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Abstract: This paper focuses on the study of the induction heating process of a camshaft in a
marine diesel engine. A three-dimensional finite element model for dynamic induction heating is
established using the finite element method of multi-physical field coupling, aiming to investigate the
temperature uniformity of the cam during this process. Three elements are analyzed in this study: the
moving speed, the gap between the induction coil and the workpiece, and the width of the induction
coil. These factors allow for an analysis of the temperature distribution in the thickness direction and
contour line direction of the cam under various conditions. On this basis, an equivalent parameter
about the temperature uniformity in the thickness direction of the cam is proposed to guide the
selection of the camshaft induction heating process parameters.
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1. Introduction

As a key part of a marine diesel engine, the camshaft plays a role in controlling
the cylinder switch of the diesel engine in actual operation. Due to the harsh working
environment of the camshaft, high relative motion speed, and cam and tappet contact force
complexity; this results in serious wear of the cam working surface, as shown in Figure 1.
The induction hardening process causes a significant temperature differential between the
different regions of the cam because of the intricate contour line of the cam, the influence
of the skin effect, and the end effect. It is easy to lead to the emergence of problems such
as the uneven distribution of soft bands and hardened layers. This poses a significant
challenge to the wear resistance of the camshaft and detrimentally impacts the longevity
and performance of the diesel engine.
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Induction hardening is a surface-strengthening technology that has the characteristics
of fast heating speed and high efficiency. At the same time, the surface hardness that can be
achieved is higher, and it is easier to meet the needs of actual production. In recent years,
due to the many advantages of induction hardening, the use of induction hardening in
the industry has increased [1,2]. Induction hardening can produce a hardened layer on
the surface of the workpiece to achieve the purpose of improving the surface properties,
such as wear resistance and hardness of the workpiece [3]. However, as an important
component of induction hardening, the quality of induction heating directly affects the
surface properties after induction hardening [4]. Therefore, it is meaningful to study the
distribution of temperature fields and the influence factors of temperature uniformity under
different factors in the induction heating process.

Since the object of this paper is the camshaft of a marine diesel engine, the overall
size of the camshaft is relatively large. It is costly to experimentally study the temperature
distribution and the influencing factors of the cam in the induction heating process. How-
ever, with the gradual maturity of computer simulation technology, its efficiency, safety,
and reliability are constantly improved. The finite element software is used to simulate the
induction heating or induction hardening process of the workpiece, which more intuitively
shows the distribution of temperature, magnetic field, and residual stress during the ma-
chining process. This greatly reduces the cost of cam induction heating technology research.
At the same time, finite element technology can not only simulate the experimental process
to obtain similar experimental results. It can also predict the experimental results based on
the simulation results [5]. Therefore, more and more scholars are adopting finite element
simulation technology in the study of time-induction hardening technology [6–8].

A crucial step in the induction hardening process is induction heating; the work-
piece’s surface strengthening characteristics are directly impacted by the heating quality
of the process, and the hardened layer formation and the distribution’s surface qualities
play a major role [9,10]. In recent years, the study of temperature uniformity during in-
duction heating has attracted the attention of many researchers. Huiping Li et al. [11]
found that the uneven distribution of heating temperatures will lead to uneven hardness.
M. Fisk et al. [12] used finite element software to simulate the rapid induction heating
process. It was found that the heating speed and the peak temperature of the workpiece
had a great influence on the depth of the hardened layer. Transverse flux induction heat-
ing usually places the conductor inside the coil, and the direction of the magnetic flux
generated by the induction coil is perpendicular to the heated surface. The purpose of
longitudinal flux induction heating heat the metal by letting the direction of the mag-
netic flux parallel to the heated surface and generating an induced current inside the
metal. Wen Peng et al. [13] established a finite element model of transverse flux induction
heating, considering the influence of magnetic shielding on temperature uniformity, and im-
proved the temperature uniformity by optimizing the combination of magnetic shielding.
Yu C et al. [14] showed that transverse flux induction heating can effectively heat the
slab surface between continuous casting and hot rolling compared with longitudinal flux
heating, and selecting appropriate parameters can make the temperature distribution
more uniform. WU Y et al. [15] explored the relationship between the structure of the
induction coil and the temperature field distribution and found that the uniformity of the
temperature distribution can be improved by changing the number of turns of the coil.
Song K. J. et al. [16] studied the relationship between the coil structure and the tempera-
ture field and believed that the uneven temperature distribution is caused by the center
effect and the end effect. The variable radius can effectively reduce the axial tempera-
ture difference and improve the heating efficiency. Peng C et al. [17] proposed a focused
induction heating method that realized temperature control in the induction heating pro-
cess on the basis of improving heating efficiency. By providing current with different
frequencies and adjusting the distribution of temperature, the temperature uniformity of
the research object could be improved, and a good distribution of hardened layers could be
obtained [18–20]. Iterative heating is improved and optimized on the basis of induction
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heating technology, and the surface strengthening quality is improved by multiple heating
of the workpiece. Zhao Y et al. [21] explored the influence of dual-frequency induction heat-
ing process parameters on temperature distribution under multiple iterative heating. The
research results showed that with the increase in the number of iterations, the uniformity
of the temperature distribution on the surface of the workpiece continuously improved.
Feng Li et al. [22] used the finite element method to study planar induction heating (a
technique for heating a metal plane using the principle of electromagnetic induction), con-
sidering the correlation between material properties and temperature. Kai Gao et al. [23]
found that the temperature uniformity is affected by the feed path and the shape of the
workpiece by studying the Induction hardening of the curved surface, and the unifor-
mity of the temperature distribution is relatively reduced with the increase in curvature.
The researchers mentioned above focus primarily on process factors, inductor structure,
material qualities, and induction heating when examining the uniformity of temperature
improvement. In the actual production situation, some processes are dynamic, so the
motion factor cannot be ignored. In order to reduce the problem of excessive temperature
in the middle of the cam and more accurately represent the process of cam induction
heating, it is necessary to introduce mobile induction heating. SAPUTRO I E et al. [24]
studied large spur gears and analyzed the influence of scanning speed and air gap on the
hardened layer of gears. The reduction of scanning speed and air gap can improve the
problem of insufficient hardened layers. Huaiyu W. et al. [25] studied the evolution of
the end temperature of the gear during induction heating and found that the hysteresis
distance of the end temperature is proportional to the scanning speed within a certain
range, which provides a basis for improving the heating quality of the end position. There
are relatively few studies on mobile induction heating, mainly by changing the scanning
speed and air gap to study the influence of temperature distribution.

There is relatively more work on simulating induction heating or induction hardening
processes. However, relatively less work has been carried out for cams. In the process of
induction hardening or induction heating of the cam, there will inevitably be overheating to
produce cracks [26], or underheating, which makes it easy to form soft bands. This poses a
huge challenge to the surface performance of the cam’s working face. In actual production,
the cam working surface has the highest degree of wear and failure area. Considering
the heat uniformity in the induction heating process of the cam is an important means
to improve the quality of cam surface strengthening [13], and it is also the main research
content of this paper. The majority of researchers have focused on induction heating
technologies where the workpiece and induction coil are held in a constant relative position.
The induction heating technique under motion has received relatively little research and
development. However, the movement factor cannot be ignored. Adding motion factors to
the cam induction heating model is exactly what this paper studies.

This paper mainly combines the dynamic numerical simulation of the camshaft move-
ment and the establishment of a cam dynamic induction heating model. Compare the
temperature distribution in the static induction heating process, study the influence factors
and change rules in the dynamic situation, and analyze the causes of uneven temperature
distribution on the cam surface. By adjusting the width of the profiling induction coil and
other factors, the temperature difference in the thickness direction of the cam is reduced,
the surface temperature distribution is improved, the uniformity of the temperature dis-
tribution is improved, and the relevant parameters in the induction heating process of
the cam are optimized. It provides a corresponding reference for solving the problem of
uneven temperature during the heating process of the cam.

2. Mathematical Model of Induction Heating

Induction heating is an important process for cams to obtain good heating quality.
Good heating quality is the key to obtaining good surface properties of cams. For the
induction heating process in this paper, the electromagnetic field and temperature field to
described as two aspects.
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2.1. Mathematical Model of Electromagnetic Field

The induction heating process can be described using Maxwell’s equations to express
the electromagnetic field. This field can be classified as a quasi-static electromagnetic field
due to the wavelength of the electromagnetic wave is much larger than the size of the
workpiece. In the induction heating process of this paper, the displacement current can be
considered to be zero, so Maxwell ‘s equations can be expressed as:

∇× H = J +
∂D
∂t

(1)

∇× E = −∂B
∂t

(2)

∇·D = 0 (3)

∇·B = 0 (4)

where H is the magnetic field intensity (A/m), D is the potential offset vector (C/m2), J is
the current density (A/m2), E is the electric field intensity (V/m), and B is the magnetic
induction intensity (T).

Solve for the intrinsic relations of the medium in the domain as:

D = εE (5)

B = µH (6)

J = σE (7)

where ε is the dielectric constant (F/m), µ is the magnetic permeability (h/m), and σ is the
electrical conductivity (S/m).

In order to simplify the process of solving the electromagnetic field problem and
obtain the electromagnetic field and eddy current field in the induction heating process,
the electric potential and vector magnetic potential are introduced into the above equations
to separate the variable scalars of the electric field and the magnetic field. Define the scalar
potential ∅ and the vector magnetic potential A. According to the vector analysis, the curl
of any vector is calculated and then the divergence is calculated, and the value is zero.
Therefore, the vector A is combined with Equation (4) to obtain the following equation:

B = ∇× A (8)

It can be seen from Equation (8) that the magnetic induction intensity B can be ex-
pressed by the curl of vector A. The vector A defined above has no practical physical
meaning in the macroscopic electromagnetic field, but only to simplify the difficulty of
solving the electromagnetic field. By comparing Equation (8) with Equations (1) and (3),
the following equations can be obtained:

∇× 1
µ
∇× A = J (9)

Substituting Equation (8) into Equation (2), the following equation is obtained:

∇× E = − ∂

∂t
∇× A = −∇× ∂A

∂t
(10)
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The following equation can be obtained from Equation (10):

∇×
(

E +
∂A
∂t

)
= 0 (11)

Since an irrotational vector field is formed in the brackets of Equation (11), the irrota-
tional vector field can be expressed as a gradient of a scalar field, which can be expressed
by the scalar potential ∅ introduced above:

E +
∂A
∂t

= −∇∅ (12)

Therefore, Equation (12) can be changed to the following equation:

E = −∂A
∂t
−∇∅ (13)

By simultaneous Equations (7) and (13), the current density can be expressed as:

J = σE = −σ
∂A
∂t
− σ∇∅ (14)

Substituting Equation (14) into Equation (9), the control equation of eddy current in
the induction heating process can be obtained as follows:

∇×
(

1
µ
∇·A

)
+ σ

∂A
∂t

+ σ∇∅ = 0 (15)

In this paper, the introduction of vector magnetic potential A and the definition of
scalar potential ∅ are mainly to simplify the mathematical model of the electromagnetic
field. The introduction of vector magnetic potential A can transform the equation of
electromagnetic field into vector form, and the definition of scalar potential can express
the current density of electromagnetic field as a function of scalar form, so as to further
simplify the calculation and analysis of electromagnetic field. At the same time, it can better
describe the boundary conditions of the electromagnetic field.

2.2. Mathematical Model of Temperature Field

The temperature field of the cam during induction heating can be expressed by Fourier
partial differential equation as follows:

k(T)
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+ qV = ρcp(T)

∂T
∂t

(16)

where k is the thermal conductivity of isotropic material (W/m·◦C); T is the instantaneous
temperature (◦C); ρ is the density of the material (kg/m3); cp is the specific heat capacity
of the material (J/kg·◦C); qv is the intensity of the internal heat source (W/m3); t is the
induction heating time (s).

The boundary conditions in the temperature field are determined. The temperature
boundary conditions in this paper are:

T = f (x, y, z, t) (17)

Convective heat transfer and radiation boundary conditions between air and work-
piece surface:

−λ
∂T
∂n

= h
(

T − Tf

)
(18)

hr = εrσFa

(
T4 − T4

f

)
(19)



Machines 2024, 12, 215 6 of 22

where h is the surface convective heat transfer coefficient(W/m2 ◦C), λ is the thermal con-
ductivity, ∂T

∂n is the temperature gradient (the derivative of temperature in the n direction),
n is the unit vector in the normal direction, Tf is the ambient temperature (◦C), usually
Tf = 20 ◦C. hr is the radiative heat transfer coefficient, εr is the radiation coefficient of the
surface of the material, σ is the Boltzmann’s constant, σ = 1.38·10−23 (W/m2·K4), and Fa
is the angular coefficient of thermal radiation. The convective heat transfer coefficient h
between air and cam surface is 100 W/(m2 ◦C), and the radiative heat transfer coefficient is
0.8 [27,28].

3. Establishment of the Finite Element Model

In Section 2, the mathematical model of induction heating is analyzed from the elec-
tromagnetic field and temperature field. Based on the above analysis, the simulation
model of cam induction heating is established by COMSOL Multiphysics ®6.1 software.
Istardi, D. [29] and MatúšO [30] presented selected applications of the software used. How-
ever, for complex multi-physics problems, the use of finite element software is inevitably
the calculation accuracy and applicability of the software itself. Kennedy, M [31] pro-
vided further verification of numerical and experimental results for the simulation results
obtained by COMSOL software. LEITNER M et al. [5] simulated induction heating by
COMSOL software, and further proved the applicability of the software.

For the problem of using the finite element method to realize the uniform distribution
of the surface temperature of the workpiece in induction heating, many scholars have
used the finite element method to study the induction heating and induction quenching
process [32–34]. This gives us a good reference. It also proves the feasibility of this method.
Select the appropriate meshing and optimize the grid at different positions in the model.
Ensure that the calculation accuracy is not greatly affected while reducing the amount of
calculation. At the same time, the selection of material properties and boundary conditions
has an important influence on the calculation accuracy. In this paper, the relationship
between material and temperature is considered. In the process of numerical analysis, the
convective heat transfer and radiative heat transfer between the workpiece and air are
also considered. At the same time, in order to simulate the actual production conditions
and improve the accuracy of the model, an infinite element domain is established in
the model.

Figure 2a shows the induction hardening process of camshafts in the actual production
process. In this paper, COMSOL software is used to establish the finite element model
of cam induction heating shown in Figure 2b. The model includes three parts: profiling
induction coil, cam, and air domain. The free tetrahedral mesh is used to divide the model,
and the cam and the induction coil are extremely refined. Since the cam is affected by the
skin effect resulting in a large temperature difference between the surface and the interior,
this paper encrypts the mesh on the surface of the cam and sets the boundary layer mesh
on the surface with a number of layers of 4, a tensile factor of 1.2, a total thickness of 4 mm,
and the number of mesh cells of 26,723. A graph depicting the time step on the x-axis and
the reciprocal of the step on the Y-axis often illustrates the convergence of the simulation
model in COMSOL software. Therefore, based on the above conditions, the convergence
curve shown in Figure 3 is obtained. Figure 3 shows that as the time step increases, the
time step will also automatically increase, the reciprocal of step size will also drop, and the
convergence curve will exhibit a downward trend. This shows that the convergence of the
model is better.

The material used for the cam is 18CrNiMo steel, and the chemical composition of
18CrNiMo steel is given in Table 1. In this paper, 18CrNiMo steel is selected based on the
needs of the actual factory, and the related material properties of 18CrNiMo steel in the
heating process are calculated by JmatPro 7.0 software [35–37]. The thermal conductivity,
specific heat capacity, resistivity, relative permeability, and other material properties of the
material change with temperature, as shown in Figure 4.
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Table 1. Chemical composition of 18CrNiMo steel (mass fraction, %).

C Si Mn Ni P S Cr Mo

0.15~0.21 ≤0.4 0.5~0.9 1.4~1.7 ≤0.025 ≤0.035 1.5~1.8 0.25~0.35

Since the research in this paper is dynamic induction heating, the motion factor of cam
translation is added to the above model. Thus, a frequency domain-transient simulation
model is established. The following is the specific setting of the simulation model.

The initial conditions of the finite element model for dynamic induction heating are as
follows: the current frequency is set to 8000 Hz, the current is set to 760 A, the coil material
is pure copper, the width is 64 mm, the coil is uniformly multi-turn, with 15 turns total,
and the coil type is set to numerical type. The initial gap between the induction coil and
the workpiece is 5 mm, the initial motion speed of the cam is v = 10 mm/s, the heating
time is 15s, and the initial temperature of the workpiece and the ambient temperature
are both 293.15 K. Considering the convective heat flux, the heat transfer coefficient is
100 W/(m2·K), and the radiant heat transfer coefficient is 0.8. The size of the cam model
is shown in Figure 5. The thermal conductivity, specific heat capacity, resistivity, relative
permeability, and other related material properties of the cam material are calculated by
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Jmatpro software and input into the finite element model to obtain the dynamic induction
heating temperature result of the cam as shown in Figure 6.
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Figure 5. Cam polar plot.

In this paper, the finite element simulation method is used to calculate the multi-
physical field coupling of cam induction heating by COMSOL software. Compared with
static induction heating, the temperature distribution of the cam under dynamic induction
heating is studied. Using temperature difference as the evaluation standard of temper-
ature uniformity, the uniformity of temperature distribution in the thickness direction
and contour direction of the cam is analyzed, and the influence of different factors on
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temperature uniformity is discussed. The equivalent relationship between temperature and
other parameters in the thickness direction of the cam is proposed. This paper discusses
three process factors: cam moving speed, coil and workpiece gap, and induction coil width.
Through the control variable method, the value of one variable is changed each time, to
explore the change of temperature uniformity of the three variables under different values.
The values of the three variables are shown in Table 2.
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Table 2. Value of different process factors.

Serial
Number

Moving Speed
(mm/s) Gap (mm) Induction Coil

Width (mm)
Serial

Number
Moving Speed

(mm/s)
Gap

(mm)
Induction Coil

Width (mm)

1 5 5 64 13 10 3 64
2 6 5 64 14 10 4 64
3 7 5 64 15 10 5 64
4 8 5 64 16 10 6 64
5 9 5 64 17 10 7 64
6 9.25 5 64 18 10 8 64
7 10 5 64 19 10 5 16
8 11 5 64 20 10 5 32
9 12 5 64 21 10 5 48

10 13 5 64 22 10 5 64
11 14 5 64 23 10 5 80
12 15 5 64

4. Results and Analysis
4.1. Static Induction Heating

The initial state of the static induction heating model is depicted in Figure 2, with the
induction coil and cam kept motionless. The heating process is then continued for 15 s.
When the movement speed is zero, the impact of the cam’s temperature distribution during
the heating process is investigated.

Figure 7 shows the change of the surface temperature of the cam with the heating
time during the static induction heating process, and gives the change and distribution of
the temperature of the cam during the whole heating process. The figure shows that after
two seconds, the temperature in the middle of the cam begins to rise significantly. As the
heating time increases, the temperature progressively moves from the middle to the two
ends of the cam. In this research, a wide contour cam is the focus of investigation. The cam
thickness is large, the temperature decreases in outward conduction due to the factor of
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heat transfer coefficient, and there is a large temperature difference between the cams in
the thickness direction. Due to the complex contour of the cam and the structure of the
induction coil, the temperature of the cam in the transition area is significantly lower than
that in other parts, and the soft belt appears.
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Figure 7. Cam surface temperature distribution (◦C).

Figure 8 shows the distribution of magnetic flux density mode under different heating
times, the profiling induction coil makes the magnetic field line of induction heating mainly
gather to the middle part. With the increase of time, the dense area of the magnetic field
line diffuses to both ends, and the magnetic flux density mode at both ends of the cam is
smaller than that at the middle part. When t = 2s, the middle portion of the cam reaches
the Curie point of the material. This results in a dramatic decrease in the magnetic flux
density and a change in the material’s properties from ferromagnetic to paramagnetic, with
the relative permeability of the cam’s middle position becoming 1. As time progresses,
the entire surface of the cam, excluding the transition area, also reaches the Curie point.
Consequently, the majority of the cam surface becomes the demagnetization area, leading
to a significant decrease in the overall magnetic flux density.

A rectangular coordinate system is established at the top of the cam, as shown in
Figure 9a. Points along the x-axis are selected to analyze the temperature distribution in the
cam’s thickness direction as the x-axis increases. The temperature change over time for x =
0 mm, 16 mm, 32 mm, 48 mm, and 64 mm is depicted in Figure 9b. The figure shows that
as heating time increases, the overall temperature first rises dramatically before tending
to stabilize. Since the dense area of magnetic lines is mainly concentrated in the middle
of the cam, the temperature rises faster at x = 32 mm (the midpoint of the cam thickness)
and reaches a maximum temperature of 1112 ◦C. The overall temperature distribution
is symmetrical about x = 32 mm and gradually decreases to both ends. The maximum
temperature that can be reached at both ends of the cam is 744 ◦C, which is less than the
phase transition temperature Ac3 of the material. As a result, there is no metal phase
transition and the intended hardening effect could not be achieved.

The typical position of the cam is analyzed at x = 32 mm, as shown in Figure 10,
and the temperature distribution at different positions of the cam cross-section contour is
analyzed. From the figure, it can be found that the temperature in the peach tip part of the
cam rises faster, with a maximum temperature of 1112 ◦C. The temperature at point B in
the transition area is low compared to other locations, and the temperature rise rate is slow,
which makes it easy to produce soft bands here.
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4.2. Dynamic Induction Heating

The purpose of studying the dynamic process of cam induction heating is to weaken
the phenomenon of excessive temperature in the middle due to the concentration of mag-
netic lines during static induction heating, as well as to address issues such as slow heating
rates at both ends. The objective is to improve the uniformity of the cam surface temperature.

Using the foundation of static induction heating, dynamic induction heating modifies
the starting distance between the induction coil and the cam. This distance is fixed at
6 mm, as shown in Figure 11. Under the condition that the movement speed v = 10 mm/s,
the temperature distribution law and the uniformity transformation in the cam induction
heating process are investigated.
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Figures 9 and 10 show the temperature change over time during static induction
heating in both the contour line direction and cam thickness direction. The magnetic force
line is primarily concentrated in the center of the profiling induction coil during the static
induction heating process. The temperature rise rate at this position is higher than that
at the ends, resulting in uneven temperature distribution in the thickness direction of the
cam. Further, dynamic induction heating of the cam is studied to analyze the temperature
distribution in the thickness direction as well as on the surface of the cam.

Figure 12 shows the evolution process of the cam temperature during the dynamic
induction heating process. The left end of the cam is initially heated, and over time, the
heated portion gradually progresses towards the right end. Temperature distribution
at six different time points is chosen to capture the evolutionary process of dynamic
heating. When compared to Figure 7, it becomes apparent that dynamic induction heating
significantly mitigates the issue of excessive concentration of magnetic lines in the middle
section of the cam, ultimately resulting in a more uniform temperature distribution on
its surface.

The temperature change of the cam along the x-axis direction with time is shown in
Figure 13a. As the cam moves to the left along the axial direction, the temperature rises
sharply first, and then the temperature gradually tends to be gentle after reaching a certain
value. At the same time, the maximum temperature that can be reached steadily decreases
as the x-axis increases in the cam’s thickness direction. When x = 0 mm, the maximum
temperature is 1388.8 ◦C, and when x = 64 mm, the minimum temperature is 1092.2 ◦C,
and the maximum temperature difference is 296.6 ◦C. As the cam moves, heat is transferred
from the high-temperature area to the low-temperature area. Due to some resistance to this
heat transfer, the speed at which heat is transferred to the low-temperature area is slowed
down, so it will lead to the direction of the thickness of the cam showing a decreasing
trend in temperature. From Figure 13b, it can be seen that the cam temperature first rises
sharply and then tends to be stable with the increase of heating time. The temperature
changes of points A, B, C, and D with time at the cross-section of x = 32 mm in Figure 13b.
It is easy to see that the temperature rise trend of the four points is consistent, and the
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maximum temperature difference is not large. At the same time, the maximum temperature
difference of different points on the cam contour line is only 34.1 ◦C. Compared with the
static heating method shown in Figure 10, in the case of dynamic induction heating, the
temperature distribution on the surface of the cam is more uniform, and the heating rate of
point B is greatly improved, which reduces the possibility that the cam produces a soft belt
in the transition region, and can further improve the surface strengthening quality of the
cam surface.
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4.3. The Influence of Different Factors on Temperature Uniformity

In this section, the moving speed of the cam, the gap between the induction coil and
the workpiece, and the width of the induction coil are discussed, respectively. The influence
of the above three factors on the temperature uniformity of the cam during the dynamic
induction heating process is studied, which provides theoretical support for the process
optimization of the induction hardening of the cam.

4.3.1. Moving Speed

First, investigate the influence of the cam’s movement speed on temperature unifor-
mity. Figure 14 shows the relationship between the temperature difference of the cam at
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different moving speeds. The curve (a) describes the relationship between the moving
speed and the temperature difference in the thickness direction of the cam A point. The
temperature difference in the thickness direction exhibits a tendency of first dropping and
then increasing as the movement speed increases. The temperature difference gradually
decreases as the speed ranges from 5 mm/s to 12 mm/s. At a speed of 6 mm/s, the
maximum temperature difference recorded is 383 ◦C. Conversely, at a speed of 12 mm/s,
the minimum temperature difference is 269.1 ◦C, indicating a decrease of 113.9 ◦C. The
temperature distribution in the thickness direction is more uniform. When the moving
speed is too slow, the heating time of the cam end is too long, which makes the temperature
of the end too high. Therefore, the temperature difference in the thickness direction of
the cam gradually decreases with the increase of the moving speed. When the speed is
greater than 12 mm/s, the temperature difference gradually increases and the uniformity
of temperature becomes worse. When the speed exceeds a certain value, the excessively
fast movement speed results in a shorter dwell time of the cam in the heating zone, thus
preventing it from fully absorbing energy. This leads to an uneven distribution of surface
temperature on the cam, thereby reducing temperature uniformity. Curve (b) shows the
relationship between the temperature difference of the x = 32 mm cross-section contour
and the moving speed. The temperature difference of the cam in the contour line direction
increases with the increase of the moving speed. The minimum temperature difference
is 24.5 ◦C when the speed is 5 mm/s, and the temperature difference gradually increases
with the increase of the moving speed, up to 133.6 ◦C.
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4.3.2. Gap between Induction Coil and Workpiece

The gap between the workpiece and the induction coil is crucial for maintaining
temperature consistency during heating. A gap that is too big can cause excessive magnetic
loss and lower heating efficiency, while a gap that is too small can cause workpiece damage
from overheating. As a result, several gaps ranging from 3 to 8 mm are chosen in order to
investigate the temperature uniformity. Figure 15 shows the variation of cam temperature
difference with a gap in the thickness direction as well as in the cross-sectional contour.
As shown in curve (a), the temperature difference in the thickness direction of the cam
increases with the increase of the gap, and the uniformity gradually decreases. When
the gap is 5 mm, the minimum temperature difference is 296.6 ◦C, and when the gap is
8 mm, the maximum temperature difference is 326.5 ◦C. The curve (b) is the tempera-
ture difference curve of the x = 32 mm section contour. With the increase of the gap,
the temperature difference decreases first and then increases. When the gap is between
3–5 mm, the temperature difference gradually decreases with the increase of the gap, reach-
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ing a minimum temperature difference of 34.7 ◦C. When the gap is greater than 5 mm, the
temperature difference gradually increases, reaching a maximum temperature difference of
68.8 ◦C at 8 mm.
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4.3.3. Width of Induction Coil

This section studies induction coils with different widths. Figure 16 shows five differ-
ent widths of induction coils with widths of 64 mm (equal-width induction coil), 32 mm
(1/2 induction coil), 16 mm (1/4 induction coil), 48 mm (3/4 induction coil), and 80 mm
(over-thick induction coil). By simulating the induction heating process, the influence of
coil width on the direction of cam thickness and the temperature at different points of the
cross-section is investigated in the case of dynamic heating. In order to minimize the end
effect, the initial position of the coil and the workpiece is set to 6 mm, so that the workpiece
and the coil are away from each other.
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The temperature differential of the cam under various induction coil widths is depicted
in Figure 17. The curve (a) in the figure shows that the temperature difference in the
thickness direction of the cam steadily reduces as the width of the induction coil increases.
The temperature difference decreased from 401.2 ◦C to 262.7 ◦C. The reduction in the width
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of the induction coil makes the electromagnetic field more concentrated, the electromagnetic
field varies more in the direction of the cam thickness, and the temperature difference at
different positions on the cam surface increases. Increasing the coil width can effectively
reduce the temperature difference in the thickness direction of the cam and improve the
uniformity of the temperature distribution. Curve (b) shows the relationship between
the temperature difference of the cross-section contour of x = 32 mm and the width of
the induction coil. From the figure, it can be seen that the temperature difference first
fluctuates in a certain range and then rises rapidly. When the width is 48 mm, the minimum
temperature difference is 23.2 ◦C. When the coil width is 80 mm, the temperature difference
reaches the maximum of 97.4 ◦C. It can be seen that the width of the coil has a certain
influence on the temperature distribution in the direction of the cam contour line, and
the selection of an appropriate coil width is conducive to improving the uniformity of
temperature distribution.
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4.4. Process Optimization
4.4.1. Presentation of Equivalent Parameters

In order to optimize the heating process, help determine the best parameter combina-
tion, and achieve uniform distribution of heating temperature, the equivalent relationship
between temperature and other parameters is proposed. The moving speed v, the width
of the induction coil h, the gap s, and the coordinate x of the cam thickness direction are
set as independent variables, and the temperature T is set as the dependent variable. The
correlation equation between the temperature and the four independent variables is fitted
using linear and polynomial fitting methods.

In this section, based on the dynamic induction heating simulation model, the temper-
ature results in the cam thickness direction for different factors are fitted. Firstly, linear and
polynomial fits are performed for 12 different speeds and 5 x values, a total of 60 data sets.

The temperature at various locations along the cam’s thickness direction and the x-axis
coordinate are shown to be related as follows:

T1 = A + Bx (20)

where A and B are equations about velocity v, and x is the x-axis coordinate of the cam
thickness direction.

A = 1471.09898 + 27.93355v− 7.55536v2 + 0.3884v3 (21)
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B = −32.16512 + 16.71312v− 4.08085v2 + 0.47168v3 − 0.02557v4 + 5.22532e−4v5 (22)

The independent variable induction coil width h is introduced. A total of 25 sets
of data for 5 kinds of induction coil widths and 5 x values are fitted by linear and
polynomial fitting.

∆T1 = C + Dh (23)

where C and D are equations about the independent variable x.

C = 722.23229− 0.89066x− 0.02298x2 (24)

D = −10.85333− 0.02823x + 0.0024x2 − 222524e−5x3 (25)

The independent variable gap s is introduced. Four hundred data sets are fitted for
8 gaps and 5 x values using both polynomial and linear fitting techniques.

T2 = E + Fx (26)

where E and F are equations about the independent variable gap s.

E = 1457.07333− 9.73167s (27)

F = 23.64366− 26.07654s + 9.07993s2 − 1.50965s3 + 0.12023s4 − 0.00369s5 (28)

∆T2 = T2(s, x)− T2(5, x) (29)

Combine the above independent variable equations to form a new equation.

T(x, v, h, s) = T1(x, v) + ∆T1(x, h) + ∆T2(x, s) (30)

Based on the above equations, the temperature difference δ of the cam in the thickness
direction can be predicted, which provides a reference for the uniformity analysis of the
temperature distribution during the dynamic induction heating process.

δ = k0(Tmax − Tmin) (31)

where Tmax is the maximum value of temperature in the cam thickness direction, Tmin is
the minimum value of temperature in the cam thickness direction, and k0 is the equation
coefficient of 0.94.

4.4.2. Temperature Field Prediction

The equivalent parameter δ is used to predict the temperature difference in the thick-
ness direction of the cam under different parameters, and compared with the dynamic
induction heating simulation results under different factors in Section 4.3. Figure 18 shows
the comparison between the predicted and simulated results for the equivalent param-
eter δ. From the figure, it can be seen that the simulated results are consistent with the
predicted results.

According to the prediction results and simulation results, the correlation coefficient
of temperature difference in the thickness direction is R2 = 0.994497. The closer R2 is to 1,
the better the fit. The results show that the equivalent parameter δ can be used as a method
to predict the temperature uniformity in the thickness direction of the cam.
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In order to select the best process parameters, the best temperature uniformity is
obtained. In this paper, a three-variable orthogonal test is established, and the ANOVA
method is used to analyze the significance of moving speed, gap, and induction coil width.
Thus obtaining the optimum process combination. In this paper, three-factor levels are set
for each variable impact factor. As shown in Table 3. At the same time, the orthogonal
design Table 4 was established.

Table 3. Parameter level record.

Factor Levels Moving Speed (mm/s) Gap (mm) Induction Coil Width (mm)

1 10 5 64
2 12 6 48
3 14 7 32

Table 4. Orthogonal test array.

Serial Number Factor 1 Factor 2 Factor 3 Temperature Difference (◦C)

1 1 1 1 296.6
2 1 2 2 329.7
3 1 3 3 364.5
4 2 1 3 342.65
5 2 2 1 286.5
6 2 3 2 309.9
7 3 1 2 348.8
8 3 2 3 409.8
9 3 3 1 346.3
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It can be seen from Table 5 that the three-factor analysis of variance is used to study
the influence of Moving speed, Gap, and Induction coil width on Temperature difference.
It can be seen from the above table that Moving speed shows significance (F = 68.504,
p = 0.014 < 0.05), indicating that the main effect exists, and Moving speed will have a differ-
ent relationship with Temperature difference. Gap did not show a significant difference
(F = 4.028, p = 0.199 > 0.05), indicating that Gap does not have a differential relationship with
Temperature difference (◦C). Induction coil width (mm) showed a significant difference
(F = 87.403, p = 0.011 < 0.05), indicating that the main effect exists. Induction coil width
(mm) will have a different relationship with Temperature difference (◦C). Therefore, it is
found that the primary and secondary order of the three factors affecting the temperature
difference is: induction coil width, moving speed, and gap.

Table 5. Three-factor analysis of variance results.

Source of
Variance

Quadratic
Sum df Mean

Square F p

Intercept 1023267 1 1023267 29190.8 0.000 **
Moving speed

(mm/s) 4802.762 2 2401.381 68.504 0.014 *

Gap (mm) 282.376 2 141.188 4.028 0.199
Induction coil width

(mm) 6127.722 2 3063.861 87.403 0.011 *

Residual 70.109 2 35.054

R 2: 0.994. * p < 0.05 ** p < 0.01.

According to Table 6, the results of multiple comparisons after the analysis of factor 1
moving speed: when the moving speed is 12 mm/s, the t-test corresponds to the minimum
p-value at this time, indicating that the difference between the two is the most significant.
The specific mean difference is −55.3, indicating that the average temperature difference
corresponding to 12 mm/s is lower than the average temperature difference corresponding
to 14 mm/s. Therefore, the corresponding temperature difference is the smallest when
the moving speed is 12 mm/s. Similarly, it can be seen from Tables 7 and 8 that when the
gap is 5 mm, the corresponding temperature difference is the smallest. When the width
of the induction coil is 64 mm, the corresponding temperature difference is the smallest.
In summary, the optimum process parameters of temperature uniformity in the induction
heating process can be obtained: the moving speed is 12 mm/s, the gap is 5 mm, and the
width of the induction coil is 64 mm.

Table 6. Post hoc multiple comparisons (Moving speed (mm/s)).

Item Mean Difference Standard Error t p

10.0–12.0 17.267 4.834 3.572 0.070
10.0–14.0 −38.033 4.834 −7.868 0.016
12.0–14.0 −55.300 4.834 −11.439 0.008

Table 7. Post hoc multiple comparisons (Gap (mm)).

Item Mean Difference Standard Error t p

5.0–6.0 −12.667 4.834 −2.620 0.120
5.0–7.0 −10.900 4.834 −2.255 0.153
6.0–7.0 1.767 4.834 0.365 0.750
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Table 8. Post hoc multiple comparisons (Induction coil width (mm)).

Item Mean Difference Standard Error t p

32.0–48.0 42.833 4.834 8.860 0.012
32.0–64.0 62.500 4.834 12.929 0.006
48.0–64.0 19.667 4.834 4.068 0.055

The accuracy of finite element modeling results has been verified by scholars through
a large body of work [4,32]. Bao L [10] and Zhao Y [21] compared the temperature distribu-
tions of steel plates and bevel gears during induction heating in simulation and experiment,
respectively, and the simulation results were consistent with the experimental results. In
Reference [38], the linear and nonlinear fitting methods of Origin 2022 software are in-
troduced in detail, and experimental verification is carried out to prove the accuracy of
Origin software fitting. The feasibility of multivariate linear and nonlinear fitting in the
induction heating process was explored and experimentally verified by Jinsong Bai [39]
and Fengsheng Sun [40]. The prediction results of this paper are consistent with the simula-
tion results, so it can be considered that the conclusions are accurate. It can provide the
corresponding reference for subsequent research.

5. Conclusions

In this paper, an electromagnetic-thermal multi-physical field coupling model is
established to analyze the temperature distribution law of the cam during induction
heating. Compared with static induction heating, the influence of different factors on the
temperature distribution uniformity in the thickness direction and contour line direction of
the cam under dynamic conditions is studied.

(1) Induction heating under dynamic conditions can reduce the problem of excessive
temperature in the middle of the workpiece under static conditions, and can effectively
improve the temperature uniformity and heating rate in the contour line direction.

(2) The temperature in the thickness direction of the cam is significantly impacted by
the end effect when the movement speed is less than 12 mm/s. The end impact is
lessened and temperature uniformity is enhanced as moving speed increases. When
the movement speed exceeds 12 mm/s, moving too quickly can easily result in a
too-short residence period in the heating area, which can reduce the temperature
uniformity by affecting the temperature distribution uniformity. In the direction of
the cam contour line, the uniformity of temperature decreases with the increase in
speed. A suitable rise in velocity contributes to the enhancement of the cam’s overall
homogeneous temperature distribution.

(3) When the gap between the induction coil and the workpiece is small, the electromag-
netic field distribution is more concentrated, and the local heating rate is too fast,
resulting in uneven temperature distribution in the thickness direction of the cam.
Increasing the gap can improve the temperature uniformity, but too large a gap can
easily lead to a decrease in electromagnetic field strength and temperature uniformity.

(4) Increasing the width of the induction coil can effectively improve the distribution of
the electromagnetic field in the thickness direction of the cam, reduce the influence of
the end effect, and make the overall heating more uniform. In the direction of the cam
contour, as the width of the induction coil increases, the uniformity of the temperature
decreases. It provides a corresponding reference for the design of the coil.

(5) The equivalent parameter δ is presented to describe the temperature uniformity
change in the thickness direction of the cam during dynamic induction heating under
different factors. It can effectively predict the temperature of the cam thickness
direction, optimize the heating process, and guide the selection of cam induction
heating process parameters.
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