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Abstract: This work designed an intercalation internal induction heating coil in a mold and drew a
plate-type steel for the heating mold (size: 300 mm x 200 mm x 40 mm). First, to explore the influence
rule of special-shaped coils on induction heating effects, the temperature rise curve on the mold
surface was simulated at different heating depths, currents, and frequencies. Next, the extent to
which these three factors affect the maximum mean temperature and temperature uniformity was
discussed using the Taguchi method and the analysis of variance (ANOVA). Results show that heat-
ing depth and current are important factors influencing the target results, while frequency only has
a small impact. The maximum mean temperature reaches its peak level when the heating depth,
current, and frequency are at the respective values of 5 mm, 1200 A, and 40 KHz and the optimal
temperature uniformity can be achieved when these values are 7 mm, 800 A, and 20 KHz, respec-
tively. Finally, the synergistic effect of different factors on target results was analyzed using the
response surface method (RSM).

Keywords: induction heating; numerical simulation; Taguchi method; ANOVA; RSM

1. Introduction

The flourishing 3C industry has made people pay more attention to the appearance
of plastic products. Traditionally, after injection molding, products are usually subjected
to high gloss treatment as affected by the mold temperature and output efficiency of the
product [1,2]. In recent years, the rapid heating cycle molding (RHCM) has greatly raised
the upper limit of the mold temperature while maintaining output efficiency, giving a
high glossed surface to the product after demolding with the high gloss mold [3-5]. Based
on different heating methods, RHCM technology can be divided into steam heating
RHCM, electric heating RHCM, and induction heating RHCM. Due to the restricted, lim-
ited help of steam heating in increasing mold temperature, electric heating was devel-
oped, which is able to greatly build up the mold surface temperature yet with a relatively
slow heating speed and high energy consumption. Wada et al. [6] first proposed in 1982
to use electromagnetic induction to heat the mold cavity wall and studied the influence
of output power, frequency, and other parameters on the heating speed. Murata et al. [7]
designed an injection molding machine that is able to control the melt flow and induction
heating and used it to produce the carbon fiber-reinforced semi-aromatic polyamide.
They found that by elevating the mold heating temperature, the weld lines could be
avoided, and the surface quality and bending strength of products could be improved. Fu
et al. [8] developed an induction heating device for hot embossing and made the mold out
of nickel, which enhanced the heating rate of nanoimprint lithography. The results
showed that it could be printed onto a 4-inch polymer sheet within 5 minutes. Muszynski
et al. [9] applied the induction heating device to injection molding to improve the
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mechanical properties of elastic hinges. As indicated by test results, the rigidity, tensile
strength, and elongation at the break of these hinges were significantly enhanced. Poszwa
et al. [10] investigated the effect of induction heating on the strength characteristics of
flexible hinges by using induction heating RHCM molding technology to manufacture
thin layer hinges, showing that the mold temperature rose to 187 °C at a heating time of
2.5 s. Increasing the mold temperature using induction heating increased the strength of
the upper hinge by 45% and the lower hinge by 65%. Minh et al. [11] used a dynamic mold
temperature control system to improve the flow length of the melt. The authors used an
external spiral coil to heat the cavity surface and showed that the mold heating rate de-
creased as the heating distance increased, but that the use of induction heating injection
molding techniques resulted in an increase in melt flow length and fill rate.

To sum up, induction heating is superior in molding polymer materials, and the heat-
ing efficiency has become a research focus to meet the requirement for higher industrial
production efficiency. Many scholars have studied the effects of various induction heating
parameters, such as current, temperature, frequency, power, and heating depth, on heat-
ing efficiency. To explore the impact of these parameters on heating quality, Omarova et
al. [12] carried out numerical simulation and experimental research using two kinds of
induction devices, thus revealing the configuration of the inductor and achieving the most
uniform heating of workpieces. Thuan et al. [13] applied the internal induction heater to
injection molding and found through simulations and experiments that the mold temper-
ature increased from 30 °C to 180 °C within 9 s, showing a heating rate of up to 16 °C/s,
and the melt flow length was significantly improved. The experimental results were in
line with simulation ones. Xiao et al. [14] proposed a new rapid heat cycle molding tech-
nology for internal induction heating and optimized the induction heating system by mul-
tipurpose optimal method in respect of the current, frequency, layout, and clearance of
induction coils. Finally, they verified the effectiveness of this technology with the car
spoiler as a model.

The conventional spiral-shaped induction heating coil is mostly used in the induction
heating RHCM throughout its development, which is disadvantaged by the low mold
temperature at the spiral center of the coil and poor uniformity of the mold surface tem-
perature despite its high heating efficiency. With this in mind, an intercalation internal
induction heating coil is designed to simulate the temperature distribution on the mold
surface with different mold materials [15-17]. The multiphysics simulation software is
used to characterize the results. The new induction heating coil is different from the tra-
ditional spiral coil, this soft coil is interspersed inside the mold, which is able to solve the
shortcomings of the spiral coil center low temperature zone, and the use of soft coil can
improve the coil inside the mold with the shape, so that the mold temperature distribution
is more uniform. In addition, whether the influence of current, frequency, and heating
depth on the heating efficiency is consistent with previous research during the induction
heating of this new coil is verified. However, in most existing studies, the extent to which
the parameters affect the results is not mentioned and the synergistic effect of any two
parameters on these results is not discussed. Therefore, this extent and effect were ex-
plored herein using Taguchi method and response surface method (RSM). Taguchi
method uses orthogonal tables to design experiments that can be made larger to replace
the whole with a partial experimental design that can greatly reduce the pressure on the
computer to run, while using RSM can reflect the interaction between the two factors more
intuitively than single factor experiments and provide a theoretical range for selecting the
optimal value of the factors.

2. Research Methods
2.1. Multiphysics Simulation

The simulation analysis of electromagnetic induction heating involves the mul-
tiphysics coupling analysis of the electromagnetic heating [18], in which the analysis of



Appl. Sci. 2023, 13, 555

3 of 16

the electromagnetic field is based on Maxwell field equations summarized by Maxwell in
the 19th century, including Gaussian law (1), Gaussian electromagnetic induction law (2),
the Faraday law of electromagnetic induction (3), and the Ampere circuit law (4) [19]. The
differential form is as follows:

V-D=p (1)

V-B=0 )

vxE=_8B 3)
ot

VxH:J-}-a—D 4)
ot

In the above equations, D represents the electric flux density, C/m? B is magnetic
flux density, T; E is electric field strength, V/m; H is magnetic field strength, A/m; J is
conduction current, A; ¢ is time, s; and p is the charge density, C/m?®.

Of these, D, H, and J can form the constitutive equation together with the dielectric
constant ¢ (F/m), magnetic permeability u (H/m), and electric conductivity o (5/m) of elec-
tromagnetic material properties as follows:

D=¢E )
B=uH (6)
J=0E @)

The heat transfer phenomenon occurring in induction heating is the heat conduction
in the conductor, which can be expressed by the transient heat conduction Equation (8)
used for all simulations as follows:

pC, or _ kV’T +Q 8)
ot

In this formula, T refers to temperature, K; p is density, kg/m?; C; is the specific heat
capacity, J/(kg-K); k is the thermal conductivity of the material, W/(m-K); and Q is Joule
heat, J.

To obtain a simplified calculation model, CATIA software was used to draw the
plate-type steel for the heating mold with a mold size of 300 mm x 200 mm x 40 mm. In
addition, COMSOL Multiphysics software was introduced to simulate the mold surface
temperature distribution and heating rate under three different conditions. A specific pa-
rameter range was set for a 30 KW induction heating power supply, with a maximum
current of 1400 A when the equipment was running at full power, and a safety margin
was set so that the current parameter was set to a maximum of 1200 A. As the induction
coils needed to be fitted as close to the mold surface as possible, 5 mm to 9 mm was the
ideal range to balance the heating effect with the mold structure. High frequency induc-
tion heating required an inductor frequency of 10 KHz or more, while a 30 KW induction
heating power supply was set to a maximum regulation frequency of 50 KHz, so the fre-
quency range was 20 KHz to 40 KHz. The parameters are set as follows: (1) The depths
from the coil to the mold surface were set to be 5 mm, 7 mm, and 9 mm, respectively, to
explore the influence of varying depths on the uniformity of the temperature distribution
on the mold surface and the heating rate. The two-dimensional diagram of the mold is
shown in Figure 1(a). As the inductors are made of soft coils and need to be mounted
inside the mold, they need to be perforated inside the mold. This is the reason for using
soft coils as inductors, which can be arranged at random inside the mold and reach the
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desired temperature of the mold. (2) The impact of different currents on the heating effi-
ciency of the new induction heating coil was studied at following currents: 800 A, 1000 A,
and 1200 A. (3) The frequencies were set to 20 KHz, 30 KHz, and 40 KHz, respectively, to
discuss the effect of varying frequencies on this efficiency.
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Figure 1. Mold model drawing and temperature measure points: (a) mold size drawing; (b) temper-
ature measure points; (¢) mold 3D model drawing; (d) mesh division drawing.

The temperature of 5 measuring points on the mold surface, as shown in Figure 1(b),
was selected as the final result and the reference temperature of the mold surface. After
heating for 30 s, the final temperature at these 5 points was obtained, and their mean tem-
perature was calculated using Equation (9) and regarded as the final heating temperature
of the mold. Figure 1(c) shows a perspective view of the 3D simulation model with the
induction coil interspersed in the interior of the mold, and Figure 1(d) shows the mesh
division. The focus of this simulation was to characterize the temperature distribution on
the surface of the mold, therefore a very fine free tetrahedral mesh was used for the mold
and, for the coil, a swept mesh with 15522 mesh elements was used, which reduces the
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pressure on the calculation run and speeds up the calculation time. The overall experi-
mental scheme is shown in Table 1.

x=—>x )

Table 1. Simulation experiment scheme of induction heating.

Scheme Channel Depth/mm Current/A Frequency/KHz
Al 5 1000 30
A2 7 1000 30
A3 9 1000 30
Bl 9 800 30
B2 9 1200 30
C1 9 1000 20
C2 9 1000 40

In this equation, X represents the mean temperature of 5 points; x; is the final heat-
ing temperature of each point; and n refers to the number of measuring points, which is
set to be 5 in this experiment.

In this electromagnetic thermal multiphysics coupling, the low mold temperature has
little influence on the mold material parameters even after it rises, the influence of which
on the material parameters can be ignored as a result. The heat transfer mode of all exter-
nal surfaces of the mold is set to free convection with air, the ambient temperature is 20
°C, and the heat transfer coefficient is 10 W/(m?K). The parameters of other air, mold, and
induction coils are shown in Table 2, where pr is a relative dielectric constant; o represents
the electric conductivity; p refers to the density; K is the electric conductivity; and Cp is
the heat capacity at constant pressure. The air and copper parameters are sourced from
the COMSOL software’s own material library and H11 from Roctool’s actual mold param-
eters.

Table 2. Material parameters.

Material pr () 0 (S/m) p (kg/m}) K (W/m-K)) Cy(J/kgK)
Air 1 1 1.18 0.025 1005
Copper 1 5.9 x 107 8960 400 385
H11(1.2343) 55 107 7700 45 460

2.2. Taguchi Method and ANOVA

The Taguchi method, which was proposed by Dr. Genichi Taguchi of Japan, intro-
duces the orthogonal table into experimental designs. It spread quickly around the world
due to multiple advantages, including a high reproducibility of experimental results, a
scalability of configuration experiments, a lower number of tests, simple operation, and
easy configuration. Using this method, the optimal parameter combination under corre-
sponding horizontal conditions can be realized through some experiments. In this study,
the heating depth, current, and frequency were selected as parameters to carry out simu-
lation experiments based on the L9 orthogonal table involving three factors and three lev-
els that was designed by Taguchi method. Table 3 presents the levels of three factors. The
specific experimental design is shown in Table 4. Finally, the experimental results were
first analyzed based on the signal-to-noise (S5/N) ratio and then divided by optimization
objectives into three characteristics: nominal-the-best, larger-the-better, and smaller-the-
better [20], which correspond to Equation (10), Equation (11), and Equation (12), respec-
tively:
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Signal 2(n—-1
Sgnal 1o, | LD (10)
Noise 2
Dy —w)
i=1
Signal 1& 1
IS _10log,, ~ Y —
Noise 10 ni yi2 (D)
Signal 1S,
—=— =-10log,, — : 12
Noise g0 » ;y: (12)

In the above equations, n represents the number of experiments in each group; y;
refers to the results of a single experiment; and p is the sample mean. It is necessary in this
experiment that the higher the mean temperature after heating, the better, which is clas-
sified into the larger-the-better characteristic. The range of temperature at five points, de-
noted by s, is calculated with Equation (13) and is used to characterize the temperature
uniformity:

§= ymax _ymin (13)

where s represents the range of temperature at measuring points; ymax and ymi, are
maximum and minimum temperatures of these five points, respectively. Then, the extent
to which each factor affects the experimental results is determined through the analysis of
variance (ANOVA).

Table 3. Levels of experimental factors.

Experimental Factors
(B) Current/A (C) Frequency/KHz

Level of Fact
evel of Factors (A) Depth/mm

1 5 800 20
7 1000 30
3 9 1200 40

Table 4. Design of the L9 orthogonal experiment.

No A B C
1 5 800 20
2 5 1000 30
3 5 1200 40
4 7 800 30
5 7 1000 40
6 7 1200 20
7 9 800 40
8 9 1000 20
9 9 1200 30

2.3. Response Surface Method

The RSM analysis is used to optimize and evaluate the experimental data and deter-
mine the relationship between the two parameters and analysis results. Using this
method, the ultimate relationship can be presented by response surface diagrams, in
which the optimal response value is identified and its regression equation is calculated
with Equation (14) [21]:
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k k k
Y =a, +Zat.xl. +Zaﬁxixl. +Zai,xixj (14)
i=1 i=1 if

where Y is the response output, which refers to the maximum mean temperature and
the range of temperature in this study, and x and k represent the level and number of
factors, respectively.

3. Results and Discussion
3.1. Results of Multiphysics Simulation

In previous studies, the induction heating depth, current, and frequency were usu-
ally analyzed using spiral-shaped coils, without specifying the effects of special-shaped
ones on conclusions. Therefore, these factors are researched and compared in this section
to verify whether related conclusions are followed. To explore the influence of different
parameters on results, the depth was set to be 5 mm, 7 mm, and 9 mm, respectively; the
current was set to 800 A, 1000 A, and 1200 A, respectively; and the frequency was set to
20 KHz, 30 KHz, and 40 KHz, respectively. As shown in Figure 2 (a), while the mold sur-
face temperature rise rate was 2.3 °C/s when the coil is 5 mm from the surface, it gradually
decreased to 2.1 °C/s and to 1.9 °C/s when the depth expanded to 7 mm and to 9 mm. The
small depth gradient means the temperature rise rate decreases slightly. According to the
temperature rise curves at different currents in Figure 2(b), the temperature rise rate ac-
celerates significantly at higher currents. When the current increases from 800 A to 1200
A, this rate rises from 1.2 °C/s to 2.6 °C/s. The temperature rise curves at varying frequen-
cies are presented in Figure 2 (c) . It can be seen that there is little difference among these
curves due to the small gradient of this parameter. However, the partial enlarged view
shows that the temperature rise rate increases with the frequency. In summary, the tem-
perature rise rate of induction heating increases with increased currents and frequencies
but decreases with the increase of heating depth, which is consistent with correlating stud-
ies [22] and is in accordance with the principles of heat transfer and Joule heating. As the
current increases, the heating power of the power supply increases and the heating rate
of the mold increases significantly. As the coil frequency increases, the skin effect of the
current becomes stronger and the mold heats up faster. However, as the heating depth
increases, the heat transfer distance of the mold also increases and the heat loss becomes
more and more serious, so the heating rate of the mold surface decreases as the heating
depth increases. The temperature distribution nephogram of the mold surface after being
heated for 30 s under different conditions is shown in Figure 3.
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Figure 2. Temperature rise curve under different parameters: (a) depth, (b) current, (c) frequency.
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Figure 3. Temperature distribution nephograms on the mold surface under different parameters.
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3.2. Results of the Taguchi Method and ANOVA

Table 5 exhibits the simulated data of the maximum mean temperature and temper-
ature uniformity in each group of experiments and their respective S/N ratios. Figure 4
shows the main effects plots for means and S/N ratios of three factors. The factors’ mag-
nitude of influence is determined by the difference between the maximum and minimum
S/N ratios: the larger the difference, the greater the influence. As presented in Figure 4(a),
the temperature uniformity was most affected by heating depth and then by current and
frequency successively. It first rose and then declined as the heating depth extended. It
first decreased and then increased with rising frequency. It reduces as the current in-
creases. At this level of factors, the optimal temperature uniformity was achieved at a
heating depth of 7 mm, a current of 800 A, and a frequency of 20 KHz.

Table 5. Simulation results and S/N ratios.

No. x S/N S S/N
1 91.49 39.23 3.50 -10.88
2 116.61 41.33 6.23 -15.89
3 148.20 43.42 9.25 -19.32
4 90.53 39.14 1.39 -2.86
5 113.41 41.09 2.18 -6.77
6 141.40 43.01 3.14 -9.94
7 86.95 38.79 1.56 -3.86
8 105.15 40.44 2.51 -7.99
9 131.50 42.38 3.88 -11.78

Figure 4(b) illustrates the extent to which the three parameters affect the maximum
mean temperature. It can be found that this temperature rises with the decrease of heating
depth and the increase of current and frequency. In other words, the maximum mean
temperature is negatively correlated with heating depth but is positively correlated with
current and frequency. In respect to this temperature, the optimal combination of these
parameters is as follows: the heating depth is 5 mm; the current is 1200 A; and the fre-
quency is 40 KHz. Table 6 describes the ANOVA of each factor based on the 95% confi-
dence interval (CI), which is used to evaluate how much each factor influences the maxi-
mum mean temperature and temperature uniformity. In this analysis, the P value of less
than 0.05 means the factor is an important one affecting the target results [23]. It is ob-
served from Table 6 that the maximum mean temperature is most affected by current,
with a contribution rate of 95.54%, which is followed by heating depth with a contribution
rate of 4.17%, while frequency has little impact on this temperature, showing a contribu-
tion rate of 0.29%. Therefore, the influence extent of current is much higher than that of
the other two factors. By contrast, the heating depth is the most important factor affecting
the temperature uniformity, showing a contribution rate of 59.59%. It is followed by the
current with a contribution rate of 40.18% and then by the frequency with a contribution
rate of 0.23%. Among them, heating depth and current are principal factors influencing
the temperature uniformity, while the impact of frequency is negligible. To sum up, the
target values are significantly affected by heating depth and current, with their influence
extents much higher than that of the frequency. The percentage for the contribution rates
of different factors is presented in Figure 5.
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Figure 4. Main effects plots in the Taguchi experiment: (a) main effects plot for S/N ratios of three factors in respect of temperature uniformity; (b) main effects
plot for S/N ratios of three factors in respect of max. mean temperature; (c) main effects plot for means of three factors in respect of temperature uniformity; (d)

main effects plot for means of three factors in respect of max. mean temperature.
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Table 6. ANOVA for max. mean temperature and temperature uniformity.

Parameters DF Seq SS AdjMS F-Value p-Value Contribution
Max. mean temperature (x)
Depth/mm 2 0.9878 0.4939 30.77 0.031 4.17%
Current/A 2 22.6452 11.3226 705.43 0.01 95.54%
Frequency/KHz 2 0.0688 0.0344 2.14 0.318 0.29%
Error 2 0.0321 0.0161
Totle 8 23.7339
Temperature uniformity (s)
Depth/mm 2 136.303 68.1514  1343.91 0.001 59.59%
Current/A 2 91.894 45.9469 906.05 0.001 40.18%
Frequency/KHz 2 0.529 0.2647 5.22 0.161 0.23%
Error 2 0.101 0.0507
Totle 8 228.827
[ | Current
[ ] Depth

1 Frequency

[ Depth
[T Current
1 Frequency

(b)

Figure 5. Percentage for the contribution rates of different factors: (a) contribution of each parameter
to the max. mean temperature; (b) contribution of each parameter to temperature uniformity.

3.3. Results of Response Surface Method

The synergistic effect of any two factors on target results is analyzed by the RSM. The
regression equations of the three factors on these results are formulated based on Equation
(14), thus obtaining Equation (15) and (16):



Appl. Sci. 2023, 13, 555 13 of 16

=14.06+10.154+0.022348—0.1718C —0.44854°

Max. mean temperature
" (15)

+0.000078B° +0.001302C* —0.007136 AB +0.018054C
Y, =22.36-6.5514—0.011508 +0.5264C +0.5630 4

Temperature uniformity ( 1 6)
+0.000013B* —0.003771C* —0.0011424B —0.02700AC

In the above equations, A, B, and C are heating depth, current, and frequency, re-
spectively. Figure 6 presents the response surface diagrams for the synergistic effect of
any two parameters on target results. Therefore, (a), (b) and (c) illustrate the synergistic
effects on maximum mean temperature and (d), (e) and (f) exhibit the synergistic effects
on temperature uniformity. As mentioned above, the current has a much greater impact
on the maximum mean temperature than the other two factors. It can also be observed
from Figure 6 , compared to increasing frequency, increasing current and heating depth
can cause a greater temperature rise, with the current having a greater impact on the max-
imum mean temperature. This can also be observed from Figure 6(a), (b) and (c). Because
frequency has less impact, it is the current or heating depth that exert more impact when
they are present with frequency, which is consistent with the conclusions reached through
ANOVA. Figure 6(d) indicates that the temperature uniformity first rises and then de-
clines with the increase of heating depth within a certain range of current, while it de-
creases slightly with increased currents. Therefore, the change of this uniformity is not
just a linear variation of increased or decreased heating depths and currents but the result
from the interaction between them. When the heating depth is about 7 mm and the current
fluctuates around 850 A, the temperature uniformity is optimal, which is in line with the
conclusions drawn by Taguchi method. In Figure 6(e) and (f) is similar to (b) and (c). That
is, frequency has little impact on temperature uniformity and, consequently, current and
heating depth play a leading role.
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Figure 6. Response surface diagrams for the synergistic effect of different parameters on target results: (a) interaction of depth and current on max. mean temper-
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4. Conclusions

In this work, the temperature rise characteristics of mold induction heating were ex-
plored at different heating depths, currents, and frequencies, during which the special-
shaped coils that are different from conventional spiral-shaped ones were adopted. With
maximum mean temperature and temperature uniformity as target results, COMSOL
Multiphysics was introduced to conduct simulation experiments. The influence of these
three parameters on temperature rise characteristics on the mold surface was summa-
rized. Results show that these characteristics do not change with different shapes of coils.

There are three factors selected by Taguchi method: heating depth, current, and fre-
quency, each of which has three levels. On this basis, the L9 orthogonal experiment was
designed to explore the extent to which each factor affects the maximum mean tempera-
ture and temperature uniformity. It can be verified that the heating depth and current
have a greater impact on both target results than the frequency. Therefore, the maximum
mean temperature was most affected by current, which is followed by heating depth and
frequency successively, and the temperature uniformity is most affected by heating depth,
which is followed by current and frequency successively. The analysis of S/N ratio indi-
cates that in order to maximize the maximum mean temperature, the heating depth, cur-
rent, and frequency shall be set at 5 mm, 1200 A, and 40 KHz, respectively. The optimal
temperature uniformity was realized when the three factors are 7 mm, 800 A, and 20 KHz,
respectively. Then, ANOVA was conducted on these factors to summarize their contribu-
tion rates.

Finally, the synergistic effect of any two factors on target results was discussed using
RSM and the corresponding response surface diagrams were plotted. As stated earlier,
frequency is involved to the least extent. Therefore, in the combination of current and
frequency or heating depth and frequency, it is the former that plays a leading role. By
contrast, current and frequency have similar contribution rates to temperature uniformity.
Therefore, the change in this uniformity results from the interaction of these two parame-
ters. As shown by response surface diagrams, the temperature uniformity is optimal at
the current of about 850 A and the heating depth of about 7 mm, which conforms to the
optimal combination obtained by Taguchi method.
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