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Microwaves have been in use for over 80 years in a variety of applications such as communications, characterization of
materials, food processing, rubber vulcanization, etc. Microwave heating has revolutionised the synthesis of all kinds of
materials including metals, insulators, semiconductors and alloys. The technique can either be employed in a conventional
multi-mode, single (E- or H-) mode or in combination with other preparation techniques. In a short time and at much
lower temperatures and power levels, it can result in polycrystalline, nanocrystalline and amorphous phases and even in
new compounds. Also, it can tailor the physical properties of materials.

In the present paper, we have highlighted the facilities available in our laboratory along with significant results on the

080C€0.20
microwave energy. Characterization of pure barium hexaferrite for its dielectric and magnetic properties in X-band of

phase transformation of W-type hard ferrites into soft ones and growth of Si alloy nanowire by the application of

microwave frequency is also included.
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1. Introduction
1.1 Microwave Processing of Materials

When an electromagnetic radiation in the microwave
frequency region (300 MHz-300 GHz) is incident on
a material, the entire mass interacts with the radiation
and converts this radiation into heat via dielectric,
magnetic interaction and eddy current losses etc. The
volumetric heating of the sample induces temperature
related modifications (sintering, compacting, phase
modification etc.). The interaction can be enhanced
by the application of either single field (electric or
magnetic field) alone or microwave in association
with some other preparation technique. In all these

cases the procedure is termed as microwave
processing. The MW processing is a new
development in the area of materials processing which
will have the most profound and wide-ranging impact
on satisfying the growing and challenging demands
for economically preparing modified materials to be
employed in various fields for e.g. metal parts for
automobiles, tungsten carbide cutting tools, drying
wood, rubber processing, and glassy metals etc. MW
processing is attractive because it has many unique
features such as radically enhanced reaction kinetics,
substantial enhancements in the sinterability, surface-
penetration diffusion, rapid joining (of ceramics,
ceramic with metal, metal with metal), high reaction
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yields, and structural uniformity of products and
accelerated nucleation [1-5].

The status of MW heating and sintering research
has been reviewed by several workers [6-9]. The low
temperature MW drying and food processing are fully
commercialized. Though the high temperature MW
heating/sintering of traditional and special/advanced
ceramics, composites, alumina, uranium oxides,
silica, zeolites, barium titanates, ferrites, glass-
ceramics, Si;N,, hydroxyapatite [10], NASICON for
nuclear waste disposal [11] etc, were investigated,
these are yet to be commercialized. The recent
reviews [12-14] have summarized the latest
developments in the field of MW sintering and
synthesis of inorganic solids. Some of these latest
developments include MW sintering of cemented
tungsten carbide [15], recrystallization [16] and
decrystallization [17] in ferrites, development of
transparent ceramics [18] more corrosion-resistant
stainless steel [19-21], synthesis of nanoparticles [22],
and the sintering of metallic materials.

Alloying of semiconducting silicon with
germanium improves its electronic and optoelectronic
properties thereby widening the scope of its
applications. Using MW processing in a single mode
(TM,),, i.e. in H-field) at 2.45 GHz we have been able
to prepare Si, Ge_alloys of different compositions
(with x varying from 0.0 to 0.25) at temperatures
which are nearly 400°C lower than their equilibrium
formation temperatures, and that too in a few minutes
[23, 24]. Multi-elemental (Bi, Sb, Co, Mn and Cr)
doped ZnO exhibits nonlinear I-V characteristics, and
is called varistor or surge arrestor. It has been reported
that MW sintering of doped nanocrystalline ZnO
results into 98% dense mass with improved
nonlinearity parameter of 70 [25].

The MW processing can also be used to sinter
metal powders to yield different metal parts, including
those of iron, copper, aluminium, nickel, tungsten and
their alloys, with improved mechanical properties
[26]. The efficient interaction is attributed to finer
grain size and shape of the porosities. The round-
edge porosities are reported to yield higher ductility
and toughness to different metals [27]. Non-oxide

ceramics like SiN and AIN are important engineering
materials. Slip-casted pellets of 3 to 5 wt% Yb,0; in
AIN were sintered under N, or N, + H, atmosphere
by 28 GHz generator at 1650 °C up to 3 h. Samples
with 3 wt% Yb,0, exhibited 98% TD (theoretical
density) whereas with 5 wt% the sample was nearly
100% dense [28]. This rapidly processed sample at
low temperature has exhibited very high thermal
conductivity (> 200 W/m.K) due to the formation of
ultra-thin (< 1nm) intergranular oxide layer [29].

Homogeneous, high surface area nano-
crystalline particles of yttria, ranging in size from 30
to 100 nm, have successfully been synthesized by
microwave assisted combustion technique using
yttrium nitrate as an oxidizer and urea, citric acid
and glycine as fuels [30].

Synthesis of tin monoxide nanocrystals, by
microwave-assisted hydrothermal technique is
reported for the first time [31]. Due to their high
volume to surface ratio, these nanocrystals have very
good potential for applications in gas sensors, photo-
catalysis and photo-electrochemical cells. By varying
the MW processing time, temperature and
mineralizing agents, nanocrystals of different sizes
and morphologies were grown. The controlled
oxidation state of Sn in solutions and optimized
experimental conditions have resulted in the
formation of tin monoxide (SnO) nanocrystals.

Hard glass-ceramic coatings find application in
gas turbine engines. An oxide system comprised of
MgO, AL0O,, TiO, and SiO, with small quantities of
Na,O and CaO, was first converted in to a glass, and
then into slurry which was sprayed on to a nickel
based superalloy substrate [32]. The resulting
coatings were separately heated in a multimode
furnace and in a conventional furnace. It was found
that the MW processed samples have finer size
crystallites and smaller surface roughness (nearly one
third) than that of conventionally sintered samples.
It is reported that the MW processing conditions can
tailor the properties via change in microstructure to
suit a particular application. Microwave processing
of PZT ceramic tapes was performed in a single mode
microwave furnace using SiC plate as a susceptor
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[33]. Besides huge shrinkage and rapid densification
improved dielectric and piezoelectric properties
(higher dielectric constant and lower dielectric loss,
much higher K, and lower resonance resistance) were
recorded for the tapes.

1.2 Types of MW Heating

MW heating can be classified into two types: pure
MW heating and hybrid MW heating. In pure MW
heating, a material is exposed only to MW which
heats the material as a result of MW interaction with
it. Depending on the excitation of modes, it is further
classified in two classes: multimode and single mode
MW processing.

(a) Multimode Processing

In multimode processing, a number of modes are
present inside an applicator. A domestic oven operates
in this mode. Field uniformity has been a problem in
multimode applicators, especially for the lower
frequency MWs (2.45 and 0.915GHz), where the
wavelengths are several inches. Another disadvantage
of multimode cavity is that due to constructive
interference of the electromagnetic waves
propagating inside the cavity the electric field at one
point is greater than at other point. It results in the
rapid increase of €” with temperature (de”/dT) at
points having higher magnitude of field. The sample
is very rapidly heated and results in unwanted
phenomenon of “thermal runaway” [34]. The
consequent development of hot spots is the effect of
thermal runaway. Thermal runaway could, however,
be minimized by hybrid heating. The monitoring of
the input microwave power during the heating process
can help in avoiding the thermal runaway to some
extent [35]. The power absorbed by the material is
strongly dependent on the internal electric field. In
turn, the internal field is controlled by the field inside
the cavity, which can vary widely in the applicators.
Mode stirrers and moveable platforms/turn tables-
provide some improvement in the field uniformity
as “seen” by the sample, through time averaging. The
field uniformity can be improved by increasing the
size of the cavity. The cavity should be much larger
than the wavelength of the microwaves employed for
processing.

(b) Single Mode Processing

As already pointed out there are several mixed modes
in a multimode cavity, and one can not study the effect
of individual fields on the material during processing.
In addition, in a multimode cavity, energy is
distributed over a number of modes and over a large
volume. To minimize unnecessary distribution of
energy and formation of hot spots, single mode
cavities are designed. In a single mode cavity, a
controlled field distribution with ability to produce
high fields can be achieved inside the cavity, and there
is an additional advantage of being able to optimize
the geometry of the cavity to fit the parameters of the
sample [36]. Depending on the dimensions of
applicator, the field distribution inside the cavity can
be manipulated, and E- and H-field of an
electromagnetic wave can be isolated to a great extent.
Different materials exhibit greatly different heating
behaviour in E- and H-field [37]. It is reported that
cobalt (powder compact) heats well in H- field, while
in E-field it hardly reaches to high temperature. On
the other hand, zinc oxide shows completely different
behaviour and heats well in E field. Microwave
heating of iron and iron-based ceramic powders
separately in E- and H-mode has revealed that these
powders could be more easily heated up in H-field
than in E-field [38].

Single mode microwave processing is a novel
technique of phase transformation of a material,
capable of completely changing its properties.
Separated H- and E-field can influence a material in
an altogether different way. For example, both, Fe,O,
and BaFe,,0,, are decrystallized in a few seconds in
the H-field, whereas in the E-field these compounds
form large single crystals. The magnetic properties
of these decrystallized ferromagnetic phases also
show remarkable changes: transforming from the
original very hard, to final very soft, ferromagnets
[39]. Polycrystalline NiFe,O, samples, prepared by
conventional solid state sintering route, were exposed
to H-field at 2.45 GHz, 450 W for 5 minutes.
Vibration sample magnetometry of these pellets has
shown the coercivity (H ) to be reduced by an order,
and magnetization to be enhanced by 40% [40]. In
the case of barium hexaferrite too, the H_ is reduced
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from 230 mT for sintered sample to 35mT for MW
processed sample [41]. The MW processing thus
paves an excellent way to convert the hard magnetic
material into soft magnetic material via
decrystallization.

Electronic ceramics have also been subjected
to microwave processing for e.g. titania was
decrystallized in a single-mode (H-field) [42]. Single
mode MW processing of a zirconia composite with
Al,O; and co-stabilized with CeO, and Y,O; at
1450°C for 20 minutes had resulted in a finer and
more uniform microstructure as compared to the
conventionally sintered sample. This is attributed to
the shorter sintering time [29].

(c) Hybrid Microwave Heating

Hybrid MW heating is used for poorly MW absorbing
materials. It combines both MW and conventional
heating, and is capable of processing both metallic
and ceramic samples. The presence of thin oxide films
on the surface of aluminum particles makes the
processing of aluminum using powder metallurgy a
difficult task. The innovative hybrid technique (using
both microwave energy and radiant heating) has
simplified and economized the entire process and
resulted in Al and Al/Cu nanocomposites with
superior combination of properties [29].

In another case, the combined action of
microwaves and microwave-coupled external heating
source has resulted in improved tensile properties of
aluminum, magnesium and a lead-free solder. It is
due to reduced extent of high temperature thermal
exposure, which in turn improves the densification
and suppresses the grain growth [44]. Based on the
results of thermal residual stress and the pore ratio
studies, it is reported that homogeneously sintered
MgO-Al,0,-Si0, ceramic samples by hybrid MW
processing exhibit improved mechanical properties
[45].

It is thus evident that microwave processing,
either in a multimode, separated E- or H- field, or in
a combination with other processing/preparation
techniques, has emerged as an innovative technique
capable of synthesizing/tailoring all kind of materials

(ranging from metals to insulators) in all possible
morphologies (from 3D to 1D) and structures (from
polycrystalline bulk to amorphous). It indeed
“SERVES” the material community [46].

1.3 Characterization at Microwave Frequencies

Quite a few techniques have been developed for
measurement of permittivity and permeability of a
material in different microwave bands [47-49]. These
include coaxial line method, cavity perturbation
technique and bridge method.

Cavity perturbation technique, one of the most
simple and accurate technique, is widely used to
characterize the dielectric, magnetic and
superconducting materials at microwave frequencies
[50-53]. When a small object is introduced into a
microwave cavity resonator, the resonant frequency
is perturbed. The real and imaginary parts of
permeability and permittivity of the materials are
directly related to the changes in resonant frequency
and quality factor of the cavity when it is loaded with
a sample. On symmetrical loading of the specimen
in the cavity, the specimen will be in the maximum
electric field for odd modes and in the maximum
magnetic field for even modes. Therefore odd
resonant modes give the electrical parameters while
even modes the magnetic ones. Measurements of
resonant frequency, quality factor and geometrical
parameter of the cavity and the specimen enable the
calculation of the complex permittivity and
permeability of a specimen. The real and imaginary
parts of the complex permittivity and permeability
can be calculated using the following relations [54]:
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where | and a are length and breadth of the cavity
respectively, V_ is the volume of the cavity and V _ is
the volume of the sample, f; and Q, are the resonance
frequency and the quality factor of the empty cavity,
and f,, Q, are the corresponding quantities for the
perturbed case. K is the geometrical factor.

2. Experimental Details

In this section the experimental method used for the
synthesis of various types of samples are described.
A brief description of single mode (H-field) MW
system, including its design etc., is given in section
2.1.

2.1 Microwave Processing Unit

A schematic diagram of the computer interfaced MW
processing unit is shown in Fig. 1. It consists of a
MW source, a circulator, a single-mode resonant
cavity, a dummy load (water) and an optical
pyrometer.

The cavity is equipped with shorting plunger
and associated hardware to maximize the magnetic
field at the centre of the cavity and to optimize its
coupling efficiency. Since the load impedance varies

Microwave source

1kW, 2.45GHz Circulator Dummy load
Waveguide Quartz tube
Resonator ~ Sample Raytek
Pyrometer
Shorting Plunger Tuner

Fig. 1: Schematic of a single mode microwave processing set-up

during heating, it is a must to keep the cavity tuned
by frequent adjustment of the plunger even during
the short span of processing time. In this MW
processing unit, the nominally pure H-field is
obtained in a microwave cylindrical resonant cavity

designed to support the TE,,,/H,, mode.

A picture of computer interfaced microwave
processing unit, obtained from M/S Synotherm
Corporation China Co. Ltd., China and modified as
per our requirement, is shown in Fig. 2.

Fig. 2: Computer interfaced MW processing unit

W-type hexaferrites and semiconducting SiGe
alloy precursors were processed under microwave H-
field 2.45GHz. The pellets of elemental powders of
silicon and germanium were exposed to H-field of
MW radiation in the single mode MW resonant cavity
at 900°C for 5 min under different ambient (argon
and air). Polycrystalline barium hexaferrite samples
with composition BaFe,,0,, were synthesized by
solid-state reaction method. The resulting samples
of these materials were characterized for their
structural, magnetic and microstructural properties.

2.2 Network Analyzer

Measurements of the complex permeability and
permittivity of barium hexaferrite samples were
carried out by the Network Analyzer using cavity
perturbation method. The network analyzer (Hewlett
Packard 8719ES), employed to carry out these
measurements in X band (8-13GHz), is shown in
Fig. 3.
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Fig. 3: Network analyzer (Hewlett Packard 8719ES)

The cavity was made up of a standard X-band
brass wave-guide of length 13.5 cm. The upper broad
wall of the guide had a slot 30 mm in length and 1.2
mm in width. The number of resonant peaks being
dependent on the length of the cavity, the cavity was
excited into six modes (TE105-TE109) utilizing the
sweep frequency option of the analyzer. Accordingly
six resonant peaks corresponding to frequencies 8.6,
9.36, 10.18, 11.06, 11.97, and 12.9 GHz appeared on
the screen of the network analyzer. The odd and even
numbered modes are used for dielectric and magnetic
measurements, respectively. Various samples of
ferrites have successfully been synthesised and
characterised for their permittivity and permeability
in the microwave range (X-band). In this paper, we
report the dielectric and magnetic parameter of
barium hexaferrite at microwave frequencies

3. Results and Discussions
3.1 Microwave Processed Hexaferrite Samples

For both, M- and W-type barium hexaferrite (BHF),
samples, the coercivity value was reduced drastically.
In case of M-type BHF, the coercivity value had
dropped from 188 to 2 mT [56]. Similar drop was
observed for W-Type BHF samples as well [57].
BaZn,Fe, O,, samples were synthesized by citrate
precursor route and conventionally sintered at
1100°C for 3 hrs. The sintered samples were exposed
to microwave H-field at ~ 300W power. The samples
were treated for 5 min at 1000°C. The X-ray
diffraction and magnetic studies of the conventionally
sintered and then microwave processed samples were
carried out using X-ray diffractometer (Phillips, X-
Pert) and vibrating sample magnetometer (EG&G,
155 PAR). The XRD studies showed the conversion
of polycrystalline phase of the sintered sample to

amorphous phase after it was microwave processed.
The M-H plots of samples are shown in Figure 4.

It can be noted from the Fig. 4 that the coercive
field (H,) is reduced from 70 mT (for sample
conventionally sintered at 1100 °C, 3 hrs) to 17 mT
(for H-field processed sample at 1000 °C for 5 min).
The decrease in H_ can be attributed to the collapse
of structure due to dipole-dipole interaction due to
decrystallization.

60

30

M(emu/g)
o

-30

-60
-400 -200 0 200 400

Field(mT)
Fig. 4: M-H loops of BaZn,Fe, O,, sample: heated first in resistive

furnace at 1100°C, 3 hrs and then MW processed at
1000°C, 5 min

The microstructural analysis (Zeiss EVO 50)
of samples has been carried out and the scanning
electron micrographs of conventionally prepared and
microwave processed samples are shown in Fig. 5.
The grain boundaries are evidently visible for
conventionally prepared samples, while features of
melting can be seen for microwave processed sample.

3.2 Microwave Processed SiGe Semiconductors

The X-ray diffractograms (XRDs) confirm the
diamond lattice structure of the synthesized alloy.
That the alloy is indeed formed is established from
the calculated value of lattice parameter “a”, which
follows Vegard’s law for solutions.

The scanning electron micrographs of both the
alloy samples, recorded by employing Electron
Microscopes Zeiss EVO 50, are shown in Fig. 6. It
can be seen that the processing in air leads to nanowire
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Fig. 5: SEM of BaZn,Fe,,O,, samples: heated in resistive furnace at 1100 °C, 3 hrs and MW processed at 1000 °C, 5 min.

Fig. 6: SEM picture of MW processed Si-Ge (a) powder and (b) nanowires

formation (Fig. 6b), while processing in Ar alone
increases the grain size of polycrystalline sample (Fig.
6a). The nanowires are of nearly uniform diameter.
Most of the Si 4,Ge ,, nanowire are extremely long
(>10pum) and randomly oriented. The elemental
composition, as determined by in situ energy
dispersive spectroscopy (EDS) in SEM, of nanowires
is found to be primarily consisting of silicon,
germanium with small amounts of nitrogen and
oxygen. In the case of Si,,.Ge,, alloy also,
microwave processing in air, has resulted in growth
of nanowire. This has been attributed to the

interaction of electromagnetic energy at 2.45 GHz
with elemental powders in the presence of air [23].

3.3 Characterization of Pure Barium Hexaferrite
at Microwave Frequencies

Polycrystalline barium hexaferrite (BaFe,,0,,) were
synthesized by solid-state reaction method following
calcination at 900 °C and sintering at 1200°C for 2
hours. Cavity perturbation method was employed for
the measurement of permittivity and permeability of
the phase pure samples, (confirmed from XRD
analysis) in X-band (8-13 GHz) frequency range. The
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values of complex permittivity (¢” and €”) and
permeability (W and p” ) at different frequencies in
X-band range are given in Table 1. It is well known
that the ferromagnetic resonance for Ba-hexaferrites
occurs at ~ 40 GHz [58]. The increase in € can be
attributed to onset of ferromagnetic resonance
condition.

Table 1: Value of dielectric and magnetic parameters of pure
barium hexaferrite at different frequencies

Frequency € e”  Frequency n  u”
(GHz) (GHz)

8.59885 18.00 4.56 9.3572 4.12 0.02
10.1804 19.05 3.68 11.0578 7.67 0.06
11.9723 19.54 477 129175 119 0.10
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