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Abstract: In order to effectively suppress the cracking induced by the excessive residual stress of a
laser-melting RuT300 valve seat, the influence of a laser power change on the residual stress was
studied by constructing a finite element simulation model of a new power valve seat. The absorption
rate of the laser energy on the surface of the material and the change in thermophysical parameters
with temperature were taken into account in the model. The results show that the melting and
phase-change-hardening areas can be obtained by the laser-melting process. With the increase in
laser power, the peak temperature of the molten pool increased almost linearly. The melting zone
area and the phase-change-hardening zone depth increased. When the laser power was increased
from 2000 to 2600 W, the peak temperature of the laser-melting RuT300 valve seat increased from
2005.09 to 2641.93 ◦C, the maximum depth of the melting area increased from 0.55 to 0.86 mm, the
maximum width of the melting area increased from 3.42 to 4.21 mm, and the maximum depth of the
phase-change-hardening area increased from 0.55 to 0.64 mm. The circumferential residual tensile
stress in the melting area was much higher than in the radial and axial directions. Along the laser
scanning direction, the residual stress in the melting area increased as a whole, and the residual
stress in the laser-scanning finishing area greatly increased. With the increase in laser power, the
circumferential residual stress at the previous scanning moment decreased, and at the closing moment
of the scan, the circumferential residual stress increased with the increase in laser power.

Keywords: laser melting; RuT300; residual stress; laser power; valve seat

1. Introduction

In order to improve the compactness of the structure, a new high-strength power
was integrally molded with a valve seat and cylinder head, and the material used was
RuT300 vermicular graphite cast iron. This material has excellent mechanical, thermal
conductivity, shock-absorption, thermal fatigue-resistance, and castability properties. It
is an ideal material for casting cylinder heads [1–6]. However, it cannot meet the wear-
resistance needs of the valve seat bore; therefore, the valve seat bore area needs to be surface
modified to improve its wear resistance [7–9]. The existing methods used to increase the
surface hardness of valve seat bores are high-frequency induction or laser phase-change
hardening [10]. The use of the phase-change-hardening method can improve the hardness
of the material to a certain extent and increase the anti-wear performance of the material
surface. This method uses a heat source to rapidly heat the surface temperature of the
material above the phase transition temperature and below the melting point, and improves
the hardness by forming martensite through the rapid phase change of the material [11,12].
However, the phase-change-hardening depth of this method is relatively shallow, and the
processing allowance reserved for the project is small. In order to improve the depth of the
modified area, some scholars use the high energy density of the laser to achieve the rapid
heating and solidification of the local area, so as to realize the fine crystallization of the
molten area and increase the surface hardness and wear resistance [13–17]. This method
can greatly improve the modification depth.
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The laser melting of valve seat inserts involves many process parameters. The exper-
imental method has a long cycle to optimize the process parameters. A simulation is an
effective way to shorten processes. At present, the simulation research on laser-melting
or phase-change-hardening techniques is conducted at home and abroad. An et al. [18]
used the in situ laser-remelting process to improve an extremely high-speed laser cladding
copper–nickel alloy coating. A one-pass finite element model of the remelting process was
established, and the influence of the remelting speed on the solidification of the molten pool
was analyzed. The copper–nickel coating performed best at a remelting speed of 5 m/min.
Temmler et al. [19] studied the mechanism of surface microstructure formation during laser
remelting on hot work steel H11. The newly developed finite element model showed that
the change in the molten pool caused the deformation of the molten pool surface, which led
to the formation of the surface structure. The Marangoni convection had little effect on the
formation of surface structures during laser remelting. Xing Chen et al. [20] conducted a nu-
merical simulation analysis of the thermal effect of a laser rapid-melting Zr65Al7.5Ni10Cu17.5
amorphous alloy, and found that the thermal change in the laser single-point melting met
the growth conditions of the amorphous alloy. During the laser single-pass melting process,
relaxation accumulation occurred in the heat-affected zone, which might have caused a
certain degree of crystallization. The simulation and experimental results of Ali et al. [21]
showed that the laser-remelting process could effectively reduce the residual stress of SLM
forming Ti6Al4V. Rescanning at a 150% energy density reduced the residual stress by 33.6%;
however, the effect on the mechanical properties was detrimental and the sample failed
prematurely. Chunyan Zhang et al. [22] simulated the temperature field of laser-melting
rare-earth magnesium alloy and found that the temperature field showed the characteristics
of sudden heating, rapid cooling, and dynamic change. The temperature gradient of the
surface was the largest, and the temperature gradient decreased sequentially from the sur-
face to the inside. Bonek et al. [23] used ANSYS to simulate the laser-melting PMHSS6-5-3
high-speed steel process. Laser remelting created fused, heat-affected, and interface zones
to form on the surface of the material. The depth of the molten layer increased with the
increase in the laser power. Numerical simulations guided the selection of the optimal
process parameters. Vastola et al. [24] discovered through modeling that there was an
optimal beam shape for laser remelting when the cross-section of the laser beam was fixed.
When the input laser heat was the same, the scanning speed could affect the maximum
remelting quantity and the optimal beam size for remelting. The finite element simulation
model proposed by Schüßler et al. [25] aimed to improve the hardness and residual stress
prediction of the simulation by considering the tempering effect that occurred during the
laser surface hardening of AISI 4140. The model was used to analyze the parametric studies
of the effects of different initial tempering states and other post-process tempering methods.
Due to the self-tempering effect, the hardness of the hardened zone (HZ) was reduced
by 30 HV0.1, and the hardness levels of the transition zone (TZ) and heat-affected zone
(HAZ) were significantly reduced, resulting in local hardness that might be lower than
the substrate hardness. Chen et al. [26] adopted a laser-hardening process to improve
the hardness and wear resistance of a QT700-2 ductile cast iron crankshaft. Through a
finite element temperature field simulation, the appropriate parameter range was pre-
liminarily estimated, and then the effect of individual laser parameters was verified by
single-factor experiments. The optimal laser-processing parameters for the QT700-2 ductile
cast iron were a laser power range of 1000–1100 W, a scanning speed of 10–12 mm/s, and a
defocusing distance of 40–45 mm. By optimizing the laser parameter set, the hardening
layer hardness increased from 250 to more than 800 HV, the corresponding wear depth
reduced from 17.57 to 11.45 µm, and the coefficient of friction reduced from 0.8 to 0.6.
Evdokimov et al. [27] developed a heat source model. The model calculated the intensity
distribution of the workpiece surface as a function of beam parameters (beam waistline
and divergence half-angle) and process parameters (laser power, angle of incidence, and
focal plane distance). The applicability of the heat source model was proved by simulating
four different laser-hardening mechanisms. Han et al. [28] established a thermomechanical
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coupling model for a laser-quenching SUS301L-HT stainless-steel process considering grain
heterogeneity. The thermal stress field and temperature field distribution of the single laser
surface hardening under different process parameters were obtained. Laser power and laser
scanning speed were the main factors affecting the average residual stress of the grain, and
the influence of the two was opposite. The influence of laser scanning speed on the residual
stress of the substrate was greater than that of laser power. Xiaogang Xu [29] established a
numerical simulation model for the laser phase-change-hardening of Cr12MoV materials.
Using the transient thermal analysis module from ANSYS, the temperature field of the laser
phase-change-hardening process was simulated. With the help of the simulation results, the
depth and width of the hardened layer were predicted, and the suitable process parameters
were obtained. Liverani et al. [30] proposed a numerical model to evaluate the residual
stress after the laser surface treatment of mechanical components of arbitrary geometry.
Heat treatment experiments were performed on AISI 9810 steel cams using lasers. The
model accuracy was verified by comparing the stresses calculated by the model with the
measured values. Higher laser fluxes, or increased exposure speeds at a constant flux, led
to an increase in the hardening depth and a decrease in the compression residual stress. For-
tunato et al. [31] proposed a regression model for a reflectance coefficient evaluation in the
laser surface hardening of cylindrical AISI 420B steel. A sensitivity analysis was performed
by changing the input data and calculating the output temperature change, and different
reflectivities were evaluated by comparing the predicted and measured hardness values.
This reflectivity could be well approximated for simulating laser-hardening treatments of
many carbon steels. Tobar et al. [32] proposed a three-dimensional numerical model of laser
phase-change hardening of hot work tool steel AISI H13. The model coupled the solution
of the transient heat transfer equation with a metallurgical phase-change model based on
the Johnson–Mayer–Aframi and Coistinen–Malberg equations. A hardened surface layer
with a depth of about 0.3 mm and a hardness of 5 GPa was obtained.

At present, laser modification simulation studies are mainly used for steel materials,
magnesium alloys, titanium alloys, copper alloys, etc. There is no simulation of the residual
stress in a laser-melting valve seat. In engineering, the main bottleneck of a laser-melting
valve seat is cracking induced by excessive residual stress. By constructing a simulation
model of a laser-melting RuT300 valve seat, this paper analyzes the influence of laser
parameters on residual stress. The research results provide support for the optimization of
engineering parameters.

2. Finite Element Simulation Model
2.1. Mesh Model

Based on the real shape and size of a new dynamic vermicular cast iron valve seat, a
geometric model for a laser-melting finite element simulation was constructed in ANSYS,
as shown in Figure 1. The inner and outer diameters of the valve seats were 32 and 48 mm,
respectively. The z-height was 6 mm. The outer diameter of the cone was 40 mm and the
busbar length was 5.66 mm. In order to harden and strengthen the valve seat cone, the
laser heat source scanned in a circular direction along the valve seat cone from the location
of point I in Figure 1. A–I points were the monitoring points used along the scanning
direction during the laser-melting process, and they were also the spot center points in the
laser-scanning process. Paths 1–4 were radial monitoring paths. Meshing was the basis
for the finite element simulation. The model was meshed using the eight-node hexahedral
element solid 70 and the surface effect element surface 152. Due to the small size of the
valve seat model, the overall meshing was adopted to improve the calculation accuracy.
The principle of meshing was that, as the mesh became denser, the simulation results
hardly changed.
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Figure 1. Geometric model for finite element simulation of the laser-melting valve seat.

2.2. Mathematical Model

In order to evenly distribute the laser energy in the laser spot, a flat-top circular spot
was used as the laser heat source. The laser power density within the laser spot was evenly
distributed. The laser power density is:

q =
αP
πr2 (1)

where q is the laser power density; α is the absorption rate of the laser energy on the surface
of the material; P is the laser power; and r is the laser spot radius.

The laser-melting valve seat was a heat transfer process with heating and cooling.
According to Fourier’s law of thermal conductivity and the law of the conservation of en-
ergy, the differential control equation for three-dimensional transient temperature thermal
conduction considering the latent heat of the phase change [33] is:

ρc
∂T
∂t

= k
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+ Q (2)

where ρ is the material density; c is the specific heat capacity of the material; k is the
thermal conductivity of the material; x, y, and z are three-dimensional coordinates; T is the
temperature; t is time; and Q is the latent heat of the phase change.

In the finite element simulation, the phase-change latent heat problem was addressed
by defining the change in the enthalpy of the material with temperature. The change
formula for enthalpy [34] is:

H =
∫

ρc(T) dT (3)

where H is the enthalpy value.
The ANSYS indirect coupling method was adopted to use the temperature field

calculated by the thermal analysis as the temperature boundary for the stress calculation.
The temperature data included the transient temperature field from the beginning to end
of the laser-melting process to the overall cooling of the model to 25 ◦C. Displacement
constraints were applied to the bottom of the model during the stress analysis. During the
laser-melting intensification stage, the stress created by a sharp change in the temperature
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led to the elastoplastic deformation of the valve seat. According to the thermo-elastoplastic
theory, the thermo-elastoplastic constitutive equation [35] is:

{dσ} = [Dep ]{dε} − [Cth ][M][∆T] (4)

where dσ is the stress increment; [Dep] is the elastoplastic stiffness matrix; dε is the strain
increment; [Cth] is the thermal stiffness matrix; [M] is a function of the temperature shape;
and [∆T] is the level of the temperature change.

2.3. Thermophysical Property Parameters of the RuT300 Material

The thermophysical property parameters of the material determined the correctness
and validity of the simulation results. In the new power, the valve seat cast with the
cylinder head was composed of a vermicular graphite cast iron RuT300 material. When
the temperature reached the melting point of the RuT300 material, the material was no
longer within the elastic deformation range. Mechanical property parameters, such as
elastic modulus and yield strength, lost their physical connotations and should have been
set to 0. However, the simulation of the laser-melting RuT300 valve seat was based on
the thermo-elastic plastic theory; in order to avoid the difficulty of convergence in the
simulation calculation, the thermophysical parameters of the material must be non-zero
and the value should not be too small. After many simulation calculations and comparative
analyses, the elastic modulus and yield strength of the material at the melting point and
higher temperatures were set to a reasonable and small value in the finite element analysis.
The selection of the thermophysical parameters of the material provided the basic data
for the laser-melting simulation research. The thermophysical property parameters of the
RuT300 material are shown in Table 1. The thermophysical parameters of the material at
low temperatures were obtained by experimental measurements and referred to [36]. The
parameters at high temperatures were approximated by interpolation and extrapolation
methods. The trend and derivation of the thermal conductivity and specific heat capacity
at high temperatures referred to [37].

Table 1. Thermophysical property parameters of vermicular graphite cast iron RuT300.

Parameters Value

Temperature/°C 25 400
800

(Phase transition
temperature [38])

1200
(Melting point) 1600 2000

Specific heat
capacity/(J·kg−1·K−1) 465 645 871 938 888 880

Thermal
conductivity/(W·m−1·K−1) 42.37 41.03 37.29 34.89 33.29 31.69

Density/(kg·m−3) 7086 7086 7086 7086 7086 7086

Elastic modulus/GPa 145 135 124 80 60 60

Yield strength/MPa 240 200 157 20 20 20

Thermal expansion
coefficient/(10−6·◦C−1) 10.6 12.5 14.5 15.7 16.1 16.5

Poisson’s ratio 0.26 0.26 0.26 0.26 0.26 0.26

2.4. Parameters of the Laser-Melting Process

In the numerical simulation study of the laser-melting vermicular graphite cast iron
valve seat, the laser scanning speed and laser spot radius were fixed, and only the laser
power was changed. A total of four different laser powers were selected in the simulation
study to analyze the influence of the laser power on the thermodynamic coupling field.
The laser-melting process parameters are shown in Table 2.
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Table 2. Parameters of laser-melting process.

Parameters Value

Laser power/W 2000 2200 2400 2600
Laser scanning

speed/(mm·s−1) 5

Laser spot radius/mm 1.5

3. Results Analysis and Discussion

When the laser power is 2400 W, the temperature field distribution and the corre-
sponding melting and phase-change-hardening areas of the laser scanning along the valve
seat cone at different times are shown in Figure 2. According to the temperature field
simulation results, the area where the material temperature was above the melting point
(1200 ◦C) was the laser-melting area. The area where the material temperature was between
the phase-change temperature (800 ◦C) and the melting point (1200 ◦C) was the laser
phase-change-hardening area.

The laser-melting process could precisely modify the cone area. The rapid heating of
the laser caused the surface temperature of the material to rise rapidly. After the laser left
the scanning area, the surface temperature of the material decreased rapidly through heat
conduction and heat exchange with the outside world. From the temperature distribution
of the cross-section at each time point, it could be seen that, from the surface of the material
downwards were the melting area, the phase-change-hardening area, and the matrix. As
the laser scanned, the molten pool temperature continued to be high and the increase was
small. In the closing area of the scan, there was a significant increase in the temperature
due to the increasing warm-up effect at the previous moment. At the end of the scan
at t = 22.68 s, the peak temperature of the valve seat reached 2424.31 ◦C. At the same
time, the temperature field also corresponded to the area of the melting zone and the
depth of the phase-change-hardening zone. In the first three moments, that is, t = 5.88 s,
t = 11.48 s, and t = 17.08 s, the depth and width of the melting area and the depth of
the phase-change-hardening area did not change much. This was because the thermal
conductivity of the vermicular graphite cast iron RuT300 material decreased, despite the
increase in temperature. The rate of the heat transfer downward slowed down. Until the
finishing stage of the scan, the temperature considerably increased and the decrease in the
thermal conductivity of the material had less of an effect. Heat diffused rapidly downward
from the surface of the material. At the end of the scan at t = 22.68 s, the depth of the
melting area was 0.73 mm, the width of the melting area was 3.85 mm, and the depth of the
phase-change-hardening area was 0.63 mm.

At the end of the laser scanning process, the effects of the laser power changes on the
peak temperature of the molten pool, the depth and width of the melting area, and the
depth of the phase-change-hardening region were analyzed, and the results are shown in
Figure 3. As the laser power increased, the peak temperature of the molten pool continued
to increase. When the laser power was increased from 2000 to 2600 W, the peak temperature
increased from 2005.09 to 2641.93 ◦C. The peak temperature increased almost linearly with
the increase in the laser power.

When the laser power was increased from 2000 to 2600 W, the laser power density
increased. The laser energy input to the surface of the material increased, resulting in
corresponding changes in the molten and phase-change-hardening regions. The depth of
the melting area increased from 0.55 to 0.86 mm, the width of the melting area increased
from 3.42 to 4.21 mm, and the depth of the phase-change-hardening area increased from
0.55 to 0.64 mm.
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Figure 3. Changes in the peak temperatures of the molten pool, melting area, and phase-change-
hardening area at different laser powers at t = 22.68 s. (a) Change in peak temperature of the molten
pool; (b) changes in the depth and width of the melting area and the depth of the phase-change-
hardening area.

The circumferential, radial, and axial residual stress distributions of the laser-melting
RuT300 valve seat at different laser powers are shown in Figure 4. When the laser power
was 2000 W, the peak circumferential, radial, and axial residual stresses of the valve seat
were 224, 140, and 133 MPa, respectively. When the laser power was 2200 W, the peak
circumferential, radial, and axial residual stresses of the valve seat were 230, 139, and
133 MPa, respectively. When the laser power was 2400 W, the peak circumferential, radial,
and axial residual stresses of the valve seat were 237, 155, and 145 MPa, respectively. When
the laser power was 2600 W, the peak circumferential, radial, and axial residual stresses
of the valve seat were 246, 158, and 148 MPa, respectively. Due to the influence of the
circumferential structure constraint of the valve seat, the maximum circumferential residual
stress at different laser powers was 246 MPa, while the maximum radial and axial residual
stress value was only 158 MPa. The circumferential residual stress at either laser power
was much higher than the radial and axial stresses. During the laser-melting process, the
stress generated by the extremely high temperature in the scanning area exceeded the yield
limit of the vermicular graphite RuT300 material. The material was plastically deformed
and could not be restored to its original state during the cooling process, resulting in the
residual stress in the molten area being tensile stress. It can also be seen in Figure 4 that, due
to the considerable increase in the temperature of the laser scanning end area, the binding
force of the plastically deformed material in this area increases. In the final stage of the
laser-melting process, the residual stress greatly increased. As the laser power increased,
the peak temperature of the molten pool increased, resulting in an increase in the peak
value of the circumferential residual stress. When the laser power was increased from 2000
to 2600 W, the peak circumferential residual stress increased from 224 to 246 MPa.

Along the laser scanning direction, different monitoring points and monitoring paths,
shown in Figure 1, were selected in the melting area to further analyze the change in
the residual stress. The A–I points in Figure 1 are the center points of the laser spot in
the scanning direction. Figure 5 shows the change in the residual stress at points A–I
at different laser powers. Due to the competitive relationship between the temperature
increase in the valve seat and the decrease in the thermal conductivity of the material, the
change in the circumferential residual stress could be roughly divided into three stages: the
circumferential residual stress values at points A–D were relatively low and the fluctuation
change was not considerable. As the laser power increased, the residual stress decreased.
The residual stress values at points D–G increased; however, the change in the laser power
was not obvious. The residual stress values at points G–I were high and there was a



Lubricants 2023, 11, 435 9 of 14

maximum residual stress value. The residual stress increased with the increase in the laser
power. The radial and axial residual stress values can be roughly divided into two stages:
the residual stress values at points A–G were low. However, at the end of the scan, there
was a sudden increase in the residual stress values at points G–I; however, they were still
lower than the circumferential residual stress values.
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Figure 5. Change in the residual stress values of monitoring points A–I with laser power: (a) circum-
ferential residual stress; (b) radial residual stress; (c) axial residual stress.

Figure 6 shows the residual stress change in monitoring paths 1–4 at different laser
powers. In the laser-melting area, the change in the residual stress with laser power was
basically consistent with the results of the monitoring points. The residual stress was
high at the end of the laser scan, and the circumferential residual stress increased with the
increase in laser power.
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Figure 6. Change in the residual stress values of monitoring paths 1–4 with laser power: (a) path 1;
(b) path 2; (c) path 3; (d) path 4.
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4. Validation of Simulation Results

In order to verify the effectiveness of the simulation model, a laser-melting experiment
was conducted on the RuT300 valve seat with the same parameters as the simulation
parameters, that is, the laser power was 2600 W, the laser scanning speed was 5 mm·s−1,
and the laser spot radius was 1.5 mm. After the laser-melting process, metallographic
samples were prepared by wire cutting perpendicular to the laser scanning direction and
corroded with a nitrate ethanol solution with a mass fraction of 5%. The topography of the
melting area of the valve seat was observed by scanning electron microscopy, as shown in
Figure 7a. The depth and width of the melting area were measured and compared to the
simulation results, as shown in Figure 7b. The laser-melting depth and width errors of the
simulation and experiment were 5.5% and 7.1%, respectively, which met the engineering
requirement error. The simulated maximum value of the circumferential residual stress
under this experimental parameter was 246 MPa, which did not exceed the tensile strength
of the RuT300 material. Therefore, in theory, there was no crack in the laser-melting valve
seat. During the experiment, the surface of the valve seat was observed by the phosphor
flaw-detection method, and there were no cracks, as shown in Figure 8. The experimental
and simulation results were consistent.
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5. Conclusions

In order to improve the wear resistance of the new power RuT300 vermicular cast
iron material and effectively suppress the cracking induced by the excessive residual
stress of the laser-melting RuT300 valve seat, the simulation study of the influence of laser
power change on residual stress was conducted for the laser-melting process of vermicular
graphite cast iron. The conclusions were:

(1) The laser-melting process could precisely modify the valve seat cone area. Melting
and phase-change-hardening areas could be obtained from the surface of the material
downwards. With the increase in the laser power, the peak temperature of the molten
pool increased almost linearly, and the area of the melting zone and depth of the
phase-change-hardening region increased. When the laser power was increased from
2000 to 2600 W, the peak temperature of the laser-melting RuT300 valve seat increased
from 2005.09 to 2641.93 ◦C, the depth of the melting area increased from 0.55 to
0.86 mm, the width of the melting area increased from 3.42 to 4.21 mm, and the depth
of the phase-change-hardening area increased from 0.55 to 0.64 mm.

(2) Due to the influence of the circumferential structure constraint of the valve seat, the
circumferential residual tensile stress in the melting area was much higher than in the
radial and axial directions. Along the laser scanning direction, the residual stress in
the melting area increased as a whole. The temperature of the laser scanning finishing
area was greatly increased, resulting in a significant increase in the residual stress in
this area, and the highest value of the circumferential residual stress was evident in
this area.

(3) The distribution of the valve seat temperature and temperature gradient competed in
the contribution of residual stress. As the laser power increased, the circumferential
residual stress at the front scanning moment decreased. At the end of the scan, the
increase in temperature increased the circumferential residual stress with the increase
in laser power. When the laser power was increased from 2000 to 2600 W, the peak
circumferential residual stress increased from 224 to 246 MPa.
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