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This article describes the modeling procedure of a direct resistive heat model of the
molybdenum sheet and its simulation with electrodes made from various materials. The
main characteristic of the proposed model is its dynamic behavior, because model
considers the movement of the molybdenum sheet. The simulation results are mutually
compared and the optimal material parameters are selected. The development of the model,
in which the movement of molybdenum sheet is considered is used for determination of
optimal movement speed of the molybdenum sheet in order to achieve requested
temperature. The presented model can be also used for determination of optimal electrode
materials and its geometrical properties/shape.

1. Introduction

This paper is an extension of work originally presented in
Electrical Power engineering 2017 [1]. This article discusses the
usage of finite element method for the development of a resistive
heating model of the molybdenum sheet. The model is designed
for the needs of the development of the equipment for the heating
and shaping the molybdenum sheets into molds. The mentioned
molds are used as containers for horizontal crystallization of the
sapphire single crystal. Molybdenum is one of the few materials
suitable for this purpose in a view of the long-term high-
temperature load of the mold. The mold is exposed to the
temperature gradient of up to 100 °C./ mm at the maximum
temperature of 2150 °C. in the longitudinal direction of the
container, where in one part is the melt and in the adjacent part is
the corundum as an already growth product, i.e. single sapphire
crystal. Based on the extreme conditions during the process, it is
crucial to not decrease the mechanical abilities during the shaping
process of the mold. For that purpose, the structural changes and
possibilities of avoiding them by properly set pre-heating
respectively heating/cooling system of Mo sheets need to be
predicted. Currently, the molds are made of molybdenum sheet
having athickness of 0,5 mm, made by powder metallurgy
technology, i.e. by plastic deformation and sintering procedure.
Specifically, the molybdenum sheet Grade M1 corresponding to
the American standard ASTM B386 or GB 3877, where the
chemical composition is approximately the same. [2-5]
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2. Basic simulation model

The simulation model is developed in COMSOL environment
as a 3D model with the options for reconfiguration the mutual
position of electrodes, the electrode material and the pressure on
the electrodes. The model is composed of the molybdenum sheet
and two electrodes. The molybdenum sheet is modeled as a block
(domain) with a wanted width(a), depth(b) and thickness(c) and
electrodes are modeled as cylinders with a wanted diameter(d),
height(h) and distance(x) between them. The geometry (Fig.1.) is
then complemented by physic setup. The Multiphysics “Joule
heating (JH)” is used for the model. This Multiphysics is formed
by the connection of “Electrical circuit (EC)” physic and “Heat
transfer in solid (HTS)” physic. The physic “Electrical circuit” is
used to set up the value of input current trough top boundary of one
electrode and grounding through the top boundary of the other
electrode. Within the EC module, the required contact pressure
applied to the electrodes and the roughness of the contact between
the electrode and Mo sheet can be adjusted. The HTS is used to
set up parameters as initial temperature of the system and the
method in which the temperature is transferred to the surrounding
area. The proper function of the model is achieved by setting the
spherical domain with a diameter of one meter, which is filled with
air. All simulations are the set as time domain simulation, so we
can determine the influence of studied materials on the speed of
the heating of the Mo sheet. [6-9]

As it has been already mentioned, the model is reconfigurable,
but for means of this paper the following geometrical parameters
are set: Parameters of molybdenum sheet (based on manufactured
molybdenum sheets [10,11]): 1000/300/1 (a/b/c) mm, parameters
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of electrodes: 20/50 (d/h) mm, the electrodes distance: 100 (x)
mm. The electrodes are pressed to the Mo sheet with a pressure of
0.3 MPa. For the electrode’s material study, three classes of
materials based on the electrical conductivity of the electrodes are
defined (lower than Mo, Mo and higher than Mo). The electro-
thermal parameters of the basic model are defined in TABLE 1.
The model needs to be particularly accurate in the molybdenum
sheet domain. For that purpose, the temperature dependencies of
electro-thermal parameters of molybdenum are implemented,
specified by the manufacturer “PLANSEE” (Fig.2-4.).

d ¢ - Thickness of sheet

Fig. 1. Representation and definition of Mo sheet model

Table 1: Electro-thermal parameters used in simulations

Parameter
Material Electrical | Relative Thermal Sﬂle:;{i ¢ Density
cond. perm. cond. capacity [kg/m"3]
[S/m] - [W/(mK)] [WkgK)]
Molybdenum
(20°C)(293.15 | 17.9¢6 ! 142 254 10280
K)
Class L. ou /10 1 400 385 8700
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Con.
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Fig. 2. Thermal dependence of thermal conductivity of molybdenum used in
simulations

The mentioned JH module of the COMSOL environment uses well-known
equations for modeling a heat transfer in solid materials (1).
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Fig. 3. Thermal dependence of specific heat capacity of molybdenum used in
simulations
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Fig. 4. Thermal dependence of electrical conductivity of molybdenum used in
simulations

Where “p” is the density of the modeled material, “Cp” is specific
heat capacity of the material, “k” is thermal conductivity of the
material and “Q” is a heat source.

In this case, the heat source “Q” is determined by Joule-Lenz
law of resistive loses in material structure due to the current flow
through this structure.

3. Simulation results I.

Based on [6] the wanted temperature of Mo sheet is at a level
between 1000 K to 1200 K. At those levels, the Mo sheet can be
casily bendable. The simulation is done for before mentioned
electrode’s material classes (TABLE I.) not for specific material.
The input current of the system is selected within the interval from
1000 A to 1400 A. The results are compared in a way of
temperature distribution within Mo sheet domain and speed of the
heating process. Fig.5. shows actual simulation model with
geometrical parameters defined in the previous paragraph.

Fig. 5. Model of Mo heating with given geometrical parameters
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The simulation is done with electrodes placed in the middle of
the longer side of the sheet while the distance between electrodes
is set to 100 mm. The following results are displayed as the
temperature in the point in the middle of the sheet’s volume and
temperature distribution in the cutline between electrodes (middle
of the Mo sheet) as can be seen at Fig.6.

Fig. 6. Line for result extraction (Temperature distribution)

Fig.7. shows mentioned results for the first class of electrode’s
material, which has lower electrical conductivity than
Molybdenum. The wanted temperature of 1000 K (Fig.7. up) was
achieved in 75 s for lowest current (1000 A) and in 4 s for highest
simulated current (1400 A). The wanted temperature interval is
marked as black dashed lines in Fig.7,8,9 (up). The second part of
the graph (Fig.7.middle) shows temperature distribution (based on
Fig.6.) for different current values, while the time when the
desired temperature value was achieved (1000 K) is considered.
The last part of the graph shows temperature distribution within
whole Mo sheet with the chosen current flow. Fig.8. and Fig.9.
have the same purpose as Fig.7., but other material types are
considered. For second electrode’s material (Se=17.9¢6 S/m) can
be seen that wanted temperature was achieved in 95 s for current
value of 1400 A.
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Fig. 7. Results for first electrodes material type (Se = 17.9¢5 [S/m])
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In case of third material the heating process was much slower (the
major part of heat is produced through the direct resistive heating,
while in first two cases there was also considerable influence of
indirect resistive heating), wanted temperature was achieved in
164s for current 1400 A and it can be said that minimal current
needed to achieve wanted temperature in given time is 1200 A.
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Fig. 8. Results for second electrede’s material type (Se=17.9¢6 [S/m])

4. Model of sliding molybdenum plate

For simulation of sliding molybdenum sheet the same settings
of physics and geometry are used as within the basic model
(previous part), but for the shift of the Mo sheet a special script in
Matlab language is developed, which basically simulates the
heating in a loop with the different initial position of electrodes.
For the required temperature distribution, which is different for
each step of the simulation, the molybdenum sheet domain is
divided into subdomains (blocks) (Fig.10.). Within individual
subdomains, the average temperature is defined (volumetrically)
from previous simulation step and next simulation step is
simulated with given electrodes shift. Each domain is within script
defined as a 3D object with given length, width and height. These
geometrical parameters are computed from geometrical
parameters of whole Mo plate and from a wanted number of the
subdomain in every direction of Mo plate. Mathematically, this
model is described as the basic simulation model with equation 1
and by Joul-Lenz law for heat source of the modeled physic.
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Fig. 10. Model of Mo heating with subdomains

5. Simulation results II.

The simulation is done for the second class of materials with
electrical conductivity value close to Mo sheet, in which the
temperature distribution was most uniform. Based on the optimal
speed of the heating process and distribution of heat within Mo
sheet, the input current of 1400 A is applied. It needs to be
mentioned that this part of the model was created purely for
verification of the proposed modeling process and thus, it does not
consist any actual comparison with measurement. For that reason,
a quite large (120 mm) electrodes shift is chosen for simulation.
Model of the Mo sheet is composed of (32x10x2) subdomains and
it is simulated in 5 steps with total electrodes shift of 600 mm in
100 s. The results shown in fig. 11 demonstrates the functionality
of the proposed model (chapter 4), while each step of simulation
is defined two times. The initial time (0 s) is representing initial
temperature setting within each subdomain with new electrode
position. The secondary time (20 s) is representing end time for
each step and for the temperature distribution needed what is
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needed for next step’s initial condition. Based on the results of the
individual simulation steps, it can be said that the modeling
process is suitable for this application and may be applied also in
other cases/studies.
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Fig. 11. Simulation results for given parameters

6. Conclusion

In this paper, the design of thermal finite element simulation
model of Mo sheet was described. The main aim was to target
exact modeling of thermal field in the structure of Mo sheet, while
multiple material properties of heating electrodes where
considered because resistive heating is considered within the
proposed paper.

The presented model had the possibility of the reconfiguration
of the electrode material, the electrodes distance, the electrode
geometry as well as Mo sheet geometry. Also, Multiphysics is
considered, whereby various values of electric current have been
applied during experiments. For these purposes, several types of
simulation models were developed. The main problem during the
investigation is the proper definition of the material properties of
Mo sheets. Each manufacturer has different material composition.
Therefore, the simulation model has to have the possibility of
reconfiguration in order to meet experimental results, which have
been made within previous researchers. Consequently, the
presented model shall serve for optimization procedures, because
experimental investigation mostly acts as time-consuming. Based
on investigated configuration it can be claimed that there are
possibilities of improvement in speed of heating (point-heating)
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as well as possibility of pre-heating (line-heating) by using
electrodes from different materials.

Second approach o presented paper was focused on the design
of the model, which will consider a dynamic change of the heated
place within Mo sheet, i.e. translation move was applied. Various
software products have limitations regarding the dynamic
movement of the investigated sample, therefore special script in
MATLAB environment was developed. With the use of this
approach, each iteration of the simulation accepts previous
results, which are repeatedly implemented within the computation
solution.

Given proposal of the solution was required due to future
works, which will be focused on the design of multi-physics
simulation model of Mo sheet heating and molding system, where
high-validity simulation models are expected to be used namely
for further investigations of mechanical parameters and other
molybdenum restrictions.
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