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Abstract

Processing of bulk metallic materials using microwave energy is challenging. However, in this work microwave heating has
been successfully employed for joining of bulk copper. The present work illustrates the joining process using COMSOL
simulation tool. The work complements the experimental results of the microwave heating of bulk copper in a multimode
microwave applicator. In electromagnetic processing, thermal dissipation in the bulk metal may be attributed to resistive heating,
dielectric and magnetic losses. This dissipative mechanism is coupled to the fields by the conductivity, permittivity and
permeability of the metal. The model has been created for heating of the bulk metal in a microwave oven by considering the
radio frequency of the microwaves. The distributed power and heat source were computed in a stationary, frequency domain
electromagnetic analysis and coupled to a transient heat transfer simulation showing the heat distribution in the bulk copper
joint. The maximum power observed at the joint interface is 6.0618x10* W/m?® with an average power is 3x10° W/m®. However,
the temperature will be around 1144°C was attained in 300 s at the joint interface while the parent material is about 940 °C. The
simulation results are in good agreement with the experimental one.
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1. Introduction

Heating of a material using electromagnetic energy is based on a material's capacity to efficiently absorb set energy. It is quite
possible to heat a range of materials rapidly through microwave heating methods. In comparison to conventional heating methods,
microwave processing has the possibility of increased energy efficiency. By transferring energy through microwaves, heat transfer
is not only limited on the surface of a material, but is transferable to entire volume and allowing for increased rates of heat transfer.
As energy is transferred using electromagnetic waves, a new temperature profile exists for microwave processing due to the ability
to penetrate inner surface layers. The heating is not dependent upon surface area, but dependent upon volume; hence an inverse
heating profile is present (Sutton, 1989, Clark et al., 1996). The use of microwaves to process engineering materials has been
started in 1970s and applied to a wide variety of materials including wood, foodstuffs, rubber, ceramics, semiconductors and
metals subsequently. Microwave processing of materials can result in materials with different microstructures and enhanced
properties compared with conventional sintering (Sharma et al., 2001). Moreover, microwave processing requires much less
energy than conventional methods. Although microwave technology has been used in processing of materials for many years, its
mechanism is still not well understood, especially regarding the effects of the magnetic field of the electromagnetic wave.

Literature indicates that, the dielectric properties are considered as main heating source during microwave processing of
materials and the contribution from magnetic energy losses are generally ignored. However, recent experimental results showed
that the magnetic field also plays an important role during microwave processing, especially for sintering of
ferromagnetic/magnetic materials and semimetal/ metal composite materials (Agarwal et al., 1999; Ayappa et al., 1991). For
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sintering these materials, by separating the electric field (E) and magnetic field (H), the experiments revealed that the magnetic
field H can also play an important role in the heating process (Chatterjee et al., 1998). Unfortunately, there are no theoretical
studies or simulations that consider both contributions from E and H fields in microwave heating. Instead, most of the previous
theoretical work just treated sintering by considering only the dielectric contributions and assumed that the contributions from
magnetic energy losses are very small and consequently can be ignored (Olevsky, 1998; Yuhua et al., 2006; Ma et al., 2006).
Available literature shows that considerable work has been carried out in the area of simulation of sintering of metallic materials.
However, no reports are available on theoretical studies on brazing/joining of metallic materials. Further, selective heating is of
significance in microwave processing of materials. During experimentation the selective heating characteristics of microwave
processing cannot be visualized, thus, theoretical studies or simulation of the process is required. The present article illustrates a
model for the joining of bulk copper using interface powder layer through microwave energy and a finite element simulation with
the COMSOL Multiphysics. The distributed heat source is computed in a stationary, frequency domain electromagnetic analysis
followed by a transient heat transfer simulation showing the temperature redistribution in the joint interface.

2. Modeling and formulation

In the present work three dimensional (3D) microwave heating geometries were created in the similar manner which has been
used during experimentation. The microwave chamber is a metallic box with a 1 kW, 2.45 GHz microwave source via a
rectangular waveguide operating in the TE;y mode, which is ideal in the present work. Cylindrical glass plate is placed at the
bottom of the oven, on top of it copper plates along with interface material is placed, which is similar to experimental process. The
symmetry cut is applied vertically through oven, waveguide, copper plates and the cylindrical plate for simulating only half of the

problem. Front view of the model and their dimensions are shown in Fig 1.

188

All Dimensions are in mm
Fig 1. Typical Front view of the simulated model

Figure 2(a) illustrates simulation model, showing a simplified version of the experimental setup used during experiments. The
copper specimens to be joined are 25 mm x 10 mm x 10 mm and the interface layer have the thickness of 1 mm .The reduced
geometry along with fine and coarse meshing is shown in Fig. 2(b). It is observed from Fig. 2(b) that fine meshing has been
created in the area where electromagnetic interaction is required and remaining areas are meshed with coarser one.

Fig. 2 (a) FEM Model of the bulk Copper joint; (b) Meshing of the copper joint for microwave heating.
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The walls of the oven and the waveguide are treated as good conductors. The model approximates these walls as perfect
conductors, represented by the boundary condition n X E = 0. The symmetry cut has mirror symmetry for the electric field and is
represented by the boundary condition n X H = 0. For the electromagnetic propagation and heat transfer modules, the boundary
conditions are different. In the heat transfer module, the heat is transferred from the interface layer to the bulk interfaces, and then
to the air; therefore, the boundary condition between the interface layer and air was taken to be the heat flux. In the
electromagnetic module the electromagnetic wave from waveguide in a 3D model while the boundary conditions were set to port
options. The boundary between the bulk copper, interface layer and the air is taken as a perfect conductor as shown in Fig. 1. Since
the enclosure atmosphere can influence the thermal and electrical properties of the interface layer, for simplicity, air atmosphere is
considered in all simulations. Combination of the propagation equation of the electromagnetic waves (TM,; or TE;, mode) with
the heat transfer equation is used in order to get the temperature distributions and other system properties. The rectangular port is
excited by a transverse electric (TE) wave, which has no electric field component in the direction of propagation. At an excitation
frequency of 2.45 GHz, the TE;;, mode is the only propagating mode through the rectangular waveguide. The cutoff frequencies
for the different modes are given analytically by the relation (1),

@) m=5 (2= 3 (M

where m and n are the mode numbers and c denotes the speed of light. For the TE;y mode, m = 1 and n = 0. With the dimensions of
the rectangular cross section (a = 7.8 cm and b = 1.8 cm), the TE;, mode is used as propagating mode for frequencies between 1.92
GHz and 3.84 GHz. With the stipulated excitation at the rectangular port, the following equation (2) is solved for the electric field
vector E inside the waveguide and oven,

V x {1, 1.V x E} — w? (er—j(a))E=0 )

w.&

where L, denotes the relative permeability, j the imaginary unit, ¢ the conductivity, ® the angular frequency, ¢, the relative
permittivity, and gy the permittivity of free space. The permittivity (g;) and permeability (1) are complex parameters and are
temperature and frequency dependent. By applying standard boundary conditions and using finite element methods, one can solve
equation (2) to obtain the distribution of the E and H fields. The power flux associated with propagating electromagnetic waves is
represented by the Poynting vector S which is defined as (3),

2 (€))

The Poynting theorem allows the evaluation of the electromagnetic power dissipated in the medium. This dissipated power is the
total heating source in the heating process. The total heating source (¢) includes the joule resistive loss and the electromagnetic
power dissipated per unit volume, as given by the following relation (4),

q=0E.E — Re(V.S) = 0 E.E*+ w(e, E.E* + p, H.H") (4)

The port is a passage to allow the microwaves to pass through and enter into the applicator. In the present simulation, the port is
assumed to be operating in transverse electric (TE10) mode only. In order to validate the simulation results, the input power used
in the present study was maintained the same throughout as that of the power used during experimentation. The boundary

conditions used for the present analyses are as shown in Table 1.

Table 1 Port boundary conditions used at the wave guides during microwave heating

Port number 1

Pin 900 W

Mode type Transverse electric (TE¢)
Eo 0, 0, cos(pi*(y)/7.8[cm])

The various material parameters used in the present model for transverse electric mode are as shown in Table 2. The interface
powders has a mixture of both copper (core) and copper oxide (shell) and its relative permittivity is measured to be 10.2 [Chaterjee
et al, 2005]. It was observed during experimental results that the joint will have mixture of both copper and copper oxide and one
of the study confirmed that nearly 26% of copper oxide is present in the joint area [Srinath et al, 2011]. Accordingly, the value of
permittivity has been considered in the present study. The permittivity of mixture is given by the relation (5),
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Table 2 Parametric inputs for transverse electric mode

Mixture of
Properties Air Glass plate copper and Bulk copper
copper oxide [10]
Conductivity(c) 0 le-14 1.5-3 3:99¢7
Permittivity( &) 1 4.2 3.392-i*0.055 !
Permeability(u,) 1 1 1 !
(er—1NAs
Er effective — 1+ ET ©)
Er effective = 3.392
Where, (NAJ/A) is percentage of CuO in the mixture
The heat transfer can be described by following equation (6):
dar
aC, (E) —V.kVT =g (6)

where p is the density Cp is the heat capacity, k is the heat transfer coefficient, T is temperature and t is the time. By solving
equation (6) with certain boundary conditions the heating temperature (T) distributions in the sample as function of the simulation
time t can be obtained. The various properties of copper used in the present study are as shown in Table 3.

Table 3 Properties of copper for thermal analysis

Conductivity Heat capacity Density
(W/(m.k) (cp) J/(kgk) (p) kgym’
400 385 8940

3. Results and discussion

Figure 3 shows the distributed microwave power source as a slice plot through the center of the interface powder layer. It is
observed from the figure that maximum power of 6.069 x 108 W/m3 was attained at the center of the interface layer and average
power will be around 3 x 108 W/m3. During experimentation, 900 W power microwaves has been used for bulk copper joining, it
was reported that nearly 60-70% of the input power will be absorbed by the material. The simulated result on power distribution is
in good agreement with experimental results [Srinath et al, 2011]. It is also observed that the maximum power will be distributed
at the centre of the interface layer and it is a clear indication of volumetric heating during microwave processing. Selective heating
has been observed at the sandwich layer. This selective heating can be attributed to - conductivity (o), permittivity (¢) and
permeability (1) loss mechanisms of interface layer. The sandwich layer had developed a maximum loss of 6.069 * 10* W/m’.
This power loss was coupled to heat transfer domain to obtain the temperature distribution. In order to find the imaginary part of
permittivity of sandwich layer, an iterative process was followed. A microwave power of 900 W was used for bulk metal joining
during the trials. It was reported that nearly 60-70% of the input power would be absorbed by the material [National Research
Council, 1994]. The simulated result on power distribution at the concentrated area is a good example for the selective heating,
which is one of the significance of microwave processing. The voltage reflection coefficient at the waveguide port, S11, was
evaluated to be about —4.98778 dB, indicating that the interface layer absorbs microwave power and heats up to melting point.

Due to the high thermal conductivity of the copper, the heat distribution is very fast and the temperature profile after 300 seconds
has a strong peak in the center as shown in Fig.4. While heating the interface layer further, the temperature at the centre of the
interface layer eventually reaches to its melting point and subsequently wetting of the bulk copper interfaces, thus joining will take
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place. The nonlinear effects of microwave absorption and heat conduction model during heating of the interface powder and bulk
interfaces have been observed. The temperature profile in the Fig. 4 shows the maximum temperature is attained at the centre of
the interface layer and bulk interface surfaces. Further, it is observed that maximum temperature of 1019°C, which is a melting
temperature of copper, has been attained after 300 s.

Fig. 3 Dissipated microwave power distribution; Inset: zoomed view of interface area

The maximum power observed at the joint interface is 6.0618x10° W/m®, however, the temperature will be around 1144°C was
attained in 300 s in copper joints. It is worth mentioning here that, during experimentation, the copper joints of similar
configurations were obtained in 300 s. There is nearly 8% variation in simulated results with the experimental results in copper
joints. This indicates that the simulation results are in good agreement with the experimental findings [Sharma et al, 2009; Srinath
et al, 2011]. The time-temperature profiles show the characteristics of microwave heating. The effect of temperature during
microwave heating of materials along the joint as well as across the joints was also studied.

Figure 5 illustrates time temperature curve during MW heating of copper joint. . It is observed from the Fig. 5 that, upto about 25
s, the increase in temperature is non-linear, indicating poor microwave interaction with metals in hybrid mode of heating. Once the
metal reaches the observed critical temperature (~180°C), the rise in temperature is almost linear as seen in Fig. 5. This indicates
that at room temperature the interaction of microwaves with metallic materials is very poor. As the metallic material reaches an
elevated temperature, microwaves start coupling with the metallic material which is clearly observed from the results presented in
Fig. 5. For a loss factor of 0.055 of real permittivity 3.391, the preset value of temperature was obtained as 1019 °C. Temperature
distribution with respect to time during the exposure period was obtained. Temperature along the length and depth of the specimen
indicated that the maximum temperature was concentrated at the core of the interface layer. Reversible temperature gradient,
which is a characteristic feature of microwave heating, was observed owing to microwave heating. The electrical field distribution
showed coupling is maximum at the interface layer. The simulated results showed that the estimated temperature is attained in
300s. Thus, it is possible to estimate microwave processing behavior of metallic materials.

Time=300 Surface: Temperature (degC)
Slice: Electric field. z component (M/m)

A 12144%10° A 10191

Fig. 4 Temperature distribution at the interface layer in the bulk copper joint during microwave heating
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Fig. 5 Typical time temperature characteristics during MW heating of copper joint
4. Conclusions

It is clear from the above results that the E field is more important than the H field during microwave heating of metals. The
simulation results are in good qualitative and quantitative agreement with the experimental findings. During microwave heating
both E (TE,) and H (TMy,) fields contribute to the heating; for different materials, however, there may be only one of them which
dominate the heating process during microwave exposure. There is no control on selection of modes of microwaves in the software
tool. One has to select either TEy or TM,; mode only. Several attempts were made during simulation, however, the reported
results obtained for TE,y mode only. It should be pointed out that the microwave heating of materials is very sensitive to the values
of permittivity (er) and permeability (x,) parameters. Accordingly, the influence of these two parameters could also be clearly
observed in the simulation results through the COMSOL tool. In the present study importance of E field and its significance effect
has been studied for microwave interaction of copper material. Due to the unavailability of permeability values, only the effect of
permittivity (g, ) is taken in this model. In the heat transfer module only the effect of conduction is taken into account. For the
future study, the other modes of heat transfer can be included. The work can be extended to different material configuration,

Nomenclature

E-field: Electric field
H-field: Magnetic field

TE: Transverse Electric
T™: Transverse Magnetic
CuO:  Copper oxide

Pi.: Input Power
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