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Abstract

Microwave energy is an emerging heating source that supports sustainable development across industrial
applications. Microwave-assisted casting is dependent upon microwave radiation for metal melting and
casting. This advanced manufacturing process is gaining popularity in sustainable development due to its
rapid and uniform heating. However, there are some challenges for its broader adoption and
implementation. In this context, simulation plays a crucial role in observing and understanding the
microwave-assisted casting process. In this paper, a 3D finite element model of microwave-assisted
casting is designed for casting a spanner using SS-316 powder. The microwave-assisted casting process
is analyzed using COMSOL Multi-physics simulation software. As per the experimental conditions and
processing parameters, the exposure duration needed to cast the spanner in an electromagnetic
environment is predicted as 2370 seconds. The electromagnetic interaction with material is analyzed
through simulation results. The electric field strength and joule or resistive heating effects are observed
to be maximum in the microwave absorbing subsector domain. The maximum electric field and resistive
heat loss values within the applicator cavity are measured as 4.46 x 10* (V/m) and 6.11 x 108 W/m?
respectively.
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1. Introduction

Microwave casting is increasingly becoming a transformative technology with significant potential
for sustainable development. This method utilizes microwave radiation for heating and processing
casting materials [1]. The efficiency of microwave-material interaction relies on dielectric
characteristics and operating conditions. The interaction between microwaves and materials depends
on their skin or penetration depth [2]. Due to low penetration depth, metallic materials generally
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reflect microwaves. But after attaining a particular temperature which is called as critical temperature
(T.), the skin depth of metallic materials to microwave radiation increases. Hence, metals begin to
absorb microwaves. To effectively process metallic materials, a hybrid approach known as
Microwave Hybrid Heating (MHH) is utilized [3]. This method use a microwave-absorbing material
which is termed as subsector to initially heat the metallic material up to its T. value through the
conductive mode of heat transfer. As the temperature reaches towards T, rapid heating occurs for
metallic materials. Microwave-assisted casting, utilizes MHH to cast materials into specific shapes
[4,5]. Microwave processing of materials offers numerous benefits such as less time of processing,
increased energy efficiency and decrease processing time with less environmental impacts [6].
Despite having numerous advantages, the challenges are also associated with the broader adoption of
microwave energy based manufacturing technologies. So, there is a need to integrate microwave
systems into conventional frameworks. Advanced simulation and modeling techniques can help in
optimizing the microwave energy-based manufacturing processes [7-9].

Spanner is the most prominent tool that is required in every industry and manufacturing unit. It is
generally manufactured using conventional casting techniques. In this study, a 3D simulation model
is devised to microwave-cast the spanner using stainless steel 316 (SS-316) powder. Through the
simulation model, we aim to predict the optimal exposure time required for the effective casting of a
spanner in an electromagnetic environment depending on selected parameters. The study investigates
the microwave heating impacts by analyzing electric field strength, resistive losses, and thermal
profiles. Ultimately, the outcomes of this simulation study are expected to contribute in a significant
manner to the advancement and implementation of this novel and sustainable technology in various
manufacturing industries.

2. Finite element (FE) model

COMSOL Multi-physics software tool has been utilized to model and simulate the microwave
casting process. A household microwave of frequency 2.45 GHz and a maximum power output of
900 Watts is modeled as a heating source. The setup involve an alumina refractory brick, separator,
mold, susceptor, and casting material A coupled multi-physics approach is utilized to simulate the
microwave casting process. The model is developed by defining the different domains and boundary
conditions. Figure 1 depicts the geometric model of the experimental setup.

A B
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Figure 1: FE model of setup (A) Top view, (B) 3D view

The microwave applicator is designed with waveguide port of rectangular cavity. A graphite mold
with a cavity of shape in the form of a spanner is used. The mold cavity is packed with the SS-316
powder and then enveloped with a graphene sheet. Graphite mold is located within a casket
(transmitter) cavity. The cavity of a casket is designed with the properties of charcoal (susceptor).
Alumina brickis used to cover the casket. The brick contains holes that permit microwave radiation
to flow inside the casket cavity. Figure 2 depicts the graphite mold with spanner shape cavity,
modelled for microwave casting.

Figure 2: Graphite mold utilized to cast spanner

For achieving accurate simulation results, complete model geometry is meshed accurately using
fine meshing. A physics-controlled fine meshing has been used to achieve the correct simulation
results. The assumptions for developing the simulation model, material properties and governing
equations are considered the same as that of the FE model developed by Kumar and Bagha [10].
Figure 3 depicts the meshed geometry. After meshing port and impedance [8] boundary conditions
are applied to the simulation model.

International Journal of Emerging Trends in Research 37



ISSN No.: 2455-6130
Special Issue — RAISE2024, 2025, pp. 35-43

a

Figure 3: Meshed geometry.
3. Results and discussion

This section contains an explanation of a detailed analysis of the outcomes from the present
simulation study.

3.1 Electric Field Distribution

The dispersion of the electric-field is critical for the optimal positioning of the casting setup within
the oven cavity to get maximum heating. When microwaves strike with objects and materials, nodal
and anti-nodal positions are created. Anti-nodal positions represent regions where maximum heating
takes place and nodal positions are no heating zone. Figure 4 depicts the dispersion of the electric
field within the oven cavity throughout the casting procedure. The red color in the figure indicates
the greater electric field strength of 4.46 x 10* (V/m) and the blue color denotes the no heating zone.
The maximum heating intensity is noted in the susceptor nearby the mold.
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Figure 4: Electric field dispersion inside oven at 2370 seconds

3.2 Resistive Heating Effects

When microwave radiation encounters a susceptor, they are being absorbed within it. As the
radiation penetrate inside the susceptor, interactions will take place at molecular level. This will
result in the transformation of radiation into thermal energy. This is called joule or resistive heating.
Figure 5 depicts the effects of resistive heating within the oven. According to the simulation
outcomes, areas of high resistive heating are indicated in red color. The blue and green color indicate
the regions with minimum resistive heating. The highest heating losses are found in the susceptor,
measuring 6.11 x 108 W/m?.
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Figure 5: Resistive heating

3.3 Temperature Profile

As the temperature of the microwave-absorbing susceptor increase, heat is transmitted to the
casting material through conduction. As a result, the casting material within the cavity of the mold
gets heated. When the casting material reaches a certain temperature (T.), it also begins to absorb
radiation, which results in its higher melting rate. Figure 6 depicts the thermal profile of the casting
sample. The exposure time to reach the melting temperature (approximately 1570 °C) of casting
material is observed as 2370 seconds. The cast specimen in the form of a spanner is observed to be
uniformly heated.
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Figure 6: Volumetric temperature of cast specimen

Figure 7 represents the time-temperature profile of the casting material subjected to microwave
radiation. As per the time-temperature profile, it is clear that rapid heating of the cast specimen takes
place in hybrid mode after a particular time when its temperature is near its critical temperature
value.
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Figure 7: Time-temperature profile of cast specimen

4. Conclusions

This study successfully developed a microwave casting setup to cast a spanner of SS-316 powder
using the COMSOL Multi-physics software tool. The casting of SS-316 powder in the form of a
spanner is successfully achieved through microwave energy in this simulation study. The exposure
time to cast the SS-316 powder spanner is predicted as 2370 seconds as per the selected parameters.
Simulation results demonstrated the uniform heating of the cast through the volume. The simulation
results revealed that the highest electric field intensity of 4.46 x 10* V/m, primarily concentrated
nearest the graphite mold and susceptor. The maximum resistive heating effects with a value of 6.11
x 108W/m? is also seen inside susceptor.
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