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Abstract: This paper deals with the issues relevant for precise finite element method (FEM) modeling
of thin molybdenum plates’ induction heating. The proposed methodology describes the step-by-step
Multiphysics (electro-thermal) design approach, verified by the experimental measurements. Initially,
it was observed that the relative error between model and experimental set-up is within the 1.2%
up to 2.5% depending on the location of the measuring points. Further research was focused on
the enhancement of the simulation model in the form of its parametrization. It means that it is
easy to define the induction coil’s operational parameters and geometrical properties (ferrite shape,
operating frequency, the distance between plate and heating element, the value of coil current, etc.).
The target of this approach is to be able to determine the optimal operational settings targeting the
required heating performance of thin molybdenum plates. One of the main requirements regarding
the optimal heating process is temperature distribution within the molybdenum plate’s surface. The
proposed model makes it possible to obtain information on optimal operational conditions based on
the received results.

Keywords: molybdenum; heating; forming; thermal modeling; induction heating

1. Introduction

Sapphire single crystals are widely used, especially in laser devices. Sapphire is an
ideal material for producing so-called structures of silicon on single sapphire crystals.
Production of single-crystal sapphire is possible by several vertical technologies such as
single crystal growth using Czochralski, Verneuill, or Stepanov methods. The horizontal
method for the growth of the single crystal has an enormous advantage compared to the
vertical progression with a precisely pre-given orientation of the crystal’s optical axis to the
surface of the growing crystal [1–3]. These processes are carried out under a high vacuum
and temperature up to 2150 ◦C. As mentioned above, the horizontal method is the most
promising, even though many engineering-design challenges are presented. One of them
is the use of crucible-vessel, where crystallization takes place. The container is exposed
to a temperature of 2150 ◦C in the longitudinal direction. Currently, container-vessels-
crystallization “boats” are made of molybdenum sheets having a thickness of 0.5 mm, made
by powder metallurgy technology, i.e., plastic deformation sintering procedure. The shape
and dimensions of the crystals currently identified meet the requirements for hand-manual
production and, of course, automatic production in the complex mechatronic deformation
systems with local resistance heating or induction heating of thin molybdenum sheets.
The deformation ability of the various types of molybdenum sheets must be minimal;
besides, there is a great affinity of Mo to oxygen. This affinity has a very strong progressive
initiating effect on the corrosion happening, which dominantly occurs in the surface layers
of molybdenum sheets [4–10].

A considerable consumption of electrical energy generally characterizes the process
of heating. In the case of molybdenum sheets, the material must be heated above its hot
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forming temperature, usually about 950–2050 ◦C. In order to reduce the amount of energy,
the process should be optimized appropriately. Nowadays, the cheapest way of doing this
is computer modeling [11,12].

Due to these facts, it is very important to uniformly heat molybdenum sheets during
the manufacturing process of containers, if possible, through a contactless approach. The
induction heating presents this approach here. Because induction heating is specific due
to the proper setting of the operational conditions, it is necessary to identify them. The
most uniform thermal distribution during the molybdenum containers’ high-temperature
forming process is the most important. The approach of the investigation of the proper in-
duction heating settings could be experimental, resulting in time-consuming modifications
of laboratory stands. There are currently modern methods based on simulation modeling
by finite element methods, enabling the investigation of the mentioned processes quickly
and accurately [13,14].

This article discusses the development of a finite element method (FEM) simulation
model of inductive heating. The corresponding experiments are performed for the initial
comparisons with the simulation results. Consequently, the simulation model is optimized
to achieve precise and comparable results to the physical sample, while a very high
accuracy level shall be reached. It considers the possibility of identifying heating processes
within sheet volume, while the geometric shape modifications are available (e.g., design
of high-performance thermal shells). Moreover, the problem is non-linear due to the
temperature dependence of the system’s physical parameters. In principle, electrical
conductivity, thermal conductivity, and specific heat change nonlinearly within a wide
range of temperatures.

For this reason, the problem must be solved numerically. Because expectations of fast
verification processes are required, the mathematical computer model is being developed
to increase the variable solution investigations [15,16]. The main focus is now given to
investigate the geometry and electric parameters of the main component responsible for
the heat generation during induction heating processes. Several settings for the heating
device and the induction heating process are being investigated here, while the detailed
focus is given on the effects caused by the shape and properties of used components.

2. Contactless—Induction Heating of Thin Molybdenum Sheet

Investigation of the possibilities of induction heating is presented based on highly
accurate thermal simulation models. Initially, experimental measurement (Figure 1) of
the molybdenum sheet’s induction heating was performed to verify the accuracy of the
simulation model. Main parameters that are clinical for the settings of the induction heating
even if the simulation is considered are:

• the operating frequency of the electromagnetic field
• value of the coil’s current
• distance (gap) between the heating coil and Mo sheet
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Experimental measurement for the simulation model’s reference design was provided
at the conditions defined by Table 1. At this point, the operating frequency is modulated
with the change of the coil’s current value. The higher the current is, the value of frequency
decreases.

Table 1. Operation conditions of experimental measurement.

Parameter Value

Operating frequency [kHz] 80
Coil’s current [A] 150

Gap [mm] 6
Mo thickness [mm] 7

Figure 2 shows results from the reference measurement, and Figure 3 shows results
from the simulation experiment, while the operational conditions are relevant to experi-
mental measurement. The variable that was monitored is related to the temperature value
at three different locations within the Mo sheet; so, the temperature distribution through
the sheet’s surface was observed.

Table 2 evaluates the relative error between measurement and simulation at selected
reference points. It is seen that the maximal error for a given situation reaches 2.52%,
which presents acceptable deviation as the superior performance of simulation models
is acceptable up to 5% of the relative error [17–20]. As measuring equipment, thermal
infrared camera FLIR SC 640 was used, whose measuring accuracy is defined as 0.2 ◦C.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 17 
 

 
Figure 2. Temperature distribution on the surface of Mo sheet during the experimental reference measurement. 

 
Figure 3. Temperature distribution and its evaluation for a designed thermal simulation model of 
induction heating. 

Table 2 evaluates the relative error between measurement and simulation at selected 
reference points. It is seen that the maximal error for a given situation reaches 2.52%, 
which presents acceptable deviation as the superior performance of simulation models is 

Figure 2. Temperature distribution on the surface of Mo sheet during the experimental reference measurement.



Appl. Sci. 2021, 11, 647 4 of 15

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 17 
 

 
Figure 2. Temperature distribution on the surface of Mo sheet during the experimental reference measurement. 

 
Figure 3. Temperature distribution and its evaluation for a designed thermal simulation model of 
induction heating. 

Table 2 evaluates the relative error between measurement and simulation at selected 
reference points. It is seen that the maximal error for a given situation reaches 2.52%, 
which presents acceptable deviation as the superior performance of simulation models is 

Figure 3. Temperature distribution and its evaluation for a designed thermal simulation model of
induction heating.

Table 2. Comparisons of the temperature within reference points.

Reference Point
The Temperature at the

Reference Point [◦C]
(Experimental)

The Temperature at the
Reference Point [◦C]

(Simulation)

Relative Error
[%]

Sp1 38.9 39.88 −2.52
Sp2 44.9 45.73 −1.85
Sp3 54.9 55.59 −1.26

In the next sections, the design of the simulation model of induction heating of thin
molybdenum sheet is presented together with the parametrical investigation of operational
condition. Using the proposed model, it will be possible to investigate optimal settings
related to the induction heating process.

3. Design of Electro-Thermal Simulation Model of Induction Heating

The simulation model considering induction heating of Mo sheet is designed with the
use of COMSOL software. It considers a 3D model offering the options for reconfiguration
of various parameters that influence the heat distribution on the Mo sheet’s surface.

These parameters are:

• the mutual position between the induction coil and the Mo sheet,
• the coil material properties as well as the coil geometry
• the frequency and intensity of the applied electromagnetic field.

The model comprises the Mo sheet, a heating coil with a magnetic core (Figure 4).
The molybdenum sheet is modeled as a block (domain) with a required width (sa), depth
(sb), and thickness (sc). The coil’s winding is designed as a square domain with a required
thickness (ca) and the required size (cb). The coil’s core is represented by the ferrite blocks
whose parameters are also reconfigurable, i.e., ferrite height (fa) and ferrite thickness (fb).

The variable parameter can also be the distance between the Mo sheet and heating
element (cpd). The physics used in this model is “Magnetic field (MF)”. The only feature of
“MF” used is “COIL”, which specifies the coil domain as a single conductor with current
input surface and current output surface. All simulations are set as steady-state, frequency–
domain simulations, so it is possible to determine the impact of investigated parameters
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on the amplitude of electromagnetic losses (heat rate) within the molybdenum sheet [4,6].
The mentioned “MF” module of the COMSOL environment uses the standard Maxwell
equations for modeling an electromagnetic field in the frequency domain.

Figure 4. The geometry descripption of the proposed induction heating model (a) and detailed
geometry description of heating element—coil (b).

The material parameters and other model settings as final conditions settings of
domains for the simulation analysis can be seen in Table 3.

Table 3. Model settings material and final conditions.

Parameter/Domain Molybdenum Sheet Coil Magnetic Part Environment

Material Molybdenum Copper Alloy ferrite powder Air
Electrical conductivity [S/m] 17.9 × 106 5.5 × 107 1 × 10−12 1 × 10−15

Density [kg/m3] 10,280 8700 4980 1.2
Relative permittivity [-] 1 1 1 1
Relative permeability [-] 1.00012 1 3000 1

Ampere’s Law YES YES YES YES
Magnetic insulation NO NO NO YES

Coil domain NO YES NO NO

The definitions related to the boundary conditions of the simulation model are given
by domain settings (Table 4) and by equations for heat transfer/source (1)–(4). These
settings are relevant for the integrated simulation software definitions related to heat
transfer and electrical currents physics.

Table 4. Boundary conditions of the induction heating model.

Domain Material Domain Settings Domain Equations

Environment Air Fluid, Initial Values [25 ◦C] (1), (3)

Environment Boundary Air Fluid, Initial Values [25 ◦C],
Thermal Insulation (1), (3), (4)

Molybdenum Plate Molybdenum Solid, Initial Values [25 ◦C] (2), (3)
Heat Source in Molybdenum

Plate Molybdenum Solid, Initial Values [25 ◦C],
Heat Source (2), (3), (5)

Coil Copper Solid, Initial Values [25 ◦C] (2), (3)
Magnetics Ferrite Solid, Initial Values [25 ◦C] (2), (3)
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Equations used within the calculations are listed below:

ρCPu ∗ ∇T +∇ ∗ q = Qe + QP + Qvd (1)

ρCPu ∗ ∇T +∇ ∗ q = Qe + Qted (2)

q = −k∇T (3)

where “ρ” is the material density, “Cp” is the specific heat capacity, “T” is the temperature,
“q” is the conductive heat flux, “u” is the velocity vector, “Qe” is the external heat source,
“QP” is heat created by pressure, “Qvd” is the heat source from viscous dissipation, “Qted”
is the thermoelastic damping, and “k” is the thermal conductivity.

− n ∗ q = 0 (4)

Q = Q0 (5)

where “n” is the normal vector on the boundary, “q” is the conductive heat flux, “Q” is the
heat source, and “Q0” is the actual value of the mean value of the electromagnetic losses
within the domain given by electromagnetic simulation.

Because the simulation’s performance (accuracy compared to experimental results)
is highly dependent on the mesh complexity and its setting, attention must be paid to
the proper definition of the element size. This information for the proposed model of
induction heating is listed in Table 5. The mesh for this simulation model is created as Free
Tetrahedral for the whole geometry.

Table 5. Mesh settings.

Maximum
Element Size [m]

Minimum
Element Size [m]

Maximum
Element Grow [-]

Curvature
Factor [-]

Resolution of
Narrow Regions

8.75 × 10−3 3.75 × 106 1.35 0.3 0.85

Time dependency simulation is set for 10 [s] of total time, while the time step is 0.1 [s].
The 0.1 [s] step is time, for which the results are saved, but the real computational time step
is given by simulation needs (for each iteration, the convergence settings are different).

3.1. Parametric Simulation for the Determination of the Optimal Operating Conditions of the
Induction Heating

For the first simulation experiment, we have focused on the parametric change of
the distance between the sheet and heating element, while the induction coil geometry is
unchanged. The setting for the simulation is as follows:

• The current flowing through the coil is 150 A.
• The thickness of the ferrite core is 10 mm.
• The operating frequency of the applied voltage generating EM field is 25 kHz.
• Distance (gap) between sheet and heating element is 1:1:10 [mm], i.e., initial distance

is 1 mm, step is 1 mm, and the final distance is 10 mm.

In Figures 5 and 6, it can be seen that the volumetric loss density, which causes heating
of the molybdenum sheet, is dependent on the distance.
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element and sheet.

The rule that the close induction coil to the sheet is, the higher heating power will
be generated is not valid because of the induction heating’s physical principles, which is
influenced by the system’s operation frequency and resonance, which occurs for a given
distance [21–23]. Figure 5 shows that the peak power is generated at the 3 mm of the gap,
while below and above this value, volumetric loss decreases. For a better interpretation of
the results, the distribution of these losses is shown in Figure 6.
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The second simulation experiment is focused on the coil geometry’s parametric change,
while the distance between the sheet and the heating element was constant (3 mm). The
setting for the simulation is as follows:

• The current flowing through the coil is 150 A
• The thickness of the ferrite core is 2:1:12 mm
• The operating frequency of the applied field is 25 kHz
• Distance (gap) Between sheet and heating element is 3 mm

From Figure 7, the fluctuations of the electromagnetic loss density located at the
molybdenum sheet are seen during the parametric change of the thickness of the ferrite
core. This fact is related to the variations of the ferrite core’s electromagnetic excitation
when its thickness is being changed. Thus, it is valid here that for the given thickness of
the ferrite core and the applied field’s input parameters, a proper value of the heating
element’s inductance is achieved while providing optimal magnetic path and coupling
between molybdenum sheet and heating element. It ensures that the volumetric loss
density within the molybdenum sheet achieves high and low values. Figure 7 shows that
the peak values for volumetric loss are reached for the thickness of 4 mm and 7 mm. The
result from the ferrite thickness variation is from a physical point of view, similar to the
results dependent on the coil and sheet distance. For a given value of inductance, there
are points with the resonance (Figure 6), which are specified by the generation of the high
electromagnetic loss densities [21–23]. After the 7 mm thickness, the volumetric loss does
not exhibit visible change.
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Figure 8.
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Figure 8. Distribution of the volumetric loss density within the molybdenum sheet at different geometry of the ferrite
thickness.

The last parametric evaluation focuses on investigating the impact of the value of the
applied electromagnetic field (Figure 9).
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These relationships have been investigated for the constant distance between the
heating element and sheet and for the ferrite’s constant geometry. The values were selected
based on previous results, whereby the solution with the highest volumetric loss on the
sheet was selected. The settings for these types of simulations are as follows:

• The current flowing through the coil is 150 A.
• The thickness of the ferrite core is 7 mm.
• The applied field’s operating frequency is 20:5:40 kHz (initial frequency 20 kHz,

step-change 5 kHz, and final frequency 40 kHz).
• Distance (gap) between sheet and heating element is 3 mm.

Figure 10 shows that with the increase of the EM field’s operating frequency, the
volumetric losses within the molybdenum sheet increase almost linearly. The experiment
was realized for the range from 20 kHz up to 40 kHz. Within this range, the saturation of
ferrite material is avoided. The optimal operation point for this experiment was reached
at 40 kHz. Above this value, the magnetic saturation will cause a decrease in the value of
inductance; thus, the coupling shall also be disturbed, and the required heat rate within
the molybdenum sheet shall be insufficient.

 

2 
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Figure 10. Distribution of the volumetric loss density within the molybdenum sheet at selected values of the operating
frequency.

3.2. Heat Distribution and Heat Performance for Optimal Parameter Settings of Induction Heating

The simulation experiments previously realized uses results to determine the depen-
dency between the parameters settings and volumetric power losses within the molyb-
denum. Those optimal settings have been adapted here, and the only change during
parametric simulation will be the value of the coil’s current.

• The current flowing through the coil is 50:50:500 A.
• The thickness of the ferrite core is 7 mm.
• The operating frequency of the applied field is 40 kHz.
• Distance (gap) between sheet and heating element is 3 mm.
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Figures 11 and 12 show that with the increase of the coil’s current, the sheet’s volumet-
ric losses and the generated power of the coil rises. The limitation within this experiment
was given on the current value, which cannot exceed 500 A due to the electrical parameters
of the heating element’s conductor.

This behavior is based on the basic laws of the accumulation of energy within the
inductor. Figure 11 shows that the energy has exponential character; thus, it is confirmed
here that energy is proportional to the value of inductance and square of the current flowing
through the inductor.
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Figure 13 shows the distribution of the volumetric losses within the molybdenum
sheet for selected values of the coil’s current. The purpose of this research was to identify
the amount of volumetric loss. Simultaneously, these values will consequently serve within
the thermal simulation of the induction heating, where the input boundary condition for
the heating is identified values of molybdenum sheet losses.
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Figure 13. Distribution of the volumetric loss density within the molybdenum sheet at different values of the coil’s current.

Simultaneously, the temperature distribution within the Mo sheet’s surface was
recorded during the time-dependent simulation (Figure 14). Figure 14 is showing the
temperature distribution for the parameter settings from Tables 4–6. The simulation has
time-dependency; thus, the first result is valid for 10 s of the heating process, while the
second is valid for 130 s of the heating process. It is seen that the maximum temperature is
located around the heating element and reaches 650 ◦C.
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Table 6. Optimal operational parameters settings.

Parameter Coil’s Current
[A]

Frequency
[kHz]

GAP
[mm]

Mo Thickness
[mm]

Value 500 40 3 7
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After getting relevant information for the optimal operational parameters setting, the
experiment defined by all optimal measures was realized. Figure 15 represents the situation
as mentioned above, while it is seen that the temperature distribution refers to the results
achieved during the simulation result (Figure 14—right). There is a slight difference at the
maximum temperature achieved at the Mo sheet hotspot (626 ◦C) instead of the simulation
(607 ◦C). Even there is a difference, it is evident that the research of the optimal parameter
settings of the induction heating through a simulation approach gives satisfying results.
The model shall serve for any optimization purposes needed for the induction heating.
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Figure 15. Experimental measurement for the optimal settings of parameters of induction heating of
Mo sheet.

Experimental results of the induction heating supported by the optimal settings re-
ceived from simulations have been compared to the different heating processes, i.e., contact
resistive heating (Figure 16). This comparison demonstrates that induction heating pro-
vides a more uniform temperature distribution than alternative heating techniques [24–26].
The maximal difference (diffT) between the area with the lowest and the highest tempera-
ture for induction heating is lower than resistive heating (diffTind = 150 ◦C, diffTres = 225 ◦C).
Based on the obtained results, it is expected that with consequent utilization of the transla-
tion move during optimal induction heating setting, the thermal distribution within Mo
sheet will satisfy the required forming performance.
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4. Conclusions

The presented paper discusses the possibilities of the heating of molybdenum sheets
required for the forming purposes when the sapphire’s crystallization is considered. For
those activities, the most important issue is related to the heating system design, whose
ability will facilitate uniform heat distribution and required temperature values within
the molybdenum sheet’s surface/volume. The paper presents several approaches to
reaching required properties, mostly based on detailed modeling of the induction heating
method [27,28]. Initially, the designed model was compared to the reference measurement.
Consequently, the investigation procedure of inductive heating’s operational conditions
was realized to identify optimal operational parameters. At the end of the paper, the
results from the simulation with optimal settings are shown. The experiment was set
based on the simulation results, which define the induction heating’s optimal setting.
Comparison between simulation and measurement showed a very close similarity of heat
distribution within the Mo sheet surface. The main difference is visible if hotspots are
observed. The measurement exhibits 20 ◦C higher temperature compared to simulation.
The reasons for this difference can be several. The main contribution to this discrepancy is
the non-linear temperature dependence of the thermophysical characteristics of air and
materials located within the proposed system and consequent sensitivity settings of the
simulation parameters (simulation steps, mesh size). These errors can be improved by
finer simulation settings or by integrating the parameter fittings function of the material’s
thermal dependencies [29,30]. Based on the achieved results, it can be said that proposed
modeling gives satisfying results and gives opportunities for optimization procedures for
various types of Mo sheets’ heating processes.
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