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Abstract

Microwave casting is a new technique where microwave energy is used for casting materials. Microwave
casting  promotes  sustainability  through  energy  efficient  approach,  less  waste  production  rate,  and
enhanced product quality. An Allen key is commonly used for driving fasteners with hexagonal sockets.
It features an L-shaped cross-section and is integral to machinery assembly. In this study, a 3D finite
element (FE) model of a microwave-assisted casting setup is developed using COMSOL software tool to
manufacture a stainless-steel Allen key. The FE model incorporates a household microwave oven and a
refractory brick casting setup. The casting process utilizes an applicator with a power output of 900 W
and a frequency of 2.45 GHz. Through FE simulations, the exposure time required for effective casting
of stainless-steel Allen key within the applicator cavity is optimized. The effects of microwave heating
on the material during the casting process are thoroughly analysed.

Keywords:Microwave casting; Allen key; COMSOL; Stainless steel.

1. Introduction 

Microwaves are the form of electro-magnetic waves. Microwaves consist of an electric field and a
magnetic field. The electric field and magnetic field are perpendicular to each other, and microwaves
have frequencies varying from 0.3-300 GHz. The domestic microwave oven has 2.45 GHz frequency
with  varying  output  power  capacity  (700-1400)  [1].  In  the  past  there  are  various  methods  are
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developed for manufacturing materials that come in use till date. But for years, research has been
going on to find another method for material processing called microwave processing [2]. There are
many flaws in conventional methods like excessive energy consumption, longer time of processing,
and uneven heating  [3].  Microwave heating comes with the solution to  these drawbacks  by the
inverse heating method. In inverse heating, heat is transferred from the core through to the surface by
the  intermolecular  moment  [4].  Microwave  processing  comes  with  several  advantages  over
conventional processing methods, like less time consumption by fast and efficient heating through
intermolecular interaction. The microwave processing technique uses frequency 2.45 GHz in material
processing, and it  is  used in several industries,  including chemical  and polymer synthesis,  metal
melting, and processing of food [5]. However, the processing of metallic material is difficult because
of the reflective nature of microwaves at room temperature  [6]. The absorption of microwave to
material depends on several parameters; one of the factors is skin depth of material. According to
interaction of microwave with materials, they are classified as absorbing, reflecting, and transmitting
materials. Metallic materials tend to reflect microwave. The critical temperature is the temperature at
which  the  metals  also  start  absorbing  microwaves  [7].  To  process  metallic  materials  MHH
(Microwave  hybrid  heating)  process  has  been  devised.  In  this  approach,  a  material  called  as
susceptor  is  used  to  heat  the  metal  first  through conduction  mode.  It  contributes  in  raising  the
temperature of metals. As critical temperature is approached, metal gets heated very fast through
hybrid mode of heating [8]. In microwave casting, MHH phenomenon is used to melting and casting
metallic  materials  in  the  desired  form.  The  various  tests  are  performed by  D.  Agarwal,  and  he
reported that the bulk metal such as aluminium, copper and stainless steel can be melted [9]. 

Conventional  casting  results  in  significant  environmental  aspects  by  producing  air  pollution
through high temperature heating furnaces and waste generation. Microwave casting is the approach
towards  sustainable  development.  It  reduces  air  pollution  by  eliminating  the  need  of  traditional
furnaces.  Microwave  casting  contributes  to  sustainable  approach  of  manufacturing  from  future
aspects.

Allen key is an important tool in mechanical industries. It is used to drive screws and bolts with
hexagonal sockets. It is also known as hex key and comes with an L-shape. In this study, a 3D
simulated  model  of  a  microwave-assisted  casting  is  designed  using  COMSOL  software  to
manufacture a stainless-steel Allen key, and its exposure time is predicted. A model was developed
to analyze the electric field dispersion, and temperature profile, during the casting process for the
stainless-steel Allen key. 

2.FEM (Finite element model) study

COMSOL software tool is utilized to create an FE model of an in-situ casting setup using microwave
energy. In this study, a 3D model is constructed based on the actual dimensions of the microwave
oven and other components of the setup. Multi-physics model is used to develop the MHH system for
simulation and analysis. Material properties are given for each component near their actual values.

2.1. Geometric model

Figure 1 represents the 3D model of the entire setup which includes a rectangular port waveguide,
microwave applicator and material casting setup. To cast the specimen a graphite mold of with an L-
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shaped cavity is used to get the desired shape. The mold cavity is packed with Stainless steel powder
and then covered with a graphene separator sheet. A refractory brick is used to hold the mold and
susceptor (Charcoal) in the powdered form. An additional brick piece is used to cover the cavity of
refractory brick. Microwaves are permitted through the cylindrical holes of that small brick piece.
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Figure 1: (a) Mold cavity; (b) Microwave oven with port; (c) Side view of casting setup (d) Top
view; (e) Combined 3D model geometry.

2.2. Meshing

Meshing is the representation of complete model geometry into many smaller geometrical segments.
Meshing  helps  to  get  convergence  and  accurate  simulation  [10].  Figure  2  depicts  the  meshed
geometry.
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Figure 2: Meshed Geometry Model

3. Results and Discussion

The outcomes obtained from the simulation study discussed in this section.

3.1. Electric Field Intensity

The electric field intensity helps to find optimum place for maximum heating. As the material starts
interacting  with  the  microwave,  nodal  and  anti-nodal  points  are  formed.  The  anti-nodal  point
represents the hot spot zone with maximum value of electric field, whereas nodal points indicate
regions with minimum electric field intensity. The specimen is placed in anti-nodal locations to get
the maximum heating effect.  Figure 3  represents the electric field intensity inside the oven cavity
during the process of metal casting. Maximum value of electric field intensity is shown in red color,
and its value is 4.45 × 104 (V/m) around the graphite mold. The blue color shows the minimum value
of 4.63 × 10−6 (V/m) in the free space of cavity and other regions.
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Figure 3: Electric field distribution inside oven at 2310 s.

3.2. Resistive Heating 

As microwaves are absorbed within the material, atoms start interacting with radiation. Which results
in the conversion of radiation energy into thermal energy.  Figure 4 represents the resistive heating
inside the microwave. Simulation results define the red colour for maximum heat dissipation. Blue
and green color designates the negligible resistive heating. 
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Figure 4:Resistive heating.

Maximum resistive heating is observed near the susceptor with a value of 6.04×108W /m3. This
heat is also responsible for the further rise in temperature of the cast specimen.

3.3. Temperature profile 

When the temperature of metal powder reaches to critical temperature value, properties of metal
powder are changed, and it  also starts absorbing the microwaves. Now, cast specimens reach its
melting point at faster rate. The volumetric temperature profile of the cast specimen subjected to
MHH at  2310 s  is  represented in  Figure 5.  Uniform and entire volume heating of  specimen is
observed. The temperature of the cast specimen is reached near its melting point (around 1490 ◦C) in
approximately 38.5 minutes.

Figure 5: Volumetric temperature of cast specimen
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Figure 6: Time-temperature profile of cast specimen.

4. Conclusions 

In this study, the microwave casting setup of the hexagonal Allen key of stainless-steel specimen is
developed through COMSOL simulation software. From this study, the following conclusions are
obtained.
 From the simulation study, the maximum electric field of 4.45 × 104 (V/m) is observed around

the mold.
 The susceptor region is observed with maximum resistive heating of 6.04 × 108W /m3.
 As per the simulation results, it takes 38.5 min for the cast material to reach its melting point.
 Volumetric and even heating is observed of cast specimens due to intermolecular heating. 
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