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Abstract. The application of microwave technology in minerals processing and metallurgy is getting interest as it allows
non-conventional treatment of depleted resources and has positive environmental and economic impact. Microwave pro-
cessing provides rapid and selective heating with energy efficiency, in contrast to traditional methods. This work analysis
some basic features of this technology and shows examples of modelling and experimental study of hybrid microwave
treatment of oxide materials, highlighting differences in achievable temperatures and heating times. The model for expe-
rimental hybrid microwave furnace with cavity resonating in TMys, mode at 2.45 GHz with 2 kW power has been imple-
mented in COMSOL software and tested on heating of zirconia samples with SiC based susceptor. Electric field and
temperature distributions have been simulated and heating rate variations analysed in different positions of the cavity.
Results of the analysis are discussed together with the potential use of microwave technology in ore treatment, mineral
processing, smelting and carbothermic reduction. This technology has a very good potential in enhancing metal recovery,
reducing energy consumption, and improving processing, but this requires understanding about how different materials
reacts with microwaves and how the furnaces have to be optimized for a better sustainability.
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AHomauis. 3acmocysaHHs1 MiKpOX8UIbo8UX mexHoroeil y nepepobui miHepanie ma 8 Memanypeil sukrukae iHmepec,
OCKinbKu 00380s15i€ HempaduuiliHy 06pobKy 8UCHa)XKeHUX pecypcie ma Mae no3umueHUl eKormo2ivHUl ma eKoHOMIYHUU
ernnus. Mikpoxsunboea 0b6pobka 3abesrneydye weudkuli ma cennekmueHull Hazpie 3 BUCOKOI eHep20egheKmusHICmIo, Ha
8iOMiHy 8i0 mpaduujiliHux memodis. Y uiti pobomi npoaHarnizoeaHo desiki 0CHo8Hi ocobrugocmi ujiel mexHormnoeil ma Hase-
0eHo npuknadu MoOesto8aHHsI ma eKcrepuMeHmarsnabHo20 O0CiOKeHHS 2i6pudHOI MiKpoxeunb080i 06pObKU OKCUOHUX
Mmamepiarnie, sucgimntoryu 8idMiHHOCMI 8 BOCSXXHUX memrepamypax ma 4aci Hazpigy. Moldernb ekcriepumeHmarnbHoi
2i6pudHOI MiKpOX8uIbL08OI neyi 3 pe3oHamopoM, W0 pe3oHye 8 pexumi TMoy; Ha yacmomi 2,45 [Ty 3 momyxHicmio
2 kBm, 6yna peanizosara e npozpamHomy 3abesnedeHHi COMSOL ma npomecmosaHa Ha HagpieaHHi 3pa3Kie YUPKOHIto
3 sUKOpUCMaHHAM cyyenmopa Ha ocHosi SiC. Bynu 3modensosaHi po3nodinu enekmpu4yHo20 Nosisi ma memriepamypu,
a makox npoaHari3osaHi 3aMiHU WweudKocmi Hazpigy 8 pi3HUX MONIOKEeHHSIX pe3oHamopa. Pe3ynbmamu aHanizy 062080-
PIOIOMbBCS Pa3oM 3 MOMEeHYIUHUM 8UKOPUCMAaHHSIM MIKpOX8UIb080I mexHosioaii 8 06pobui pyd, nepepobui miHeparnis,
sunnasuyi ma kapbomepmidHomy 8iOHo8eHHI. Lisi mexHomnoeis mae dyxe xopowul nomeHyiasn y nid8UUEHHI 8UITyYEHHST
Memarnis, 3HUWXEeHHI CrioXusaHHs1 eHepeail ma MokpawieHHi rnpouecis, ane uye sumazaec pPo3yMiHHSI MO2o, SK PIsHi Ma-
mepianu peazgytombs Ha MIKpOXeusli ma sik neyi noguHHi 6ymu onmumizosaHi 011 Kpauwioi cmitikocmi.

Knroyoei cnoea: mikpoxasurii, MiHepars, 3acmocysaHHs, MOOEsTt8aHHs1, Hagpie, 8iOHOBEHHS.

Introduction. Microwave technology operating in a
frequency range of 300 MHz to 300 GHz, where fre-
quencies of 915 MHz and 2.45 GHz being most com-
monly used [1]. In a high-frequency microwave field,
polar molecules become polarized and oscillate at high
frequencies along with the alternating electromagnetic
field, resulting in the rapid oscillation of molecules and
interactions between them. This converts the lost elec-
tromagnetic energy into thermal energy in the material
[1, 2], so the dielectric loss factor is one of the key pa-
rameter in feasibility of this method for high temperatu-
re heating. In a simplified form, the power absorbed by
a unit volume of medium from microwaves is propor-
tional to frequency (f, Hz), real part of dielectric permit-
tivity (&), loss factor (tan 6) and to squared electric-field
strength (E, V/cm) inside the material:

P=2nf g, -tand - |E|? (1
where g = 8.854-107'% F/cm is the permittivity of the
vacuum. The dielectric loss is dependent on material
properties, frequency and temperature so the heating
might become more accelerating (thermal runaway) or

retarded with time when the composition of the mate-
rial changes.

Literature analysis. Due to essential features of
microwave processing, it has considerable potential in
minerals processing, hydro- and pyrometallurgy, as it
may present substantial energy savings [2]. Micro-
wave heating differs fundamentally from conventional
methods, quickly penetrating materials and interacting
with their molecular and crystalline structures [1]. This
interaction causes molecular vibration and frictional
heating, making it more efficient than conduction heat-
ing [1-3]. This especially enables microwave pro-
cessing in ore treatment, particularly for difficult to re-
covered minerals and high-value products (rare met-
als, precision metals) due their efficiency and environ-
mental benefits [1].

In Table 1 it is seen that most of transition metals
oxides and sulphides are very good microwave ab-
sorbers and can be heat very rapidly. Carbon can be
heat very fast and this enables extremely rapid reduc-
tion to produce metals, as other oxides remain at lower
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temperatures. Carbothermic microwave reduction
demonstrates that microwave heating can initiate
chemical reactions at lower temperatures, impacting
the reduction mechanism significantly. It was reported
[3] that the highest temperatures were obtained with
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carbon and most of the metal oxides like NiO, MnOz,
Fe30s4, Co0203, CuO and WOs3. Metal powders and
some metal halides also heated well; gangue such as
quartz, calcite and feldspar do not heat up [3].

Table 1. Microwave heating effect at 2.45 GHz on particulate solids with the time needed to reach the

indicated temperatures [2-4].

Substance Heating time, min T°C Substance Heating time, min T°C
Al 6 577 MgO 40 1300
Al2O3 24 1900 MnO 6 113
C 0.2 1000 MnO:2 6 1287
CaCOs 7 61 MoO3 0.46 750
CaO 40 200 MoS: 0.1 900
Co 3 697 Ni 1 384
Co304 3 1290 Ni2O3 1300
Cr203 7 130 NiO 6.3 1305
CuO 4 800 PbO 13 900
CuS 5 600 TiO2 8.5 79
Fe 7 768 UO2 0.1 1100
Fe203 6 1000 V205 11 714
Fes04 0.5 500 Zr 6 462
FeS 6 800 ZrO2 4 63

Yoshikawa et al. [5] have investigated the micro-
wave carbo-thermal reduction reaction of nickel oxide.
When NiO particles and graphite are used, 100% me-
tallic Ni is produced after only a few minutes by micro-
wave heating. The reduction reaction is highly effective
under microwave magnetic field irradiation. Several
studies have shown that the reduction of Fe, Sc and
Mg oxides is effective under microwave irradiation,
demonstrating that the energy efficiency of microwave
irradiation is higher [6]. Another example is for manga-
nese carbonate ores, which are becoming an increas-
ingly important potential source of manganese, and the
calcination and agglomeration of these ores by micro-
wave irradiation has been investigated [7] where under
optimal microwave conditions sintering temperatures
of >1500 °C were achieved to product manganosite
(MnO) and hausmannite (Mn3O4) with the sinter
strengths comparable to those of conventionally pro-
cessed materials.

In terms of industrial implementation [3] a metallur-
gical microwave reduction process could save 15-50%
over a conventional operation. Microwave assisted
carbothermic reduction on ilmenite concentrate mixed
with lignite powder and CaCOs it was and confirmed
that the reduction rate of metal oxide by microwave
heating was faster than by conventional heating [3].

Rapid heating of ore minerals in a microwave trans-
parent matrix generates thermal stress of sufficient
magnitude to create micro-cracks along mineral
boundaries, which improves reaction kinetics, grinding
and leaching efficiency [3, 8]. The rapid volumetric
heating by microwave treatment results in differential
expansion and contraction of different mineral phases,
creating internal stresses weakening the ore’s struc-
ture which become more brittle and easier to grind, re-
ducing the energy requirements for comminution [1]. In
practice, it was demonstrated that microwave pre-
treatment of sulphide ores resulted in a reduction of up

to 30% in grinding energy requirements [8]. The pref-
erential heating of specific mineral phases can improve
the liberation of valuable minerals from gangue com-
ponents, increasing the overall recovery rate.

However, microwave processing in metallurgy re-
quires proper investment in microwave generators and
furnaces with specific design to ensure that the heat
generation and distribution is optimal for the selected
material. This dictates that more information about ma-
terials properties (especially dielectric permittivity and
loss factor) vs. temperature, frequency and materials
size need to be studied. This could be achieved in ex-
perimental facilities.

Objectives of this work. The goal of this work is to
highlight potential of microwave applications in metal-
lurgy and to demonstrate experimental and calculation
methods for a better understanding how microwave
power and heat are generated and distributed inside
the materials.

Materials and methods. An experimental hybrid
2 kW, 2.45 GHz mono-mode (TMo12) microwave fur-
nace was set up in Aalto University, Finland (Fig. 1).

The “hybrid” functionality of the microwave cavity
comes from the use of SiC susceptor which can be pla-
ced around the sample in the case the material is
weakly interacting with the microwave radiation at the
beginning. Because SiC is a very good absorber, it
starts heating first to provide radiative heating to the
sample, which, upon increasing temperature, starts to
couple with microwaves. In this case indirect heating
share decreases, which also can lead to inverse tem-
perature gradient (specimen becomes hotter inside
than outside). For demonstration zirconia was used as
test material which is known poorly coupled with micro-
waves at low temperatures but better at higher temper-
atures.

For calculation of the microwave power and heat
distribution COMSOL Multiphysics software was used
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with two coupled modules, radiofrequency and heat
transfer. First the magnitude of the electromagnetic
field in the whole cavity must be evaluated and con-
secutively the heat generation by this field in the mate-
rial can be calculated. This first step is based on Max-
well equations [9] where the cavity (item 1 in Fig. 1) is
modelled in 3D for a harmonic propagation mode. The
second step deploys standard Fourier heat transfer
equation with added source due to absorption of the
microwave power [4, 9]. This 3D model of the cavity
and specimen is shown in Fig. 2.

Results and discussion. An example of calcu-
lated electrical field distribution in the cavity in shown
in Fig. 3. The red zones correspond to maximal field
strength (in this case 18 kV/m) and indicate the posi-
tion where the specimen would be optimally located.
As by the Eq. (1), this can lead to the maximum power
which is proportional to square of the filed strength. In
the case of zirconia, magnetic component is also pre-
sent but its contribution to heating is much less [2, 3].

Temperature in the specimen as measured from its
top depends on the input power and time. Figure 4
shows that temperatures over 1273K can be reached

in less than 3 min when the input power exceeds
1.5 kW. In the SiC susceptor, very high heating rates
(up to 2000 K/min) are spotted already after 1 min of
heating, decreasing to 30-50 K/min after 5-10 min.
However, at that point heating of the susceptor itself is
almost zero because now zirconia sample starts to
couple with the microwaves and the heating focus
shifts into the sample [4].

The model developed allows proper simulation of
the heating process and can be used to experimentally
test the properties of different materials behavior in
these conditions without explicit knowledge of their di-
electric permittivity function. These results, as well as
in earlier studies, show that in many cases temperature
in the interior of the material could be much higher than
at the surface and significant improvements in heat
transfer can be achieved for materials, such as oxides
which poor thermal conductivity limits conventional
heat [2]. The energy densities in microwave systems
can be relatively high and can lead to very high internal
heating rates, especially at the beginning of the pro-
cess which is difficult to achieve with conventional fur-
naces.
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Fig. 1. The scheme (a) and overall view (b) of experimental 2 kW hybrid
microwave furnace: 1 — the cavity with the sample, 2 — two-way optical
pyrometer, 3 — control system, 4 — waveguide, 5 — microwave tuners,
6 — generator [4].
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Fig. 2. The COMSOL model of the microwave furnace cavity
(dimensions in m) and the specimen position.
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Fig. 3. Calculated electrical field strength (V/m) in the waveguide and cavity for
1.2 kW input at 2.45 GHz in TE10 mode.

13



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 1
Theory and Practice of Metallurgy, 2025, No. 1

1673
1473
1273 —— 2500 W
X 2000 W
g
E —— 1500 W
S 1073
-4 e 1200 W
- 1000 W
873
E — 600 W
E
— 400 W
2
673 —_—200W
473 —50W
273
0 200 400 600 800 1000
Time [s]

Fig. 4. Calculated temperatures of the specimen vs. time and input power.

The microwaves energy source is relatively clean
and easily controlled, facilitating continuous pro-
cessing, minimizing the amount of off-gas and also the
amount of dust particles. This improves working condi-
tions in microwave processes to be far more superior
to those in conventional processes, promoting both en-
dothermic and exothermic reactions as well as synthe-
sis [2, 10]. Selective heating can be attained — for ex-
ample when heating manganese carbonate ore,
CaCOs component would remain much colder (Ta-
ble 1) as major heat generation will be in the manga-
nese phase.

Conclusions. Microwave technology in mineral
metallurgy presents a progressive and efficient ap-
proach to ore processing, aligning with the industry’s
need for innovation and sustainability [1,2]. Despite

that microwave energy is more expensive than electri-
city, the efficiency of microwave heating is often much
higher than conventional heating and overcomes this
costs differences, especially when high-value materi-
als are being recovered. The practical applications of
microwave treatment (ores processing, reduction, dry-
ing) have demonstrated significant improvements in
process efficiency, energy consumption, and environ-
mental impact [2, 3] and it is evident that microwaves
could achieve effects such as inverse heating and
rapid effect with a higher cost-efficiency. Among chal-
lenges required for successful implementation of the
technique are still more fundamental understanding of
microwaves interaction with different minerals as well
as analysis of kinetics of the processes.
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