+02
= +1.860e+02 +1.413e+02
—+ +1.558e+02 +1.184e+02
+1.256e+02 +9.548e+01
+9.538e+01 +7.258e+01
+6.516e+01 +4.968e+01
+3.493e+01 +2.678e+01
+4.712e+00 +3.876e+00

(a) (b)

Figure 9. Stress distribution before and after heat treatment: (a) Before heat treatment; (b) After
heat treatment.

3.4. Effect of Process Parameters on Residual Stress
3.4.1. Effect of Shakeout Temperature on Residual Stress

The shakeout temperature is an important factor affecting the residual stress of castings.
The castings after shakeout are cooled in the air, and the choice of temperature will affect the
cooling rate of the castings, thus affecting the residual stress when the castings are cooled
to room temperature. This section will study the effect of different shakeout temperature
on the residual stress of castings, and the shakeout temperature parameters are shown in
Table 4.

It can be seen from Figure 10 that after removing the sandbox, the maximum residual
stress of the casting decreases from 470 MPa at 300 °C to 276.2 MPa at 600 °C with the
increase in shakeout temperature. The higher the shakeout temperature is, the smaller the
maximum residual stress is. Figure 11 shows the stress variation diagram of measuring
points 1 to 5 with the shakeout temperature. The stress of five measuring points is the
highest at 300 °C, and the residual stress is the lowest at 600 °C, while the residual stress
is the largest after shakeout at 600 °C. With the increase in the shakeout temperature,
the cooling rate of the casting increases rapidly in a short time, and the local temperature
difference in the casting increases, so that the residual stress increases after the shakeout and
the stress decreases gradually before the shakeout. The residual stress increases gradually.

Effective Suess [P
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Figure 10. Stress nephogram under different shakeout temperatures.
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Figure 11. Stress changes at various points under different shakeout temperatures.

3.4.2. Effect of Initial Stress on Residual Stress

The casting residual stress at the shakeout temperatures of 300 °C, 400 °C, 500 °C,
and 600 °C is taken as the initial stress of piston machining, and the processing technology
in Table 3 is selected. The stress changes in each area of the piston with different initial
stresses after different shakeout temperatures are shown in Figure 12. As can be seen from
the diagram, the stress change trend in the piston under different initial stress conditions
is basically the same under the same processing technology. After machining, the stress
in each area of the piston increases and decreases in different magnitudes: the residual
stress in the combustion chamber area after piston processing increases with the shakeout
temperature, and the stress increase trend in the combustion chamber area decreases
gradually in the range of 300 °C to 500 °C. Under the condition of shakeout at 500 °C, the
stress in the piston combustion chamber undergoes no obvious change before and after
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processing, but the stress begins to decrease when the shakeout temperature exceeds 500 °C.
With the increase in the shakeout temperature, the stress in the piston head area decreases
after machining, and the higher the temperature is, the greater the stress decreasing trend
is; the stress in the pin hole area has no significant change before the shakeout temperature
reaches 500 °C. When the shakeout temperature reaches 600 °C, the stress increases by
16.73% before and after processing, and the decreasing trend in stress in the side plate
decreases with the increase in shakeout temperature. In the range of 300 °C to 600 °C,
the shakeout temperature has little effect on the increasing trend in stress of the piston
skirt. Under different initial stress conditions, the stress influence of machining on each
region of the piston is as follows: head area > skirt area > pin hole area > side plate area >
combustion chamber area.
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Figure 12. Stress changes in various regions under different initial stresses.
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3.4.3. Effect of Holding Temperature on Residual Stress

In order to study the effect of different holding temperatures on the residual stress of
piston machining, the specific process parameters are shown in Table 5.

Table 5. Different insulation temperature parameters.

Factor Insulation Temperature (°C)
A 540
B 560
C 580
D 600

Figure 13 shows the cloud map of residual stress distribution at different insulation
temperatures. The heating speed, holding time, and cooling rate remain unchanged during
each simulation. In the process of annealing, with the increase in insulation temperature,
the residual stress of the piston decreases continuously, and the effect of different insulation
temperatures on stress relief is different. The maximum stress of the piston decreases from
367.4 MPa to 270.9 MPa at 540 °C and from 367.4 MPa to 233.3 MPa at room temperature.
Therefore, when the insulation temperature changes between 540 °C and 600 °C, compared
with other factors, the insulation temperature has a significant effect on the elimination of
residual stress.
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Figure 13. Residual stress distribution at different insulation temperatures.

It can be seen from Table 6 that when the insulation temperature increases within a
specific range, the reduction effect of residual stress is also enhanced. When the insulation
temperature of the piston reaches 580 °C, the internal residual stress has been eliminated
by 31.9%. However, when the insulation temperature continues to increase to 600 °C, the
elimination of residual stress by insulation temperature begins to weaken.

Table 6. Residual stress relief effect under different insulation temperatures.

Ored Insulation Stress Value (MPa) Relief
T T o
ede Temperature (°C) Before Heat Treatment  After Heat Treatment Percentage
1 540 285.2 22.3%
2 560 267.8 27.1%
3 580 367.4 250.0 31.9%
4 600 233.3 36.4%
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3.5. Verification of Multi-Process Residual Stress of Diesel Engine Piston

Figure 14 shows the residual stress data of the piston surface. It is found that although
there are differences between the experimental values and the simulated values of the
measuring points on the piston surface, the error between the simulated values and the
experimental values of the measuring points is basically within 50 MPa. By analyzing the
simulation results and the experimental results, it is found that the difference between
the simulation values and the experimental values in the machining stage of piston is
large. This is because the surface residual stress caused by the cutting friction of the tool
is retained on the surface of the piston parts measured in the experiment after the cutting
action of the tool, while the cutting action of the tool is not considered in the machining
simulation. The difference between the simulated value and the experimental value of heat
treatment is reduced to a certain extent, because after heat treatment, the influence of the
residual stress on the surface of the piston parts is weakened, and the stress variation trend
in the simulated value and the experimental value is basically the same, which shows that
the multi-process continuous simulation of the piston is reliable.

120
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= Wi
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Figure 14. Residual stress simulation and test results.

4. Conclusions

In this paper, aiming at the manufacturing process of a marine diesel engine piston, the
multi-process continuous simulation process of the piston from casting to machining to heat
treatment is established. The variation law of residual stress in the piston manufacturing
process is studied, which is of theoretical significance and engineering application value
for optimizing the manufacturing process and the process parameters of pistons.

Before shakeout, the casting stress is mainly concentrated in the thin-walled area, but
after shakeout, the stress is redistributed, and the casting stress is mainly concentrated in
the wall thickness area, and shakeout can effectively remove 60% to 80% of the residual
stress. With the increase in shakeout temperature, the stress of castings decreases gradually
before shakeout, while the residual stress increases gradually after shakeout.

Taking the residual stress after shakeout as the initial stress, and considering the clamp-
ing technology, the residual stress in the machining stage of piston machining is studied.
The removal of materials results in the overall residual stress release and redistribution of
the piston, and after machining, the piston releases 10% to 40% of the residual stress. The
heat treatment of the machined piston can effectively reduce the residual stress, and the
maximum residual stress is reduced by 27.1%.
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