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The Study of the Microwave Heating of Metal Parts and Metal Powders
Maxim Ignatenko and Motohiko Tanaka
College of Engineering, Chubu University, Kasugai 487-8501, Japan

The aim of this study is to understand the fundamental principles of the interaction of
microwaves with metal powders and metal parts, which eventually leads to the development
of efficient and ecologically clear methods of material processing. Microwaves have good
prospects for the manufacturing of advanced materials. Frequently, the mechanical properties
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of the microwave-processed products are better than those obtained by conventional way. In

addition, microwaves produce volumetric heating and do not rely on burning of gas or oil, and
thus their use significantly reduces the COz output and energy consumption.

The most fascinating and incomprehensible property of microwaves is the possibility to
heat metal powders and parts. This is a very surprising and unexpected experimental result
published by Roy et al. [6]. Due to high electrical conductivity, metals reflect most of incident
microwave power, and preliminary the microwave heating of metals is hard or even
impossible. For example, the magnitude of the reflection coefficient of copper irradiated at
2.45 GHz is |T"'[=0.999914, i.e. copper reflects about 99.98% of incident power. In our study,
we considered and explained the reasons of good coupling of metal powders and parts with
microwaves. Our research is divided into three parts.

(a) Microwave heating of metal parts

Since metals reflect most of incident power, good thermal insulation and strong
electromagnetic field are necessary for heating. Nevertheless, our calculations showed that
these conditions are not enough since oxide layer on the sample surface promotes radiation
loss owing to large emissivity, and thus prevents the microwave heating of metals. The only
way to process metal parts is to reduce emissivity significantly by clearing the surface of
samples. Preliminary analysis demonstrated that Cu and Fe are reduced from oxides in
hydrogen atmosphere easily, i.e. oxide layer disappears, and this explains the necessary
preheating in reducing atmosphere. In addition, result demonstrated that microwaves can
process many important for applications metals like copper alloys and steels [7].

(b) The difference between optical properties of metals and metal powders
The study showed that electrical conductivity of metal parts is much less, than that of bulk
metals and this is the key difference. The simplest explanation of this result assumes oxide
layers covering the particles in powders and thus electrically insulating metal cores from each
other. Based on this idea, we developed the model for the effective parameters of metal
powders by combining Mie theory with Bruggeman’s effective medium approximation [5,8].
For example, the expression for the effective magnetic permeability pes is given by

Hp — Hyr +(1_p Hg = Her =0 (5)

Hp + 2/u¢ff He + 2/”31}"
where p is the volume fraction of particles, ue is the permeability of gas in pores and

M, = iy F,, with

1‘(#1//12)170
2+(N1/#2)F0 '

1_(7”13/7”23)le
2+(r13/r23)Fm1

—ycosy+siny

le:2 Fm2: s }70:2 (6)

ycos y—sin y+ y’sin y

where y=rw\ gy, , o=2nf, with f being the frequency of electromagnetic wave. The
nomenclature is explained in Fig.10. For highly electrically conductive nonmagnetic materials,
one has y= (1+l')r] /&, where 0=1/,/0.5w0y is the skin depth, o is the electrical conductivity
of core, and po = 47 x107 H/m is the permeability of free space.

The obtained expressions uncovered the physics of the microwave heating of non-magnetic
metal powders. First, the shells drastically by many orders in magnitude reduce the
magnitude of the effective permittivity, compared to that of bulk metals, and thus they allow
deep penetration of microwaves inside of samples (Fig.11). Second, the induced eddy currents
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cause the magnetization of metal powders, and for this reason, the effective yp differs from
unity even in the case of non-magnetic metal powders (Fig.12). These currents produce Joule
heat, and therefore metal powders are mainly heated by means of the magnetic field
component.

- & 1 i =
eff> ! eff : r,=5um

INY)
— Re(e /t,)]... =7.7x107

108}
o - @ Im(s_/e,)l,.. =1.7x10°
ol

Fig. 10. Sketch of a coated particle.

1- |
0.9 %0 020406 08 1.0 1.2 14 1.6 1.8_20,
0.8 (r,=r )i, x10
0.7 . .
Fig. 11 Effect of the shell thickness on
Ey 05' Re(1,/ko) effective permittivity s of copper
205 powders for g2/e0 = 3+0.31, r1=5um, p=0.9,
0.4 and f=2.45GHz. The result shows that
0.3 / even a thin shell drastically reduces gz
0.2 Im(pL,/ 1) :,'
0.1}
| [
102 101 10° 10! 10?2
r/s

Fig. 12. The induced “permeability of grain” , in the case of nonmagnetic
homogeneous particle as a function of r1/8 ratio. In spite of nonmagnetic
material, the grains themselves show magnetic behavior

(c) Microwave heating of copper powders in single-mode cavity

The experiments demonstrate good heating of copper powders both in electric field (E-field)
and in magnetic field (H-field) maxima, which contradicts to expectations. In order to
understand the results, we numerically simulated the particular experiment of Ma et a/ [9].
The optical and thermal properties of samples were estimated by means of the developed
expression for effective parameters. Results demonstrated very good agreements between
simulation and experimental data.

The analysis revealed two effects related to the experimental procedure. First, the
simulation demonstrated systematic overheating of samples in cavity compared to the free
space conditions, if the heating occurred in the E-field maximum. Second, compacted metal
powder samples supported internal standing waves. These waves resulted in the rise of the
temperature of samples in the H-field maximum. First, the rise of temperature was attributed
to shape and size of samples, and did not clearly reflect the coupling of microwaves with
powders. Among all results, the numerical analysis demonstrated very strong dependence of
the temperature attained in the magnetic field maximum on the powder size and density
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as shown in Fig.13. This points to the possibility of very flexible adjustment of powder
parameters to experimental or industrial needs.

Finally, this study greatly improved our understanding of the interaction of microwaves
with metals and metals powders. It revealed the necessary conditions for the successful
processing of metal parts, and explained good microwave heating of metal powders.
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