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Abstract
In this paper, we present a microwave-assisted absorption method for the metallic wires with
same electrical conductivity (e.g. tungsten and molybdenum). Our experimental set-up uses a
microwave plasma generator in order to generate the plasma from the metal wires and to obtain
the metal powders. The microwave plasma generator (experimental model) contains a cylindrical
cavity—TM011 propagation modes, a magnetron with 800 W microwaves power and 2.45 GHz
frequency, a power supply and an electronic module. In the focal point of the cylindrical cavity
we have a high energy of the electromagnetic radiation. The metallic wires from this are a was
vaporized and ionized. The structure of the metal powders was investigated with scanning
electron microscopy. The electron temperature regarding metallic plasma produced was
estimated using the ratio of atomic emission lines acquired by a high definition of the optical
multichannel spectrometer. We obtained a strong microwave absorption by tungsten (W) and
molybdenum (Mo) wires which depend on the power of the microwave. The Mo and W wires
can be vaporized with the microwave field, in air at atmospheric pressure and room temperature.

Keywords: microwave radiation, plasma generator, metal powders, ionization, thin film
deposition

(Some figures may appear in colour only in the online journal)

1. Introduction

Microwaves are defined as a part of electromagnetic waves
that have frequency range between 300MHz and 300 GHz
corresponding to wavelength from 1 mm to 1 m [1, 2].
Microwave application for heating has been applied to drying,
cooking food and in the excitation of chemical reactions such
as inorganic or organic synthesis. Microwave heating is a
process of microwaves couple to materials, which can absorb
the electromagnetic energy volumetrically and transform it
into heat. Microwave heating of dielectric materials has been
widely investigated and the interaction mechanism between
microwave and materials is well documented.

Microwave applications for metal heating was not a well-
studied area because the bulk metals are very good in radia-
tion reflection and thus cannot be directly heated. Practical
research [3] has shown that non-ionizing radiation can induce
thermal effects in dielectric materials. Also, it is well known
that bulk metals are very good radiation reflectors that cannot
be heated with microwave radiation [4]. Microwaves are non-
ionizing radiations with energy between -10 3 eV and

-10 6 eV/photon. Microwave interaction with metals is
restricted to its surface only; the metallic powders behave
differently in the microwave field. Recently, it was been
demonstrated that microwaves can be absorbed by metallic
powders. Also, research studies from 2001 have revealed that
metallic powders (tungsten carbide- cobalt) that are
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introduced in a multimode cavity in a microwave field can
absorb the microwave radiation [5]. The tungsten carbide-
cobalt powder was exposed to a microwave field
(n = 2.45 GHz) with the microwave power at 1.2 kW, and
the time of exposure about 10 min. As a result, the tungsten
carbide-cobalt powder reached higher temperatures in the
transversal electric (TE) propagation mode, which means that
the tungsten carbide-cobalt powder absorbed more micro-
waves in the TE mode.

Other studies from in 2009 [6] showed that microwave
absorption depends on the dimension of the metallic particle
and the frequency of the electromagnetic radiation. In this
experimental research Cu powders (particles between 6
and m385 m) were exposed to the microwave field in a mul-
timode cavity for 10 min. The experiments results reveal that
the Cu powder with particle dimension of 6mm was the best
microwave absorbent. After exposure, the Cu particles with
the 6mm diameter reached temperatures of ∼1000 °C. These
studies reveal that microwave absorption of the metallic
powders depends on the depth of penetration. Knowing that
the depth of penetration for Cu is about m4 m, calculated with
formula (1) [6, 7] and that the highest temperature was
reached by the Cu particles with diameters of 6mm, we
conclude that the metallic particles with dimensions close to
the depth of penetration are the best microwave radiation
absorbents
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m´ = ´- - -5.96 10 S m , 1.25 10 H m ,7 1
Cu

6 1

d w= =skin depth, angular frequency
Following these studies the microwave processing of

metal/alloy powders have gained considerable potential in
the field of material synthesis. Microwave heating is

recognized for its prominent advantages such as: time and
energy saving; rapid heating rates; considerably reduced
processing cycle time and temperature; fine microstructures
and improved mechanical properties; better product perfor-
mance etc.

Other recent studies showed that the microwave
absorption process can be present in the interaction of non-
ionizing radiation with metallic objects that have dimensions
much larger than the depth of penetration. In 2010 we
reported the microwave absorption by metal wires [8]. We
demonstrated that lead metal wires having diameters less than
0.5 mm can be vaporized and ionized by microwaves from the
cylindrical cavity having the TM011 propagation mode. In the
experiments a 2.45 GHz frequency, 800W microwave power
was used. Later, we investigated the possibility of controlling
the quantity of metal (lead wires) which is vaporized and
ionized in this manner [9]. In this experimental research
cylindrical cavity was used the TM012 propagation mode and
it was found that if the microwave pulse duration changes and
the quantity of vaporized and ionized metal changes as well.
In 2010 we investigated [10] the microwave heating beha-
viours of metal wires (lead) in vacuum conditions and found
that at 10−5 milibar pressure, the vaporization and ionization

Figure 1. The microwave plasma generator- experimental set-up. 1—magnetron, 2—ceramic support, 3—microwave sensor, 4—high
electromagnetic energy area, 5—Si-wafer support, 6—metal wire, 7—cylindrical cavity, 8—magnetron antenna.

Figure 2. The microwave plasma generator: (a) 1—magnetron, 2—
cylindrical cavity, 3—Si-wafer, 4—Si-wafer support; (b) 1—Si-
wafer support, 2—metallic wire, 3—ceramic support
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process of the metal wires does not occur and the metal wire
is only heated up to melting temperature. In the air at normal
atmosphere and at room temperature, the metallic wires can
be heated up to plasma temperature while in vacuum condi-
tions the metal wires do not exceed the melting temperature,
was concluded that air molecules could contribute to the
metal microwave absorption process. In order, to investigate
if the gas molecules have any contribution to the microwave
heating process of metallic wires we used a small Teflon
piece. When the metallic wire together with Teflon piece in
vacuum conditions was exposed in the microwave field, the
metallic wire generated a strong electric field, then Teflon was
heated and it was decomposed in gases [11]. This electric
field ionized the Teflon gases and the heat generated by the
Teflon ion gas could vaporized the metal wire. Then the metal
vapors were ionized in the microwave electric field from the
cavity.

In 2015 was used a rectangular cavity to create titanium
plasma from titanium sample [12] and copper plasma from
copper sample [13]. The plasma column was created when an
electrode (titanium or copper) was brought into contact with a
plate (titanium or copper) while irradiated by microwaves at
2.45 GHz generated by a 1 kW microwave power.

In 2015 [14] was investigated the microwave absorption
of the metallic wires with a low melting point. These studies
proved that microwave absorption depends on the electrical
conductivity of each metal. Metal wires were exposed directly

to the microwave field from the cylindrical cavity and elec-
trodes were not used with the sample.

The present research paper investigates the absorption
processes of the microwave radiation by W and Mo using the
metal powders analysis and the measurement of the electron
temperature from the obtained plasma.

We used a microwave plasma generator (experimental
model) to generate plasma from metallic wires and after that
we obtained the metallic powders.

Knowing that the microwave absorption by metallic
wires depends on the electrical conductivity of each metal and
the intensity of the electromagnetic field, in these studies we
analyze two metals with the same electrical conductivity. The
research was carried out in the air, at normal atmospheric
pressure and at room temperature. As a result of the interac-
tion of the W and Mo wires with the microwave field, plasma
was generated in the focal point of the cylindrical cavity and
the wires were vaporized locally on their entire surface. The
metallic particle was been collected on a Si-wafer.

2. Experimental set-up

The vaporization and ionization of metal wires in a micro-
wave field is an interesting area, both scientifically and
technically. The aggregation state and the temperature of a
metal exposed to microwave radiation are dependent on the
power of the microwave field and on the state of the metal
(powder or wires).

An important role of the microwave absorption process
by metals is represented by the medium in which the
experiment is realized. If the experiment is carried out in the
air, under normal atmospheric conditions, the air molecules
contribute to the absorption phenomena of non-ionizing
radiation.

According with Poynting equation (2) [15], when the
microwave power in the cylindrical cavity increases the
electric field in the wire increases as well. The microwaves
induce strong electric fields in metallic wires, causing the
electric field to produce the gas ionization of the high
electromagnetic energy area (figure 1). The ions of the plasma
interact with the metallic wire and vaporize the metal
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where,
= =P EPoyting vector, electric field,

h= =H magnetic field, impedance of medium.
The relationship between the microwave electric field

and the current density (conduction and displacement current)

Table 1. Thermal and energetic parameters of the W and Mo.

The metal wire (0.5 mm diameter) First ionization energy (eV) Thermal conductivity (WmK−1) Electrical conductivity (S m−1)

W 798 170 ´2 107

Mo 709 139 ´2 107

Figure 3. The metallic wire exposed in the microwave field: 1—
wafer support, 2—cylindrical cavity, 3—metallic plasma, 4—
ceramic support, 5—plastic support.
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from metallic wire is [15]:

s we= +J j E; 3( ) ( )


where:
=J current density in metallic wires,

s = electrical conductivity of metallic wires,
w = angular frequency, e = electrical permittivity ,

=E electric field.
Because the metallic particles have dimensions much

smaller than the skin depth of the microwave, the metallic
particles are ionized in the microwave field.

To obtain an important absorption of the microwaves by
metal wires with high dimensions much greater than the
penetration depth of the electromagnetic radiation, we
vaporized the W and Mo wires with microwave field. In our
experiment we used a microwave plasma generator—

experimental device (figures 1 and 2 and ). We chose W and
Mo because they have same electrical conductivity (table 1).

All metallic wires have a 0.5 mm diameter and a 50 mm
length. The sample was placed on a ceramic support and
introduced in to the cylindrical cavity (figures 1 and 2 and ).

The microwave plasma generator consists of:

• a cylindrical cavity
• a microwave source (commercial magnetron) with
n = 2, 45 GHz and power of radio frequency of 800W;

• a power supply. High voltage power supply for the
magnetron anode and low voltage power supply for
filament of the thermo-electronic source of the
magnetron.

• an electronic module. The quantity of the vaporized metal
is controlled by an electronic module of a high voltage
power supply. This modifies the length of the electric
impulses (duty factor) of the source that feeds the anode
magnetron, thereby modifying the quantity of the
vaporized metal.

Cylindrical cavity:
The TM cylindrical cavity dimensions were calculated

with the following formula (4) [16, 17]

p m e
p

= +f
p
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l
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Where:
a—radius of the cylindrical cavity (m); h—height of the

cylindrical cavity (m);
l—Longitudinal mode of the cavity;
μ—Permeability of the medium within cavity (Hm−1);
ε—Permittivity of the medium within the cavity (F m−1);
p01—First zero of the Bessel function (equal to

approx. 2.405);
fr—the resonant frequency of the cavity.

Figure 4. The thin film deposition of the W particles on Si-wafer.

Figure 5. The thin film deposition of the Mo particles on Si-wafer.
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The indices mnl of the TM propagation mode refers to
the number of half wavelength variations in the radial, axial
and longitudinal directions.

The optimal dimensions of the cylindrical cavity in our
experimental data are the following:

• For the TM011 cylindrical cavity the diameter of the
cavity is 11 cm and the length is 10.5 cm.

Generally, the microwave absorption by metals is char-
acterized only by Ohm losses [6]. We investigated the
microwave absorption by metallic wires through plasma
parameters characterization and analysis of the metallic
particles.

We have highlighted the microwave absorption of
metallic wires by placing the W and Mo wires (50 mm length,
0.5 mm diameter) inside the cylindrical cavity. One end of the
metallic wire was placed in the focal point of the cylindrical
cavity. The high-density energy region (focal point) is located
at a distance of 6, 1 cm from the magnetron antenna, which
corresponds to half wavelength for 2.45 GHz microwave
frequency.

Because in the TM011 propagating mode, the microwave
electric field propagates along the axis of the cavity, the solid
metal wire must be positioned along and as close as possible
to that axis. All samples were exposed to the same microwave

Figure 6. The emission spectrum of the plasma from Mo wire.

Figure 7. The emission spectrum of the plasma from W wire.

Figure 8. The Boltzmann plot and electron temperature of the plasma
for the Mo wire.
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power for 10 s and were vaporized and ionized during the
interaction with the microwave field (figure 3). The energy to
create plasma comes from the microwave field inside the
cavity.

The plasma characterization has been determined by the
optical emissions spectroscopy method [18, 19]. The optical
emission spectra of the metallic plasma in the region of
200–850 nm has been recorded by an Ocean Optics USB
2000+spectrometer. Plasma was created at 550W micro-
wave power in air, at normal pressure and ambient
temperature.

To analyze the dimension of the metallic particles we
deposited the metal particles on Si-wafer.

Before metal deposition, the Si-wafer was introduced to
the wafer support and was placed above the focal point of the
cylindrical cavity, so the metallic vapors within adhere to the
Si-wafer (figure 3). After the interaction between the micro-
wave and the metallic wire we obtained the metallic thin film
(figures 4 and 5). The structures of the metal powders were
investigated using scanning electron microscopy.

The quantity of metal vaporized (mg s−1) was obtained
by weighing each sample before and after to be introduced in
the high density energy region of the cylindrical waveguide.

Our microwave plasma generator can be an efficient
device for obtaining metallic vapors from metallic wires.
After plasma generation we obtained a constant metallic
vapors flux.

3. Results and discussion

In this experiment we used a 550W microwaves power, the
metallic wire was exposed 10 s in the microwave field. The
optical emissions spectroscopy method was used for plasma
characterization and electron temperature determination.

Optical emission spectra of the plasma were obtained through
interaction of the microwaves and the Mo and W wires
(figures 6 and 7 and ).

Spectrum Analyzer software [20] was used for the optical
emission spectra of W and Mo plasma identification. The
microwave field creates metal ions it was highlighted in
evidence by the optical emission spectra (figures 6 and 7).

During the vaporization process of the metallic wires in
cylindrical cavity, a cloud of metallic vapors was generated.
The metal quantity vaporized was 21 mg s−1 for W and
28 mg s−1 for Mo.

Because the experimental set-up was conducted at
atmospheric pressure, the free path of the charged particles
from plasma was very short and the particles slow as the lose
kinetic energy. The loss of energy by charged particles tra-
veling through a medium is broken into two components
based on the mechanism of energy transfer—either collision
or radiative energy loss. Therefore we have just a small part of
the metallic vapors deposited on the Si-wafer, most of the
metallic vapor being deposited on the wall of the cylindrical
cavity and falling into the cavity as a metallic powder
(figure 3).

Electron temperature of W plasma and Mo plasma was
determined using the Boltzmann plot method which assumes
that local thermodynamic equilibrium is met within the
plasma [21].

In Mo plasma the electron temperature was 42 300 K
(figure 8) and in the W nplasma the electron temperature was
46 000 K (figure 9).

The thin films obtained from W and Mo wires had a
different dimensions and structure.

The W particles has very close dimensions (figure 4)
The thin film of the Mo particles deposited on Si-wafers

had metallic particles between 42 and 175 nm (figure 5).

4. Conclusions

The Mo and W wires can be vaporized and ionized with the
microwave field, in air at atmospheric pressure and room
temperature. In the same conditions, 21 mg s−1 of W and
28 mg s−1 of Mo were vaporized.

The thin films obtained from W and Mo wires has dif-
ferent dimensions and structure and the W particles has very
close dimensions.

The metal wires having diameters larger than 0.5 mm
become radiation reflectors when exposed to 800W.

Using the microwave plasma generator to obtain the
particle from metallic wires can be an efficient method
because after plasma generation the metallic wire has a con-
stant evaporation rate. Therefore, we have obtained constant
metallic vapors flux.

Figure 9. The Boltzmann plot and electron temperature of the plasma
for the W wire.
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