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A B S T R A C T   

Discovery of the capacity of microwave energy to heat materials was a major milestone in the history of tech
nology and scientific research. This discovery led to the development of many devices and processes that have 
replaced conventional heating methods, thereby reducing reliance on fossil fuels and reducing atmospheric CO2 
emissions. Over the past two decades the use of microwave heating for processing of non-dielectric metals, metal 
powders alloys have increased markedly and includes sintering, melting, joining, cladding, drilling, and 3D 
printing. These developments have used a wide range of experimental procedures, and the use of microwave 
power has resulted in significant benefits over conventional heating methods. These benefits include a many-fold 
decreases in processing times and energy consumption, as well as improved microstructural characteristics and 
mechanical properties of the processed material. This review provides a comprehensive overview of the state-of- 
the-art of microwave processing of metals, metal powders and their alloys and focuses on important process 
parameters such as heating mechanisms, electromagnetic properties of metals, the factors affecting these pa
rameters and applications to metal processing. Requirements for efficient metal processing using microwave 
power are presented including metal properties, microwave susceptors, insulators, ceramic containment struc
tures and temperature measurement methods that all play roles in the development of microwave processing of 
metals and metal alloy materials. Current challenges and issues in equipment design parameters and various 
processing methods to facilitate commercial implementation of metal processing at larger scales are investigated.   

Nomenclature  

Abbreviations k Wave number (m− 1) 

AlN Aluminium Nitride Ho Incident magnetic field (A 
m− 1) 

AM Additive manufacturing ω Angular frequency (rad 
s− 1) 

B4C Boron carbide εo Vacuum permittivity (F 
m− 1) 

BN Boron nitride ε Complex permittivity (F 
m− 1) 

E-field Electric field μ Complex permeability (H 
m− 1) 

EM Electromagnetic μ0 Vacuum permeability (H 
m− 1) 

(continued on next column)  

(continued ) 

Abbreviations k Wave number (m− 1) 

EIA Energy Information 
Administration 

εr Dielectric constant 

H-field Magnetic field σ Electrical conductivity (S 
m− 1) 

IEA International Energy Agency J Current density (A m− 2) 
ISM Industrial, Scientific, and Medical δ Skin depth (μm) 
MMCs Metal matrix composites ρe Material resistivity (Ω m) 
MoSi2 Molybdenum disilicide Pd Dielectric loss (W m− 3) 
MW Microwave εʹ́

d Imaginary part of the 
permittivity (F m− 1) 

MWSCs Microwave susceptible ceramics WH Joule heating (W m− 3) 
MHH Microwave hybrid heating rc Radius of particle core 

(m) 

(continued on next page) 
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(continued ) 

Abbreviations k Wave number (m− 1) 

NW- 
MWSC 

Non-wettable microwave 
susceptible ceramics 

m Magnetic dipole moment 
(A m− 2) 

PTFE Polytetrafluoroethylene Rs Surface resistance (ohm) 
SPS Spark plasma sintering μʹ́

d Imaginary part of the 
permeability 

CT X-ray computed tomography θY Contact angle (degree) 
TiC Titanium carbide RL Reflection coefficient 
VFM Variable frequency microwaves Zin Impedance of sample 

(ohm) 
YSZ Yttria-stabilized zirconia Z0 Impedance of free space 

(ohm) 
Symbols d Sample thickness (m) 
F Microwave frequency (Hz) tanδ Loss factor 
A Particle radius (m) Pc Conduction loss (W m− 3) 
C Velocity of light in vacuum 

(ms− 1) 
PE Electric dipole absorption 

λo Free space wavelength (m) PH Magnetic dipole 
absorption 

P Electric dipole moment (C m) ρs Material porosity 
Eo Incident electric field (V m− 1) μr Relative permeability  

1. Introduction 

The consumption of global natural resources including materials and 
energy, has increased considerably in recent years due to ongoing in
dustrial development and almost exponential growth in production and 
manufacturing. This increasing energy demand has resulted in unsus
tainable levels of carbon dioxide emission and the generation of large 
volumes of waste. In comparison to other end-use sectors, according to 
the International Energy Agency’s (IEA) Global Energy Review 2021, 
the industrial sector had the largest share of global energy consumption 
that accounted for approximately 38 % of total energy consumption in 
2020 [1]. According to the U.S. Energy Information Administration 
(EIA), the manufacturing sector accounts for over 80 % of industrial 
energy usage, and the metal production industry together with paper 
production accounted for almost half (48.8 %) of all energy consumed 
by the manufacturing sector [2]. In practice, the manufacturing sector 
employs a wide range of conventional heating technologies, including 
electric arc furnaces, induction furnaces, blast furnaces, cupola furnaces 
for processing metals. These conventional heating systems typically 
have characteristic disadvantages of slow heating rates, prolonged 
processing times, non-uniform heating, and high energy consumption all 
of which contribute to CO2 emissions and environmental pollution. 
Therefore, there is an significant demand for high performance, faster, 
eco-friendly, sustainable, and low energy consuming heating and pro
cess technologies for a wide range of materials including metals [3]. 
According to specific needs and applications, one or more advanced 
heating methods, such as electron beam, plasma heating, microwave 
heating, magnetic induction, and solar heating have been reported in the 
literature as alternatives to conventional high-temperature treatment 
methods [4]. Through the development and application of these 
advanced and efficient heating technologies global energy consumption 
can be reduced thereby securing sustainable energy resources for the 
future [3]. Heating using microwave power is one of these promising 
sustainable options and is receiving considerably increased attention 
because of its capacity to address the above challenges. 

The range of the electromagnetic (EM) spectrum designated as mi
crowaves spans from 300 MHz to 300 GHz. This frequency range cor
responds to wavelengths that increase as the frequency decreases from 1 
m to 1 mm, respectively in free space. Most frequency bands in the 
microwave spectrum are reserved for communication, and only a small 
number (ISM bands) are permitted for use in industrial heating appli
cations. These are performed most often at the frequencies 915 MHz, 
2.45 GHz, 5.8 GHz, and 24.124 GHz [5,6]. Unlike conventional heating, 
which occurs when energy is transferred from an external source and 
heat transfer occurs from the surface of the load to the core, microwave 

heating reverses the heating pattern by heating internally before 
dispersing to the surface [7]. This unique characteristic of microwave 
heating offers many advantages in material processing due to its pene
trating radiation, high-speed heating, volumetric heating, uniform 
heating, absence of contamination, energy efficiency and sustainable 
processing [5,8–10]. These characteristics of microwave heating 
allowing significant process flexibility and the opportunity to customise 
processes for specific individual metals. 

Microwave heating was first introduced in 1999 forming a new 
paradigm for application to processing of metallic materials [11]. It was 
demonstrated that microwave power will interact with metal powders or 
bulk metals generating high temperatures for example microwave 
power was used successfully to sinter metals [11]. Further investigations 
were conducted on the heating of different metals under high electric (E) 
and magnetic (H) microwave fields using single mode applicators [12, 
13]. It was reported that while magnetic metals heated more effectively 
when placed within a strong magnetic field, others heated more effec
tively when placed in regions with stronger electric field [12,13]. 
Theoretical analysis was presented that demonstrated each material has 
an optimum powder size for microwave heating, with the maximum 
absorption determined by the ratio of the mean particle radius to the 
skin depth [14]. The effects of microwave power on the mechanical and 
metallurgical characteristics of sintered metal compacts was investi
gated [9] and when compared the results to those of conventional 
heating showed that process duration was shortened, densification was 
enhanced, porosity was reduced, coarsening was reduced, and oxidation 
was reduced. Based on these advantages microwave energy is finding 
increasing applications in metal processing including joining similar and 
dissimilar metals, brazing, melting, cladding, casting, drilling, coating, 
3D printing and development of thermoelectric and magnetic materials 
for waste heat recovery and improving energy recovery. According to 
Scopus and Science Direct data of the approximately 250 relevant papers 
scrutinised the overall publishing activity on microwave processing of 
metallic materials and its alloys is continuously growing, as shown in 
Fig. 1. The corresponding research trends for major metal applications is 
shown in Fig. 2. The timeline of when various applications occurred is 
represented by the year (x-axis), indicating the time of first introduction. 
The number of publications up to 2022 that specifically focus on each 
application are shown on the y-axis. 

Several comprehensive reviews exist on the microwave processing of 
materials including polymers, ceramics, and metallic materials and their 
alloys. These have mainly considered microwave-material interactions 

Fig. 1. Number of publications related to microwave processing of metallic 
materials for the period 1999–2022 (Sources: Scopus and Science Direct). 
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and heating phenomena [15–21]. However, there remains an informa
tion gap relating to performance enhancement during the use of mi
crowave energy for metal processing. There remains a requirement for 
further research, particularly in the areas of scaling-up, in-depth eval
uations of performance and comparisons between microwave-based 
metal processing applications and existing methods. By concentrating 
on these areas, researchers and engineers can advance the knowledge in 
the field and prepare it for greater commercial adoption. This review 
aims to present state of the art information on the methodologies of 
microwave metal processing, system design, implementation, and per
formance evaluation for cutting-edge applications. Additionally, the 
review outlines the challenges associated with this technology and offers 
recommendations for future research directions. It also presents novel 
design considerations for developing bespoke microwave systems, of 
possible commercial interest due to low cost (e.g. ~$250 k) entry level 
bench-top systems such as small-scale gold casting for the jewellery and 
electronics industries. 

The review is structured as follows: Section 1 introduces the back
ground of microwave heating for metal processing; Section 2 microwave 

system fundamentals and the theory of microwave interaction with 
metal particles; Section 3 methodologies and applications of microwave 
power in processing metal and metal alloys; Section 4 discusses chal
lenges and outlines future development aspect. Finally, Section 5 pro
vides a conclusion summarizing the key findings and insights presented 
throughout the review. 

2. Microwave systems 

A microwave system consists of three key components: a microwave 
generator, a waveguide, and an applicator. The generator produces 
electromagnetic energy at a given frequency which is then delivered to 
the applicator via the waveguide. The applicator is a cavity that contains 
the material to be processed and functions to transfer the microwave 
energy from the waveguide to the target material or load. Several 
electronic components, such as magnetrons, klystrons, travelling wave 
tubes, and solid-state microwave devices can generate microwave 
power. The applicator’s size and shape can be customized to improve 
power focussing and heating efficiency and it is categorized as either 

Fig. 2. A timeline of the most important microwave metal processing along with research trends and percentage contributions based on publications until 2022.  
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single-mode or multimode. Single-mode applicators have a well-defined 
electric and magnetic field patterns with high-intensity levels that can be 
confined to small volumes, making them suitable for heating small load 
volumes Single-mode applicators can be tuned to focus microwave en
ergy on the load. The precise placement of the load within the applicator 
is crucial for effectively heating it. Fig. 3 shows a simulation of the 
electromagnetic field distribution of the electric (E-field) and magnetic 
(H-field) for a single mode waveguide applicator distribution. At a mi
crowave frequency of 2.45 GHz and wavelength λo ~ 122.4 mm, the 
distance between the electric (E-field) and magnetic (H-field) field 
maxima is a quarter of the wavelength λo/4 ≈ 30.5 mm. In this config
uration, a choke (a small opening of less than λo/4) enables accurate 
positioning of the load and adjustment of the short circuit position al
lows for either the E-field or H-field maxima to be aligned precisely at 
the load point. Multimode applicators are used for larger samples 
requiring uniform heating. In multimode applicators the cavity di
mensions are generally large compared to the operating wavelength, 
allowing the formation of multiple modes. Microwave interaction phe
nomena and energy conversion largely depends on material properties 
and based on how they interact with microwaves, can be divided into 
three groups: (i) Microwave transparent materials such as glass and 
many ceramics that have little or no interaction with microwaves at 
room temperature pass through the materials with little attenuation no 
energy is converted to heat. Some glasses and ceramics can transform to 
being microwave absorbent at higher temperatures. (ii) Microwave 
absorbent materials such as water, foods containing water, and in gen
eral materials containing O–H bonds absorb microwave energy and 
dissipate it into the material as heat. (iii) Materials such as bulk metals 
are opaque to microwaves and reflect microwaves thus microwave en
ergy does not penetrate into the materials and does not generate heat. 

Microwave interaction mechanisms for microwave absorbent materials 
and ceramics have been investigated extensively, and physics of inter
action is now well understood [20,22]. Microwave heating of absorbent 
materials has been applied to numerous applications, including adap
tations for large scale industries. Considerably less effort has been made 
to understand microwave interaction phenomena for opaque or metallic 
materials, as the assumption has always been that bulk metals have high 
electrical conductivity they cannot be heated by microwaves [23]. 
However, after the publication of a groundbreaking study [11] this field 
of research began to attract greater attention. 

2.1. Microwave interaction mechanisms with metal particles 

Microwave energy absorption by metal particles is governed by 
several factors. Firstly, metals interact with two components of the 
electromagnetic fields, the electric field (E) and the magnetic field (H). 
This depends on the microwave operating frequency, the size and shape 
of the metal particle and the electromagnetic properties of the metal. 
The extent to which metal particles interact and heat up when subjected 
to microwave fields also depends on the penetration depth, applicator 
geometry, the operating mode (single or multi-mode), the position of the 
load inside the applicator, and the use of susceptors (lossy microwave- 
absorbing materials). 

2.2. Role of the electric field 

Metals are highly electrically conductive due to the abundance of 
free electrons. When the alternating electric field of the microwave is 
applied, the free electrons move back and forth through the metal’s 
surface in response to the alternating electric field resulting in induced 

Fig. 3. (a) Single mode waveguide applicator geometry; (b) Electric (E) field distribution; (c) Magnetic (H) field distribution. Source: Authors.  
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currents. The induced current produces a magnetic field that is opposite 
to the original field inside the metal particle and repels the conducting 
electrons outside the metal surface. These electrons build up in the form 
of energised electron clouds that generate a plasma in the gas atmo
sphere in contact with the metal. This energy is focused especially along 
the sharp edges of bulk metals. Therefore, in such a case, bulk metals are 
not heated by an external microwave electric field (E-field) because the 
energy is dissipated in the form of a gas plasma [21]. However, metallic 
powders behave differently when exposed to the microwave E-field and 
are heated if the particle size is within a certain range. There have been 
limited efforts to provide theoretical explanations for the interaction 
between microwaves and powdered metals. Furthermore, the theoret
ical models described in previous studies are complex, necessitate 
demanding computation, require assumptions in the calculations and 
are limited to specific scenario [14,23–26]. This section will consider 
two theoretical models of microwave E-field interactions with conduc
tive particles. The first model is based on principle of electric dipole 
absorption and explains how conducting particles can be effectively 
heated by microwave energy and is applicable to a range of particle sizes 
and conductivities [14]. Their assumptions include that the conducting 
particles are spherical, electrically small (particle size ≪λ₀, the free 
space wavelength) and that electromagnetic scattering can be neglected. 
The particle distribution is in a vacuum at a volume filling fraction of 
less than 0.01, resulting in low permittivity and minimal losses. Due to 
their uniform size, each particle absorbs energy equally, contributing to 
the overall absorption. The electric dipole moment p for a conducting 
sphere with radius a placed in a uniform electric field E0 was expressed 
as [14]: 

p→=2πa3 E→0

[
(2ε + 1)(1 − ka cot ka) −

(
ka2

)

(ε − 1)(1 − ka cot ka) +
(
ka2

)

]

(1)  

Where, k =
ω ̅̅̅̅εμ√

c is the wave number within the particle, c is the speed of 
light, ω is the angular frequency, ε = ε1 − jε2 is the complex permit
tivity, the real part of the permittivity, ε1 = εrε0, ε0 = 8.854× 10− 12 F/ 
m, εr is the dielectric constant, ε2 = σ

ωε0 
is the imaginary part of the 

permittivity also called the loss factor, σ is the bulk electrical conduc
tivity, μ = μ1 − jμ2 is the complex permeability of the particles, the real 
part of the permeability μ1 = μ0μr, μr is relative permeability and free 
space permeability μ0 = 4π × 10− 7 H/m, μ2 is the magnetic loss factor. 
The time average power dissipation in the spherical particle is associated 
with electric dipole absorption and expressed as [14]: 

〈PE〉= −
3ω

8πa3 Im
(

p→. E→0
∗
)

(2) 

Substituting the value of dipole absorption in Equation (2), the 
power dissipation is expressed as [14]: 

〈PE〉= −
3
4

ωε0E2
0Im

[
(2ε + 1)(1 − ka cot ka) −

(
ka2

)

(ε − 1)(1 − ka cot ka) +
(
ka2

)

]

(3)  

Where, E0 is the peak value of the applied electric field. Further 
assuming ε1 = μ = 1, ε = 1 − j σ

ωε0 
for a range of conductivity. The power 

dissipation Equation (3) behaves differently depending on how the 
particle radius, a compared to the skin depth, δ. The skin depth also 
termed the penetration depth is the distance from the materials surface 
into the interior at which the magnitude of field strength decreases by a 
factor 1/e ~ 0.368. The penetration depth of a material can be calcu
lated using following equation [27]: 

δ=
1
̅̅̅̅̅̅̅̅̅̅
πfμσ

√ =0.029(ρeλ0)
0.5 (4)  

Where, ρe is the conductor resistivity(Ωm). If the skin depth is much 
larger than the radius of the particle (i.e. aδ≪1) Equation (3) reduces to 
the quasi-static result, the power dissipation is independent of particle 
radius and influenced solely by the bulk properties of the material rather 
than its size as in Equation (5) [14]. 

lim
a/δ→0

〈PE〉= −
3
2

ωε0E2
0Im

(
ε − 1
ε + 2

)

(5) 

Now, depending on the conductivity, the power dissipation will 
change. When ε2 = σ

ωε0
≪1 then the power dissipation 〈PE〉 = 9σE2

0/2 i.e. 
the power dissipation is proportional to the conductivity and increases 
for highly conductive particles. When ε2 = σ

ωε0
≫1 then 〈PE〉 =

9ω2ε0
2E2

0/2σ i.e. power dissipation is inversely proportional to the 
conductivity. The maximum value of power dissipation is obtained 
when σ = 3ωε0 [14], 

〈PE〉max =3ωε0E2
0
/
4 (6) 

In fact, being highly conductive, metallic materials have very small 
penetration depth (i.e. a/δ≫1) and very high conduction loss factor i.e.
ε2 = σ

ωε0
≫1, for such scenario the power dissipation is expressed as [14]: 

lima/δ→∞〈PE〉=
9ω2ε0

2aE2
0

4σδ
∝a

̅̅̅̅̅̅
ω5

σ

√

(7) 

Based on the equations, it is understood that the electric dipole ab
sorption increases for larger and weakly to medium conducting particles 
and reaches its maximum when σ ≈ ωε0. However, with an increase in 
conductivity (σ > ωε0) the electric field is screened or reflected from the 
conducting surface, reducing power absorption. 

The second model [28] adapted and modified previous theory [25, 
29,30] to clarify how the metal powder interacts with and absorbs 

Fig. 4. The interaction of microwaves and metal particles is for illustration purposes. Source: adapted from Ref. [28].  
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microwave energy. This modified approach aimed to clarify how the 
metal powder interacts with and absorbs microwave energy. Their’
model’s accuracy was confirmed through both numerical simulations 
and experimental results. The model assumes all the metal particle are 
spherical and the surface possess a thin layer of oxide. The thickness of 
the oxide layer or dielectric shell can range from a few nm to μm. The 
electromagnetic characteristics (σ, ε, μ) of metals as a homogenous solid 
can change significantly due to the thickness of the oxide layer around 
the conducting powder particles. The model also assumes a uniform 
distribution of the microwave field over the particle’s surface. The 
effective medium approximation theory is used to calculate the effective 
electromagnetic characteristics, with the power dissipation due to the 
E-field for the sample volume calculated using the following equation 
[28]: 

Pd =ωε0εʹ́
d(1 − ρs)

[

1 −

(
rc

rp

)3
]∫ ⃒

⃒
⃒ E→

⃒
⃒
⃒
2
dV (8)  

Where εʹ́
d is the imaginary part of the relative permittivity of the oxide 

layer, ρs sample’s porosity, rp and rc are the radius of the whole particle 
and core respectively as illustrated in Fig. 4. 

Equation (8) demonstrates that power dissipation in metal particles 
is more sensitive to particle size when the radius of the particles is 
comparable to the thickness of the oxide layer and the imaginary part of 
the permittivity is high. When the particle size is close to that the 
thickness of the oxide layer, the maximum power loss occurs, and the 
sample experiences the fastest heating in the microwave E-field. As the 
particle size and sample porosity increases power dissipation decreases. 
Furthermore, as rc approaches rp the ratio (rc/ rp) tends towards 1, 
indicating negligible power dissipation. Consequently, without a 
dielectric layer on the metal particle’s surface, there’s no power dissi
pation or heat generation, noting limitation of this model. 

2.3. Role of the magnetic field 

In order to understand the mechanism of metal-microwave interac
tion and to distinguish between different heating behaviours, a number 
of studies have been published outlining experimental results and nu
merical calculations in separate E− and H-fields [12,26,31–33]. The first 
experimental proof of different E− and H-field responses was provided 
when a variety of magnetic and non-magnetic metal powders, ceramics, 
and metal-ceramic composites were heated using separate electric and 
magnetic fields [12]. It has been observed that metal powders (e.g. Cu, 
W, Fe, Co) absorb significant microwave energy in the H-field and 
temperatures increase far more rapidly than in an electric field [12,13, 
34]. Subsequent studies reported and verified comparable findings and 
observations [35–45]. These experimental findings demonstrated that 
magnetic loss makes a considerable contribution and plays a major role 
in microwave heating of metals. 

Theoretical studies exploring the magnetic loss mechanism have 
shown several research that might be responsible for temperature in
crease in metal powders [23,46–49]. The basic mechanisms for H-field 
heating include hysteresis, eddy currents, magnetic resonance and 
domain wall oscillations. Two theoretical models of electromagnetic 
absorption by metal powder in the H-field were proposed. The first 
model [14] calculated power absorption considering spherical con
ducting particles of equal radius (a), electrically small particles (particle 
size ≪λ₀, free space wavelength) and neglected electromagnetic scat
tering. Considering the particles are placed inside a cavity resonator at 
maximum magnetic field magnitudes or at the antinodes, for applied 
magnetic field H0, the conducing particle will develop a magnetic dipole 
moment m (m needs a superscripted arrow) expressed as [14]: 

m→= 2πa3 H→0

[
(μ + 2)(1 − ka cot ka) − μ(ka)2

(μ − 1)(1 − ka cot ka) − μ(ka)2

]

(9)  

Where, k is the wavenumber as in Equation (1), μ is the complex 
permeability. Then the time-averaged power caused by magnetic dipole 
absorption per unit volume for the sphere can be calculated as follows 
[14]. 

〈Pm〉=
3ωμ0

8πa3 Im
(
m→.H0

̅→
)

(10)  

〈Pm〉=
3
4

ωμ0H0
2Im

[
(μ + 2)(1 − ka cot ka) − μ(ka)2

(μ − 1)(1 − ka cot ka) − μ(ka)2

]

(11)  

Where again ω is the angular frequency and H0 is the peak value of the 
magnetic field. For nonmagnetic(μr = 1) conducting particles Equation 
(7) can be reduced to [14]. 

〈PM〉=
3
4

ωμ0H2
0Im

[

1+
3 cot ka

ka
−

3
(ka)2

]

(12) 

A large skin-depth limit (a/δ≪1) results in Equation (8) reducing to 
[14]. 

lim
a/δ→0

〈Pm〉=
ω2μ2

0a2σ
20

H0
2∝ω2a2σ (13)  

In the case where the skin depth limit is small (a/δ≫1) Equation (8) 
reduces to [14]. 

lima/δ→∞〈Pm〉=
9Rs

4a
H0

2∝
1
a

̅̅̅̅
ω
σ

√

(14)  

Where Rs is the surface resistance of the conducting particle and can be

calculated Rs =

̅̅̅̅̅̅̅̅
ωμ0

2σ

√

………………………

(15) 

Based on the provided equations, it is evident that particles with sizes 
close to the skin depth experience increased energy absorption, reaching 
maximum absorption at approximately 2.41 δ. Conversely, when parti
cle size significantly exceeds the skin depth, the rate of power dissipa
tion diminishes. 

If conductive particles have magnetic properties, the magnetic dipole 
absorption can be considerably improved. Introducing magnetic loss μ =

μ1 − jμ2 in conductive particles, the magnetic dipole absorption can be 
modified to following equation. 

lim
a/δ→0

〈PM〉=
3
4

ωμ0H0
2Im

(
μ − 1
2μ + 1

)

≈
9ωμ2μ0H2

0

2(2μ1 + 1)2 (16) 

The approximation shows that, when the particle radius is small 
compared to the skin depth, a small value for magnetic loss significantly 
increases the magnetic absorption. From the calculation it becomes 
evident that both electric and magnetic dipole absorptions exhibit 
maximum values under specific conditions, particularly related to par
ticle size and conductivity. The maximum electric dipole absorption 
occurs as described in Equation (6) under a fixed conductivity value σ =

3ωε0. This value is practically low at microwave frequencies of 2.45 
GHz and practically not effective in heating conductive particles. 
However, the magnetic field, particularly through magnetic dipole ab
sorption, appears to play a dominant role in heating conductive particles 
allowing adjustments in both particle radius and conductivity to achieve 
optimal absorption conditions (a ≈ 2.41δ) as described by Equations 
(13) and (16). 

As previously discussed, the second model considered conductive 
powder particles enclosed by an oxide layer effectively isolating indi
vidual metal particles from one another. This condition allows micro
waves to penetrate the sample, ensuring that each metal core interacts 
with the microwave field. Microwave interaction induces surface 
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currents, commonly referred to as eddy currents, on the metal cores 
through magnetic induction. This phenomenon facilitates the calcula
tion of power dissipation by leveraging these induced currents [28]. In 
this model, the following assumption were made (i) all particles are 
spherical, (ii) the microwave field is assumed to distribute uniformly 
within a unit volume, (iii) the oxide layers are assumed to be very thin 
and their thickness increases linearly with temperature. 

When the sample is place in uniform magnetic field, the power 
dissipated in the sample is calculated as 

Pc =
3(1 − ρs)r2

c
2r3

p

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ωμ0μc

2σc

√
(
1 − e− 2αcrc

)
∫ ⃒

⃒
⃒H
→
⃒
⃒
⃒
2
dV (17)  

Where ρs is the porosity of sample, rp and rc are the radius of the whole 
particle and core respectively, μc and σc are the permeability and 
permittivity of the particle core, αc = 1/δ is the attenuation constant of 
the metal core. Based on Equation (17) the power dissipation increases 
with decrease in particle size and vice versa. Again, as rc approaches to 
skin depth higher power dissipation occurs due to increased interaction 
with the H-field. The particles will tend to dissipate more power as the 
frequency increases. 

An additional dissipative factor called "magnetic loss" was intro
duced [33] that arises when conductive particles possess magnetic at
tributes and exposed to a microwave H-field. When subjected to the 
H-field, the particles’ intrinsic magnetic characteristics cause them to 
swiftly adjust or align with the alternating magnetic field orientation. 
This rapid adjustment or realignment of magnetic dipoles results in in
ternal friction within the material, transforming the microwave power 
into heat. The magnetic loss can be expressed as 

Pd =ωμ0μʹ́
d(1 − ρs)

[

1 −

(
rc

rp

)3
]∫

V

|H|
2dV (18)  

Therefore, the combined effect of the magnetic H-field on the magnet
ically conductive particles is 

Pt =Pc + Pd (19)  

Where μʹ́
d is the imaginary part of the relative permeability of the oxide 

layer, ρs is the sample porosity, rp and rc are the radius of the whole 
particle and core respectively. The calculations show that the magnetic 
loss contribution to power loss in a microwave H-field will be at its 
maximum when the metal core size is small compared to the thickness of 
the oxide layer. It is also evident that, microwave H-field is more effi
cient than the E-field for heating metal particles with magnetic 
properties. 

Experimental tests [28] were carried out and compared with simu
lation results from the mathematical model to evaluate the heating 
characteristics of Cu powder mixture combined with Al2O3 as a 
core-shell composite using a 2.45 GHz, 1.5 kW single-mode WR340 
microwave system. While the simulated heating patterns closely 
matched the experimental findings, there were some discrepancies 
attributed to the model’s inherent assumptions and limitations. These 
limitations included factors such as overlooking the heating effects from 
phase transitions and not fully addressing the complexities associated 
with mixed powders, including the ability to forecast variations in 
heating performance among distinct particles with different electro
magnetic properties within the mixture. 

2.4. Heat generation and thermal behaviour 

There are essentially two different heat-generating mechanisms 
involved when metal powder interacts with microwave power: con
duction and plasma formation. Conduction loss is the dominant heating 
mechanism for highly conductive metal particles [4]. The conduction 
heat, essentially the Joule losses, are caused by currents propagating 

through the metallic conductor. The amount of heat generated over a 
given time is proportional to the square of the electric current times the 
conductor resistance. There are several mechanism that can result in 
Joule loss in metal particles [46]. For instance, when metal particles 
interact with microwave fields the oscillating magnetic field creates an 
electromotive force that causes charge carriers to move in response to 
the force, resulting in a current flow known as eddy current. The induced 
eddy current itself generates a magnetic field that opposes the change in 
the magnetic field that created it. The induced current causes Joule 
heating in the metal particle and limits the increase in the total field 
within the metal particles [21]. Another contribution to the Joule loss in 
conduction heating is the magnetization and hysteresis of the magnetic 
metal particles. In fact, magnetic hysteresis loss heating is rapid and the 
amount of heat that is generated as a result is proportional to the 
dimension of the magnetic hysteresis loop. However, the hysteresis ef
fect disappears above the Curie point (the temperature at which a ma
terial loses its magnetic characteristics and becomes non-magnetic). 
Contact with the load domain walls, electron spin resonance, and 
magnetic anisotropy all contribute to conduction losses that cause metal 
particles to heat up when they interact with a microwave field [20,48, 
50]. The heat generation mechanism through conduction loss has been 
used in various metal processing applications, such as sintering, melting, 
and casting, cladding and coating. 

Observation suggests that microwaves interacting with metal parti
cles causes plasma formation in gas-filled interstitial spaces which ac
celerates heat transport at the particle’s contact areas thereby enhancing 
diffusion. During microwave heating, a sharp increase in the sample’s 
temperature has been observed [51–57] which has been attributed to 
the creation of plasma or an electric discharge. In order to understand 
the mechanism of plasma formation, it is necessary to define electric 
discharge and plasma precisely. An electric discharge, or arcing, is a very 
rapid discharge of electricity caused by a strong electric field that gen
erates an ionised, electrically conducting channel through an insulating 
medium such as air or an enveloping gas. Arcing results in the emission 
of light and an acoustic snap when the applied electric field is greater 
than the insulating medium’s dielectric breakdown strength (the 
breakdown strength of air is ~30 kV/cm) [57]. Repeated electric dis
charges generate a localised high-temperature region that ionizes gases 
in the interstitial spaces between the particles. The ionised gas is known 
as plasma, one of the four states of matter and can achieve a temperature 
of the order of 7000 ◦C for very short periods of time [58]. Hence, when 
microwaves interact with metal powder, it is in the interstitial spaces 
between the particles containing non-conducting gases where the 
plasma is produced. When the sample is subjected to the maximum 
E-field or maximum H-field, the strong electric field generated within 
the insulating gaseous media occupying the interstitial spaces changes 
rapidly from a non-conducting to a conducting state. During the rapid 
transition of electrical discharges local hotspots or micro plasmas are 
formed and high temperature zones are produced in the metal particles. 
The high temperatures produced by the concentrated plasma is critical 
to the heating process and has been employed in various metal pro
cessing applications such as drilling, sintering, brazing and additive 
manufacturing [21,30,59–61]. 

2.5. The role of particle size and shape 

The size distribution of metal particles is extremely important and 
plays a crucial role as the primary microwave absorber in metal pro
cessing using microwave energy. Finer particles absorb microwave en
ergy more efficiently than coarser particles. This leads to rapid and more 
uniform heating in finer particles, contributing to improved properties 
in the processed material [62]. Furthermore, the energy absorbed per 
unit volume of the sample load is dependent on its particle size, and as 
the particle size decreases from micron to nanometre range the increase 
in surface area leads to increase in microwave absorption capacity of a 
compacted metal powder sample [53,55]. The particle radius to skin 
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depth ratio is in fact more significant for conductive materials than just 
particle size alone [55]. Microwave energy absorption by nonmagnetic 
metal spherical particles shape was examined [24] and the Mie solution 
[46,63] was applied to explain how conductive spherical particles 
interact and to analyse the heating process of single metal particles when 
exposed to microwave power. At a microwave frequency of 2.45 GHz, 
the wavelength λo ~ 122.4 mm, the distance between the electric 
(E-field) and magnetic (H-field) field maxima is a quarter of the wave
length λo/4 ≈ 30.5 mm. This setup allows for precise positioning of small 
samples at either the E− or H-field maxima. When employing the Mie 
expression for a conductive particle like copper with the parameter σ =
5.8 × 107 placed in the E-field maxima, the absorbed power is minimal. 
This is because the external field induces a surface charge, leading to the 
generation of a secondary field directed opposite to the original field 
inside the particle. In materials with high conductivity, like copper, the 
combined effect of the primary and secondary fields is practically 
insignificant [46]. However, when the particle is positioned at the 
H-field maxima, the maximum power dissipation occurs because the 
alternating incident magnetic field induces a current in the particle. The 
induced current results in the generation of Joule heat within the par
ticle and is expressed as [46]: 

WH =
3π
2

μ0aδ2ω

⎡

⎢
⎢
⎣

a
δ

sinh
(

2a
δ

)

+ sin
(

2a
δ

)

cosh
(

2a
δ

)

− cos
(

2a
δ

) − 1

⎤

⎥
⎥
⎦H2 (20)  

Where a is the radius of the particle, H = 2H0 is the amplitude of the 
magnetic field and δ is the skin depth. The calculation revealed that 
microwave absorption is highly influenced by the size of the particle, 
specifically the a/δ ratio, and there is a theoretical peak at the ratio of 
2.4. In situations where a≫ δ, the equation can be simplified to 
Ref. [46]: 

WH =
3π
2

μ0a2δωH2 (21) 

From Equation (21), the power dissipation is directly proportional to 
a2δ. This heating behaviour exhibits surface characteristics, indicating 
that heat is generated mostly by the outer layer and subsequently con
ducted from the outer layer to the core region of the particles. If the 
particle size is smaller than the skin depth (a≪ δ), the equation is 
simplified to Ref. [46]: 

WH =
2π
15

μ0a3ω
(

a/δ H
)2

(22) 

In this case, the power dissipation is proportional to 
(

a
/

δ
)2 

indi

cating a volumetric behaviour in heating. As the a⁄δ ratio decreases, the 
particle’s heating becomes more uniform, leading to an accelerated 
heating rate. Numerical analysis was used to show that particles with 
sizes close to the skin depth experience increased energy absorption, 
reaching maximum absorption at approximately 2.41δ [14]. Conversely, 
when particle size significantly exceeds the skin depth, the rate of power 
dissipation diminishes [14]. As particle size become considerably larger 
than the skin depth most of the microwave energy will be reflected and 
the powder does not heat. Microwave heating experiments were con
ducted on different grade stainless steel with various particle sizes 
ranging from 3 μm to 150 μm [64]. The experimental findings revealed 
that the maximum heating occurred when the particle size was at 
approximately 2.5 times the skin depth. The size dependent character
istics of microwave heating for nickel powder showed enhanced heating 
efficiency within the range of 45–150 μm [65]. Larger particles did not 
heat as much due to increased heat losses, indicating the importance of 
particle size in optimizing microwave heating processes. 

The shape of the metal particle, surface structure, and edges have all 
been shown to influence microwave absorption by metal particles. 

Surface roughness of the metal particle surface influences the overall 
electrical conductivity of metal particles, due to a rougher surface 
increasing the conductive channel of the surface current, increasing 
resistivity of the sample. As resistivity rises, the effective skin depth also 
increases as in Equation (4), increasing the sample’s capability to absorb 
microwave energy. However, for particles with sizes a ≤ δ, yet still 
larger than the mean free path of electrons, ensures that the conductivity 
of a particle is equivalent to that of the bulk material. Non-spherical 
shapes such as cubes or stars should behave similarly to spherical par
ticles. Hence, particle shape will have negligible effect on microwave 
heating, provided the particle size remains within the designated range 
[46,66]. Further study is required to gain a thorough understanding of 
the overall impact of particle shape on the microwave heating of metal 
particles. This is important as non-uniform metal particles (e.g. swarf, 
drill cuttings) will be a far cheaper metal processing feedstock than 
uniform particles. 

2.6. Microwave hybrid heating – the role of susceptors 

In material engineering, susceptor materials are classified as highly 
lossy (with tan δ > 0.01) materials that function to absorb microwave 
energy and heat up quickly even at ambient temperature. In susceptor- 
assisted microwave heating, the processing material undergoes a dual 
heating process: first, the microwaves heat the susceptor, and then the 
heat is transferred to the sample surface via the conventional mode of 
heat transfer such as conduction. The susceptors raise the temperature of 
the load (or its container) to a required temperature level, causing the 
sample to become more absorbent and able to interact with the micro
waves as the coupling temperature is attained. As the load temperature 
increases, it begins to interact with the microwave power and undergo 
greater and more uniform heating. This results in combination of con
ventional heating in the initial phase and microwave heating in later 
stages, thus it is termed hybrid heating. Table 1 gives a list of metals that 
have been processed using microwave power and indicates that most 
metals have a penetration depth of a few microns. Metal powder with a 
significantly larger size (a ≫ δ) is considered to be a coarser powder for 
microwave heating. When coarser metal powder particles are exposed to 
microwaves, only the surface layer of the particles absorbs energy and 
becomes heated within the particle’s skin depth. The internal part of the 

Table 1 
Examples of selected metals that have been processed with microwave power, 
including their conductivity, penetration depth, and magnetic affinity [30, 
70–72].  

Metals Conductivity, σ 
(Ωm)− 1 at 200 C 

Skin depth, δ 
(μm) at 2.45 
GHz 

Magnetic 
permeability, μr 

Aluminium (Al) 3.69 × 107 1.7 1.00000065 
Copper (Cu) 5.84 × 107 1.33 0.999994 
Iron (Fe) 1.01 × 107 0.05 5000–6000 
Gold (Au) 4.4 × 107 1.5 0.999998 
Silver (Ag) 6.2 × 107 1.3 0.99999981 
Tungsten (W) 1.79 × 107 2.4 1.000068 
Cobalt (Co) 1.78 × 107 2.4 60 
Lead (Pb) 4.8 × 106 4.7 0.999983 
Magnesium 

(Mg) 
2.3 × 107 2.2 1.00000693 

Molybdenum 
(Mo) 

2 × 107 2.4 1.005 

Nickel (Ni) 1.4 ×107 2.7 50–600 
Tin (Sn) 9.1 ×106 3.5 0.999993 
Zinc (Zn) 1.7 ×107 2.5 1 
Zirconium (Zr) 2.4 ×106 6.7 1 
Titanium (Ti) 2.5 ×106 6.5 1.00005 
Stainless-steel 

316L 
1.8 ×106 7.57 1.004 

Stainless-steel 
410L 

1.75 ×106 0.2–0.3 700–1000  
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particle becomes heated by transfer of heat from the outer layer to the 
inner core of the particle through conduction. Microwave heating of 
coarser powders can encounter several issues, including reflection of the 
microwave power, arcing, thermal runaway, resulting in lack of repro
ducibility and uneven heating [49,67]. Susceptor-assisted microwave 
heating, often known as " microwave hybrid heating (MHH)" has been 
used in many studies to address these issues [7,68,69]. The successful 
design of MHH and effective use of microwave energy in metal pro
cessing is contingent upon three key factors: (1) the selection and design 
of a suitable susceptor material, (2) the selection and design of appro
priate thermal insulation and load casket, and (3) proper positioning of 
the load within the microwave unit. Susceptor materials that are often 
used include carbon, charcoal, graphite and SiC [7]. The selection of a 
good susceptor material involves considering several factors to achieve 
efficient and effective heating. Key criteria for susceptor selection 
include a high dielectric loss factor tan δ for efficient conversion of 
microwave energy into heat, uniform heating to prevent hot spots and 
ensure even distribution, and thermal stability to withstand high 
temperatures. 

Table 2 presents a list of materials and their loss tangents δ with 
potential for use as susceptors. Susceptors can be used in two ways: 
primarily as a crucible holding the load material or as secondary exterior 
block enclosing the load crucible. Microwave susceptible crucibles 
(MWSC) are generally more popular for metal melting applications and 
will be discussed in more detail in a later section. Secondary susceptors 
with different forms and shapes including powders, rods, tubes, and 
plates, have been reported [7]. 

Thermal insulation packages, often known as caskets, are additional 
crucial parts of MHH systems. The casket is designed to be transparent to 
microwaves and simultaneously act as both an insulator and contain
ment that prevents heat dissipation from the load while withstanding 
high temperatures. It is more common to use ceramic materials with 
very low density and low loss factors for casket materials. The most 
frequently used insulating materials include porous alumina blanket, 
fibre wool, fire bricks, mullite, Teflon, quartz, silicon, yttria stabilized 
zirconia (YSZ) and boron nitride all of which have high microwave 
transparency (tan δ≪0.001) and thermal tolerances over a wide tem
perature range [7,83]. Table 2 lists materials that are microwave 
transparent and suitable for casket design along with their loss factors 
and penetration depths. Data at temperatures higher than room tem
perature indicate those materials, such as YSZ whose loss factors in
crease with temperature and transform to microwave susceptors. 

Ceramic materials are essential components of many aspects of mi
crowave metal processing serving as containment vessels, thermal 

insulation, transfer channels, ducts and susceptors in hybrid systems. 
The microwave susceptibility of a ceramic is defined as is tendency to 
heat internally when exposed to microwave radiation. Table 2 is a 
summary of the microwave susceptibility of selected ceramics as tanδ 
values. Values are at 2.45 GHz and room temperature unless stated. It is 
important to note that some microwave susceptible ceramics (MWSCs) 
do not absorb microwave energy at room temperature, however their 
microwave susceptibility changes as a function of temperature. In the 
case of some MWSCs, runaway thermal properties are encountered 
where susceptibility continues to increase as a function of increasing 
temperature. In the case of MWSCs that do not absorb at room tem
perature, admixture, or proximity to a MWSC that does absorb micro
wave energy at room temperature can be used to heat the second MWSC 
to a temperature where it does absorb microwave energy. For example, 
as discussed previously, SiC is such a primer MWSC or susceptor as it 
absorbs microwaves strongly at room temperature and above. 

3. Applications of microwave in metals and metal alloy 
materials processing 

3.1. Microwave sintering applications 

The primary objective and scope of research on microwave power for 
metal processing was the sintering of metallic particles. The conven
tional sintering process comprises mixing material powder with addi
tives or fillers, pressing into green parts, and then heating the green parts 
to allow diffusion in a conventional furnace such as a resistance furnace, 
induction furnace, or fossil fuelled furnace. Microwave sintering has 
been applied to sinter many commercial metal powders and alloys such 
as aluminium, copper, nickel, molybdenum, iron different grades of 
stainless steel and has been found to alleviate many of the drawbacks of 
conventional sintering methods. Microwave sintering has been proven 
as a superior method for metal processing offering efficiency gains and 
improved material performance across a diverse range of metals and 
alloys. It enhances heating rates, reduces processing times, and improves 
material properties. Microwave sintering has been shown to increase 
heating rates while decreasing processing times and saving energy [9]. 
This section will discuss the findings of microwave sintering of pure 
metal powder and selected alloys. 

Microwave sintering of aluminium was compared to the properties of 
sintered parts produced through conventional heating [84] and 
demonstrated improved performance in microwave sintering over con
ventional sintering such as higher densification, lower porosity, and 
greater final tensile strength. Investigations into the sintering of pure 

Table 2 
Microwave energy absorption and penetration depth of selected materials at 2.45 GHz and room temperature unless stated [7,73–82].  

Microwave susceptors Microwave insulators/caskets 

Materials Loss tangent, tan δ Penetration depth, x (cm) Materials Loss tangent, tan δ Penetration depth, x (m) 

Silicon carbide (SiC) 0.37 1.93 Alumina (Al2O3) 
Al2O3 (1050 ◦C) 

0.001 
0.0138 

12.65 

Graphite powder 0.36–0.67 1.34–2.09 Fused quartz 0.0003 75.73 
Charcoal 0.14–0.38 6–11 Borosilicate glass 0.0012 15.7 
Activated carbon 0.31–0.9 0.7–3.43 Teflon (PTFE) 0.00048 56.4 
Carbon fibres 0.45–0.5 0.5–0.7 Mullite 0.0015 10.2 
Carbon nanotube 1.11 0.2 Yttria stabilized zirconia (YSZ) 

YSZ (400 ◦C) 
0.0011 
0.025 

>5 

Boron carbide (B4C)a 0.01–0.08 × PVC 0.0056 4.03 
Boron nitride (BN) 0.085 (at 15 GHz) × Silicon (Si) <0.012 >3.96 
Titanium carbide (TiC) >0.08 × Silicon nitride (Si3N4) <0.001 >12.2 
Magnetite (Fe3O4) >0.02 × Boron nitride (BN) <0.0005 >35 
Boron carbide (B4C)b 3.9 X Zirconia (ZrO2) 

Zirconia (1000 ◦C) 
0.0043 
0.0531 

>1 

Boron Silicide (B6Si)b 7.5 X Aluminium Nitride (AlN) 0.005–0.008 ×

*Unavailable or unclear values have been presented as “ × ”. 
a The data source for this entry, (Fig. 3.17 [73]) does not show the temperature range or frequency (GHz) for the tan δ values reported. 
b MW energy absorption per mole compared to water (1.0). 
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aluminium powder with an average particle size of 120 μm were con
ducted [85]. The microstructural evolution during microwave sintering 
was examined using synchrotron radiation X-ray computed tomography 
(CT) and results were compared to traditional sintering experiments. 
Distinct dominant diffusion mechanisms were observed, with micro
wave sintering showing grain-boundary and volume diffusion, while 
conventional sintering exhibited only surface diffusion. The effect of 
powder size on microwave sintering characteristics of pure aluminium 
powder [55] and concluded that larger (micron-sized) aluminium par
ticles show a higher microwave heating capability than finer particles 
(nano particles) and the ratio of particle radius to skin depth is more 
important than particle size alone for conductive materials like 
aluminium. Numerous studies investigated the microwave sintering of 
aluminium alloys employing a hybrid microwave sintering setup using 
SiC powder as a susceptor [69,84,86–91]. Overall, results showed rapid 
sintering, a shortened processing time and reduced energy consumption 
that contributed to improved homogeneity in microstructure and 
hardness and compressive properties of aluminium metal matrix com
posites. However, some studies have shown that conventional heating 
methods outperform microwave heating in specific instances. For 
example, the impact of heating mode and sintering temperature on the 
sinterability and properties of the 6711 (Al–1Mg–0.8Si–0.25Cu) alloy 
was investigated [92]. Microwave sintering exhibited a significant 
(around 58 %) reduction in processing time compared to conventional 
methods, with higher heating rates in Fig. 5 (a). However, this rapid 
heating led to an inhomogeneous microstructure, characterized by 
larger melt fractions at grain boundaries, Whereas, conventional furnace 
sintering at 630 ◦C significantly improved microstructure Fig. 5 (b, c) 
and mechanical properties [93]. 

Based on the literature reviewed for this paper, copper and its 
composites are the most commonly investigated materials for micro
wave sintering. A 15 kW, 30 GHz microwave gyrotron system demon
strated enhanced densification of copper powder and alloys [94]. 
Densification initiated at the surface during particle neck growth due to 
elevated temperatures. Green density and extended soaking periods at 
the sintering temperature further enhance the final density. A similar 30 
GHz gyrotron experimental set up was used by Mahmoud et al. [95], 
however they used three different sintering processing environments: 

argon, nitrogen, and forming gas (mixture of 3H2 + N2). In addition to 
finding higher sintered densities with longer soaking times and higher 
green densities, they also discovered that best densification occurred 
with Ar gas. In a following work, Takayama et al. [96] demonstrated the 
feasibility of sintering copper compacts in air using microwave power 
without the need for an inert protective atmosphere. According to EDX 
results, microwave-sintered copper exhibits significantly less oxidation 
than conventionally sintered copper. Mondal et al. [27] used a 2.45 GHz 
multimode system to investigate the heating effect of copper powder 
particle size and sample initial porosity. Compacts with higher porosity 
and smaller particle sizes showed enhanced microwave coupling, faster 
heating, and higher densification in Fig. 6 (a, b). Demirskyi et al. 
[97–99] observed a distinct microwave sintering response in pure cop
per powder between single-mode and multimode applicators. While the 
multi-mode approach mirrored conventional sintering methods, the 
single-mode applicator exhibited superior performance. It facilitated 
faster and more uniform heating [Fig. 6 (c, d)], leading to considerably 
enhanced densification and even partial melting of the copper particles. 
The enhanced sintering of copper-based composites using the single 
mode microwave cavity has been investigated in several studies [28,44, 
100]. 

Sample pellets of various sizes and shapes were produced by cold 
pressing pure iron powder with a small amount of binder on the sin
tering of iron powder and its alloy composites [94,92,101,102]. A 
specially designed multimode microwave furnace operating at 2.45 GHz 
with an output power of 6 kW was used, allowing temperature to be 
varied from ambient to 2273 K. Yttria- and zirconia-based insulation 
was used to preserve the heat within the furnace and SiC and MoSi2 
susceptors were used during the sintering process [11]. In comparison to 
the conventionally sintered samples, microwave-sintered parts showed 
finer microstructure, higher densification, hardness and increased 
transverse rupture strength (TRS), and modulus of rupture (MR) [94, 
92]. Nadjafi et al. [103] conducted sintering of Fe and Fe–Cu powder 
compact samples using both microwave and electrical tube furnaces. 
Microwave-sintered materials have shown finer microstructure, 6–8 % 
higher density, a 5–10 HV5 hardness increase, and a 10 % increase in 
tensile strength in comparison to the electric furnace. Anklekar et al. 
[104] observed better mechanical characteristics and microstructural 

Fig. 5. (a) Comparison of the heating behaviour of aluminium alloy 6711 during conventional and microwave sintering; (b) optical micrographs images of 6711 
sintered conventionally at 6300C and (c) microwave furnace. Source: [93]. 
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development with hybrid microwave sintering of the steel-copper alloy 
(97 % Fe, 2 % Cu). Several other works [44,105,106] reported micro
wave sintering of iron powder with decreased process time and 
increased densification. 

The effects of microwave and conventional sintering on ferritic 
(434L) and austenitic (316L) stainless steel was investigated and ach
ieved [107]. When compared to conventional sintering a 90 % reduction 
in processing time was achieved at a slow heating rate (278 K/min) and 
isothermal holds at intermittent temperatures in a conventional furnace. 
The enhanced microwave sintering of different grades of stainless-steel 
powder has been reported by several other studies [108–115]. 

Demirskyi et al. [116] investigated sintering of pure Ni powder using 
a 6 KW multimode cavity operating at 2.45 GHz without susceptors. The 
results revealed an anomalous rate of sinter neck growth and the pro
duction of a liquid phase during microwave sintering. Several studies 
have reported microwave sintering of nickel composites such as nickel 
steel [104], versatile Ni–Zn ferrites [117–120], W–Ni–Fe alloys [121, 
122], and other nickel alloys [68,123–125]. 

Prabhu et al. [126] demonstrated the feasibility of microwave sin
tering of pure tungsten powder with average particle size of 5–7 μm 
using a 3 kW multimode microwave furnace with a process duration of 
6–7 h and a maximum power consumption of 20 kW. With 85 % green 
density, the sintered compact achieved 93 % of the theoretical density. 
Wang et al. [127] achieved microwave sintering of tungsten at a 
comparatively low temperature of (1673–1773 K) in a relatively short 
period (30 min) while also achieving a relatively higher density of 93.5 
% with ball milled micrometre (3 μm) and nanoscale (20–100 nm) 

powders. They introduced some impurities into the W powder, such as 
Fe and Cr, during the ball milling process. Improved microstructural and 
mechanical characteristics of microwave-sintered WC/Co composites 
were reported by several research [35,128]. 

Several efforts have been undertaken to investigate the effect of re
inforcements on the mechanical and microstructural behaviour of 
magnesium [129–131]. The pioneering work in this field [132–134] 
research on the hybrid microwave sintering of pure magnesium powders 
and investigated the effect of reinforcements on the mechanical and 
microstructural behaviour of magnesium. It was shown that the hybrid 
microwave sintering using SiC susceptors significantly reduced the sin
tering time by up to 85 %, and improved hardness and tensile properties 
over conventionally sintered magnesium. Sethi et al. [135] investigated 
the process of sintering bronze Cu–12Sn in a protected environment 
using microwave and convection heating. Results revealed that micro
wave sintering of bronze powder reduced processing time by more than 
50 %. Another significant difference is that premixed bronze compacts 
“swell” at high temperatures (1048 K) during conventional sintering, 
but no swelling occurs during microwave sintering of premixed and 
pre-alloyed compacts. Swelling is a common phenomenon in traditional 
powder metallurgy processes that opposes sintering, resulting in 
de-densification and irregular porosity evolution [136]. Swelling in 
ceramic systems such as Al2O3 or ZnO is caused by the escape of gas 
trapped in the green compact when the inner pressure exceeds the sin
tering force [137]. 

Sato [138] experimentally investigated the heating processes of ti
tanium and titanium oxide powder during microwave heating from the 

Fig. 6. (a) Effect of different particle sizes on the heating performance of Cu compacts in a microwave furnace, (b) Effect of changing the initial porosity on the 
heating behaviour of Cu compact. Source: [27], (c) Temperature profiles of microwave sintering of copper using multimode and single mode applicator; (c) 
Densification kinetics of copper samples heated by single-mode and multi-mode microwaves cavity. Source: [98]. 
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perspective of the interaction between the magnetization of the material 
and the microwaves. They found that loose Ti (99.5 % pure, 50 μm) 
powder responded weakly to pure microwave radiation when exposed to 
a single mode applicator with 300 W output. The temperature of pure Ti 
did not rise above 473 K after 2 min of exposure to either the E or H field, 
but TiO was quickly heated to 1223 K in the E-field within 10 s. The poor 
response of Ti powder to microwaves was attributed to its para
magnetism. A similar observation was made when Ti powder was heated 
in a multimode 2.45 GHz microwave applicator at 1000 W for 60 s 
[139], as the temperature scarcely increased from 293 K to 313 K. Luo 
et al. [140,141] attempted microwave sintering of pure Ti particles 
using susceptors. The hybrid microwave heating with the surrounding 
SiC or MoSi2 susceptor increased the heating of Ti powders to 1473 K in 
less than 90 min at 0.3–0.8 kW input power and achieved sintered 
density of 96.3 % of theoretical density. Several publications reported 
that the use of a susceptor can significantly enhance the heating and 
sintering effectiveness of Ti-based powders, as well as provide a steady 
and controlled heating process [142–145]. Nivedhita et al. [146] 
demonstrated that adding Ni (150 μm, 99 % purity) to TiC(325 μm, 99 % 
purity) increased density at comparatively low temperatures (1200 ◦C). 
Recently, there has been a growing interest in using nonconventional 
synthesis methods, particularly microwave heating, in the development 
of thermoelectric and magnetic materials for energy-related applications 
[3,147–149]. Thermoelectric materials can transform waste heat into 
useable electricity, contributing to energy savings and efficiency. Pro
ducing thermoelectric metals like TiNiSn and TiCoSb poses challenges 
because of their different melting points lead to with microstructure and 
phase purity in conventional preparation methods. Microwave heating 
has been demonstrated as a successful rapid and energy-efficient 
approach that overcomes incompatibilities related to microstructure 
and phase purity [150]. 

3.2. Microwave melting and casting applications 

The use of microwave-assisted heating systems has demonstrated 
potential in the processes of melting and casting metals and metal alloy 
materials [21,151]. Metals such as uranium, titanium, aluminium, 
steels, copper, bronze and other metals and alloys with varying volumes 
and masses ranging from a few kilogrammes to 350 kg have been melted 
using susceptors [152,153]. Chandrasekaran et al. [154] reported 
melting of a small quantity of various metal powders (including tin, 
lead, aluminium and copper) in a graphite crucible using a 1.3 kW 
multimode microwave furnace and a SiC susceptor. In comparison to 
conventional furnaces, microwave melting was found to be twice as fast, 
use less energy, and was safer to operate. Mishra et al. [155,156] 
developed a method of in situ casting of metal using an industrial 
multimode microwave oven with a power of 1.4 kW and a frequency of 
2.45 GHz. The setup was constructed using materials that interact well 
with microwaves, including a pouring basin with a SiC susceptor, an 
alumina sprue, and a two-piece graphite mould. The setup melted a 

100g cylindrical piece of aluminium 7079 alloy in only 8 min and 45 s. 
Xu et al. [157] melted copper powder of various sizes using microwave 
power in the absence of susceptor materials. Several studies investigated 
the feasibility of microwave melting of bulk metallic materials, and it 
has been suggested that this method is more efficient than other con
ventional methods [156,158]. Sun et al. [159] experimented the effect 
of microwaves on liquid and found that microwave irradiation did not 
heat molten metals. 

3.3. Non-wetting of microwave susceptible ceramics in microwave metal 
processing 

For melting and casting metals using microwave susceptible ceramic 
(MWSC) containments should possess a non-wetting (NW) quality, 
which indicates that the MWSC does not react with the molten metal. It 
is essential that the MWSC has this characteristic to successfully cast the 
metal object without alteration, deterioration, or contamination of the 
metal being processed. Conversely, it is undesirable if for MWSC’s to be 
weakened over time due to its interaction with the metal. The intrinsic 
ability of a non-reactive liquid to wet a smooth chemically homogeneous 
surface is quantified by the value of Young’s contact angle ϴy, which is a 
characteristic of a solid-liquid-vapour system. Fig. 7 shows the rela
tionship between contact angle ϴy and liquid wettability. 

The contact angle (θY) between a liquid metal and a solid surface is a 
measure of the wetting behaviour of the liquid metal on the surface. 
When the contact angle is greater than 90◦, it indicates that the liquid 
metal does not wet the surface well and has weak physical bonding with 
it. In contrast, a contact angle less than 90◦ indicates that the liquid 
metal wets the surface well and has strong chemical bonding with it 
[161]. In microwave metal casting, a high contact angle (θY ≫ 90◦) or 
non-wettability is necessary to indicate that the metal does not react 
with the mould surface. Tables 3 and 4 shows the wettability of molten 
metal-MWSCs for various ceramic materials. Tables include information 
on the Young’s contact angle (if available) and the temperature at which 
the observation was made. However, some references only provide a 
qualitative indication of wettability or non-wettability. 

Fig. 8 is a plot of microwave energy susceptibility plotted against 
metal wettability of the given metal with the given MWSC taken from 
Tables 3 and 4 The plot does not identify the microwave frequency or 
energy output and therefore serves a general guide and indication of the 
overall behaviour and selection of Metal-MWSC pairs that may be useful 
in metal processing. Note that some MWSCs do not absorb microwave 
power at low temperatures but become so at higher temperatures. Fig. 8 
shows up to 40 possible matching candidates, however, the results 
shown are not exhaustive. 

3.4. Microwave cladding and coating applications 

Cladding is a process in which a layer of metal powder is deposited 
onto the surface of a substrate material by partially melting the substrate 

Fig. 7. Definition of contact angle in respect of a liquid metal and solid ceramic. Source: adapted from Ref. [160].  
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Table 3 
MWSC ceramic materials and their wettability by various molten metals.  

Microwave Susceptible Ceramic (MWSCs) Materials  

Silicon Carbide (SiC) Zirconia (ZrO2) Yttria Stabilized Zirconia (YSZ) Alumina (Al2O3) Aluminium Nitride (AlN) 

Metal Wettability Contact angle (deg) Ref Wettability Contact angle 
(deg) 

Ref Wettability Contact angle 
(deg) 

Ref Wettability Contact angle 
(deg) 

Ref Wettability Contact angle 
(deg) 

Ref 

Ni Yes 12.2 at 1013 K [161] Non 90 at 1744 K [162] Non 122.33 at 
1740K 

[163] yes 11.6 at 1013 K [164] Non >90 at 1744 K [165] 

Sn Non 165 at 1473K [166] Non >100 at 1546 K [167] Non >140 at 973 K [168] yes 60 at 1213 K [169] Non × [170] 
Al Non 134 at 1073 K [171, 

172] 
Non 
Yes 

110 at 973 K 
55 at 1373 K 

[161] Non 145 at 1173K [167] Non 126 at 953K [173] Non 102 [173] 

Ga × × × Non 160 [162] × × × × × × × × ×

In Non 130 [174] Non 125 [162] × × × Non 124 [174] × × ×

Ag Non 140 at 1223K [175] Non 126 [162] Non 135 at 1273K [167] Non 144 [174] Non × [176] 
Au Non 150–110 at 

(1336–1703) K 
[166] Non 125 at 1423 K [162] Non >90 [177] Non 138 [174] Non 130 [176] 

Si Yes 54–30 at (1673–1773) 
K 

[166] Non 125 at 703 K [162] × × × Yes 86 at 1693K [178] Yes 40 at 1683 K [179] 

Ge Yes 42 at 1473 K [166] Non 95 at 1273 K [162] × × × × × × × × ×

Co Yes 63 at 1803K [166] Non 105 at 1773 K [162] × × × Non 114 [174] × × ×

Fe Yes 50 at 1633K [175] Non 93 at 1823 K [162] × × × Non 141 [174] × × ×

Ti Yes <40 at 1773 K [166] Non 103 [180] Non 170 at 1973K [181] Yes <90 [182] Yes 80 [179] 
V    Yes 65 [162]          
Cu Non 165 at 1723 K [166] Non 130 at 1373 K [162] non 122 at 1473K [163] Non 120 at 1523K [175] Non × [179] 
Pd × × × Non 98 at 1833 K [182] × × × × × × × × ×

Pt × × × Non 93 at 2073 K [182] × × × × × × × × ×

Rh × × × Non 105 at 473 K [182] × × × × × × × × ×

Notes to Table 3. 
*Unavailable or unclear values have been presented as “ × ”. 
“Non” means non or low wettability or implies reactivity. 
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and entirely melting the selectively added powder on the substrate. In 
metallurgy, cladding is used to create coatings with minimal dilution of 
the substrate or base material that improve the durability and perfor
mance of parts and components, as well as to repair damaged or worn 
surfaces [187]. Metal cladding has a wide range of applications, 
including aerospace, automotive, oil and gas engineering, electronics 
industries, and agricultural applications [188,189]. There are numerous 
surface engineering techniques for creating surfaces with specific 
properties, notably thermal spraying, tungsten inert gas (TIG) cladding, 
and laser cladding, which can be used for both practical and competitive 

purposes. Laser cladding is the most adopted method, in which a laser 
beam is used to melt a coating material onto a substrate. The coating 
material is normally in the form of a powder or wire, and the laser beam 
melts the material onto the surface of the substrate, forming a metal
lurgical bond. Despite its advantages, laser cladding has some draw
backs such as its high installation and operating costs, as well as the 
development of thermal residual stresses caused by localized thermal 
distortion [190]. 

Gupta et al. [187,191–196] developed microwave cladding process 
and the characterisation of the resulting composites using microwave 
hybrid heating to produce Cu and Ni-based powder (EWAC) coatings on 
austenitic stainless-steel substrate. Microwave cladding process was 
carried out using a domestic multimode microwave with a power output 
of 900 W at a frequency of 2.45 GHz for 360 s. The EWAC powder was 
first dried out by heating it in a conventional furnace for 24 h. The 
powder was then manually applied to a stainless steel-316 substrate 
with a relatively consistent thickness (1 mm). To heat the powder, the 
hybrid heating technique was used, which involved placing a susceptor 
(charcoal powder) on top of the cladding powder separated by a 
graphite sheet. Fig. 9 illustrates the concept of cladding process using 
microwave power. The microstructure and mechanical characteristics of 
developed clads were analysed through several techniques, including 
field emission scanning electron microscope (FE-SEM), energy disper
sive X-ray spectroscope (EDS), X-ray diffraction (XRD) and Vicker’s 
micro-hardness measurement [190]. The microstructure properties of 
microwave cladded metal parts can vary depending on the cladding 
materials used and the cladding process parameters. The results showed 
that, despite the presence of limited micro pores (<1 %), the microwave 
cladding produced a fine-grained structure and desirable properties such 

Table 4 
Metal-MWSCs wettabilities for BN, TiC, and TiB2.   

Metals 
Microwave Susceptible Ceramic (MWSCs) Materials 

BN TiC TiB2
a 

Al Non (133◦ at 1373K) 
[183] 

Non (118◦ at 973 
K◦C) [184] 

Non (95◦ at 973 K) 
[185] 

Ag X Non 125◦ at 1263 K 
[176] 

X 

Ag–Ti 
Alloy 

Hi Reactivity of the Ti 
[186] 

X X 

Cu X Non 130◦ at 1373 K 
[176] 

X 

Notes to Table 4. 
*Unavailable or unclear values have been presented as “ × ”. 
“Non” means non wettability or low wettability, (or reactivity). 
Contact angle θY shown if known and reported. 

a Titanium Diboride (TiB2) is an electrically conducting ceramic and can be 
machined using electron discharge machining (EDM). 

Fig. 8. Compilation of data on microwave energy susceptibility (as log Tan δ) against metal wettability as Contact Angle ϴY for the given MWSC-Metal pair at 
nominally low temperatures (open triangles) and high temperatures (open circles). Tan δ data plotted as logarithm purely for data presentation. References in 
Table 3. Key to the Metal-NW-MWSC pairs [1]: Ti – YSZ (8mol %) [2]; Ge – YSZ (8mol %) [3]; Fe – YSZ (8mol %) [4]; Ga – Zirconia [5,6]; Al – Alumina [7]; In – 
Zirconia [8]; Ag Zirconia [9]; Au – Zirconia [10]; Al – Zirconia [11]; Co – Zirconia [12]; Si – Zirconia [13]; Rh – Zirconia [14]; Fe - YSZ [15]; Pt-Zirconia [16,17]; Cu 
− SiC [18]; Al–AlN [19]; Sn (solder) - AlN [20]; Cu–AlN [21]; Ag - AlN [22]; Ge-AlN [23]; Ni–AlN [24]; Al - Alumina [25]; Ga - Zirconia [26]; Cu - Zirconia [27]; In - 
Zirconia [28]; Al - Zirconia [29,30]; Al - Zirconia [31]; Si - Zirconia [32]; Co - Zirconia [33]; Rh -Zirconia [34,35]; Fe - YSZ [36]; Pt - Zirconia [37]; Ge - YSZ [38]; Pt - 
Zirconia [39]; Al–SiC [40]; Cu–SiC [41]; Ti – YSZ. Source: Authors. 
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as uniformity, density, and high micro-hardness on the stainless-steel 
substrate. 

Zafar et al. [198–201] demonstrated improved micro-hardness 
properties of the stainless steel 304 substrate through microwave clad
ding of Inconel-718 (nickel-chromium alloy) and WC-12Co (cermet 
based) clads using a domestic microwave applicator at 2.45 GHz and 
900 W. The microstructural analysis of the Inconel-718 clad revealed a 
good metallurgical bond with the partially molten substrate surface and 
no apparent interfacial cracking. 

Microwave hybrid heating method was used to explore the size effect 
of WC-12Co micrometric (MM) and nanometric (NM) clads on SS304 
substrate [201]. The NM WC-12Co microwave clad outperformed its 
micrometric counterpart in terms of wear resistance (54 % reduction in 
average weight loss). The improved sliding wear resistance of the NM 
microwave clads was attributed to the homogeneous distribution of the 
nano carbides and enhanced microhardness of the clad layer [202]. The 
enhanced microwave cladding of various configurations of Ni, WC, SiC, 
and Mo-based clads on various grades of stainless-steel substrate has also 
been investigated in several works [202–205]. 

3.5. Microwave drilling applications 

Drilling is a critical operation in many industries, such as 
manufacturing, construction, mining, and oil and gas, as it enables the 

creation of holes in different materials, including metal, wood, plastic, 
and concrete, to various sizes and depths. Research shows that drilling 
procedures can consume a significant portion (25 %) of manufacturing 
time, thus manufacturers are constantly seeking ways to improve dril
ling efficiency and accuracy [206]. Among the relatively new 
non-conventional techniques, various laser-based drilling methods have 
been claimed to be widely used in industry. While other 
non-conventional drilling methods such as Electro discharge machining 
(EDM), Spark assisted chemical engraving (SACE), Electron beam (EB), 
and ultrasonic vibration have also gained attention among researchers, 
laser-based drilling is particularly notable for its capacity to achieve 
high precision and high aspect ratio micro drilling applications. How
ever, laser-based drilling typically requires expensive solid-state laser 
sources, which can contribute to significant operation and maintenance 
costs [206]. Jerby et al. developed a non-conventional microwave drill 
that merged the precision and cleanliness of a laser drill with the 
affordability of a mechanical drill [207]. The microwave drilling 
method is based on the concept of Localised Microwave Heating (LMH), 
which concentrates microwave energy into a small hot spot, resulting in 
the formation of a thermal runaway within the material to be drilled 
[208]. The microwave drill schematic shown in Fig. 10 is essentially an 
open-end coaxial waveguide with a moveable centre electrode (tungsten 
rod) fed by an adjustable 1000 W, 2.45 GHz magnetron [207]. 
Open-ended coaxial applicators concentrate microwaves locally, and 

Fig. 9. (a) Schematic of microwave hybrid heating approach for cladding process, (b) SEM micrograph illustrating clad-substrate interface. Source: [197].  

Fig. 10. (a) Schematic illustrating the principle underlying the operation of a microwave drill. Source: adapted from Ref. [207].  
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because materials that are hotter tended to absorb microwaves more 
efficiently, this resulted in greater energy absorption in the subsurface. 
Consequently, the material softened or melted, and then the central 
electrode was inserted into the softened area to shape the hole’s 
boundary. Microwave drilling has been demonstrated for a variety of 
materials, including ceramics, glass, bone, concrete, basalt, silicon, and 
polymer [209–211]. For example 2-mm-diameter holes 2 cm deep were 
drilled in concrete in less than a minute each, able to create 1 mm 
diameter holes in ceramic and glass plates [212]. Jerby et al. [213] also 
demonstrated a solid-state microwave drill that operates at relatively 
low microwave power in the range 10–100 W. Small shallow holes were 
created (a few mm in diameter and depth) in various materials such as 
glass, ceramics, and basalt. George et al. [214] first reported microwave 
drilling of metal sheets. To create a hole, they employed a charcoal 
susceptor-based microwave hybrid heating approach. They concen
trated the microwaves at the tip of a metallic drill bit that was in contact 
with the workpiece via the charcoal susceptor. This caused the targeted 
area to soften. Then, a tungsten drill bit that was spring-loaded applied 
pressure to the softened area to create the hole’s boundaries. Al, Cu, and 
stainless-steel sheets were drilled to 1 mm thickness using a 2 mm 
diameter tungsten drill bit for 120, 150, and 240 s, respectively at 2.45 
GHz and 900 W. The performance of different drill bit and importance of 
selecting drill bit materials that can efficiently absorb and utilize mi
crowave energy for specific drilling applications were investigated 
[215]. Seven types of different drill bits were used, made of steel and 
copper for drilling holes in perspex (PMMA). The results showed that 
copper drill bits were more effective, with better hole quality and less 
tool wear compared to steel drill bits. Singh et al. attempted microwave 
drilling on galvanized steel and stainless steel sheets with thoriated 
tungsten as drilling tool in a domestic microwave at 700 W, 2.45 GHz 
[216]. The results revealed issues such as undercut, irregular, and 
overcut hole profiles in both sheets, attributed to non-uniform heat 
dissipation and tool wear. discussed microwave metal discharge-based 

microwave drilling of galvanized steel and stainless-steel sheets inside 
a domestic microwave applicator with a rated power of 700 W and a 
frequency of 2.45 GHz. Further study is needed for gaining a deeper 
understanding and enhancing precision in microwave drilling processes 
to achieve improved accuracy and repeatability. 

3.6. Microwave joining applications 

Microwave joining of metal, also known as microwave welding, is an 
alternative to traditional welding methods such as arc welding or 
resistance welding. A wide range of materials, including polymers, ce
ramics, different grades of steel, copper in various shapes and forms, and 
interface material in the form of powder slurry, have been investigated 
for their potential in joining using microwave energy [21,217–221]. 
Microwave joining of dissimilar metals is difficult to achieve using 
conventional welding methods [222]. Srinath et al. [223] reported mi
crowave joining of bulk copper plate by using copper powder (5 μm) 
mixed with epoxy resin (slurry) as the joining medium. Subsequently, 
they used the same microwave hybrid heating setup with a charcoal 
susceptor to successfully join stainless steel-316 plates with a 
nickel-based powder slurry in 390 s [224]. Inconel-625 alloy was joined 
in 21 min and join Inconel-625 plates with Inconel-625 powder slurry in 
21 min [225,226]. Many successful joints have been made between 
metals and alloy through microwave hybrid techniques using variety of 
susceptor and filler materials [225,227–232]. 

3.7. Microwave additive manufacturing and 3D printing applications 

Microwave power has potential in additive manufacturing (AM) and 
3D printing of metals and their alloys. Traditionally in metal additive 
manufacturing, a high-powered laser or an electron beam is employed as 
the heat source, fusing and sintering the metal powder layer by layer to 
make a solid 3D object [233]. E. Jerby et al. [234] first demonstrated the 

Fig. 11. (a) Schematic of 3D printing process, (b) Photo of sintered 3D printed scaffolds with varied microchannel, (c) Strength comparison of scaffolds sintered at 
1250 ◦C in conventional and microwave furnaces, (d) SEM images depict the surface morphology of sintered scaffolds. Source: [238]. 
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feasibility of incremental solidification of metal powders for AM of 3D 
structures using a localized microwave heating technique. The process 
involved depositing bronze-based metal powder with a fine grain size 
onto a substrate, similar to the approach used in laser-based rapid pro
totyping systems. However, instead of a laser, a coaxial applicator 
powered by magnetron-based generator at 2.45 GHz at 1 kW was used to 
heat and melt the powder. 

Shelef and E. Jerby et al. [235] also reported a method for micro
wave heating of small batches of ferromagnetic metal powders in a 
contactless magnetic confinement for AM purposes. An external mag
netic field (3 mT) was used to retain the iron-based compacted powders 
in the form of a voxel within the microwave chamber. Each voxel was 
transformed into a molten state through plasma discharge caused by 
2.45 GHz, 1 kW microwave radiation, subsequently solidified into a 
bead and gradually merged with the previously formed structure. 

Subsequently, Shelev and Jerby [236] demonstrated the feasibility of 
using a solid state microwave system for melting and incremental so
lidification of metal powder for additive manufacturing. This method 
was subsequently demonstrated for sequentially melting and solidifying 
metal powder using a lateral scanning approach [237]. Overall, the 
microstructure and mechanical characteristics of this processing method 
showed comparable density and hardness compared to laser-based AM 
techniques. 

Some 3D printing processes use binders to form the green parts of 3D 
printed objects. Microwave heating has been found to be a faster and 
more efficient method of removing the binder than traditional binder 
removal methods, such as thermal debinding or solvent extraction [238, 
239]. M Salehi et al. [240] demonstrated the use of microwave sintering 
to densify centimetre-scale Mg-based alloys for binder less 3D printing 
applications. Findings showed that the duration of the binder removal 
and sintering was shortened three-fold compared to conventional sin
tering [240,241]. Tarafder et al. [242,243] reported microwave sinter
ing increased the mechanical strength of 3D printed porous tricalcium 
phosphate scaffolds shown in Fig. 11 (b). The 3D printed scaffolds with 
500 μm green porosity were sintered at 12500C in microwave and 
conventional furnaces. Microwave sintering achieved a considerable 
improvement in porosity of 400 μm pores in the scaffolds after sintering 
as well as increase in compressive strength 11 ± 1.3 MPa, which is be
tween 46 % and 69 % higher than conventional sintering shown in 
Fig. 11 (c) [242]. Li et al. [244–246] developed 3D printing technique in 
which microwaves were utilised to heat metal-like continuous carbon 
fibre. They designed a coaxial resonant microwave applicator that 
melted carbon fibre while simultaneously increasing its mechanical 
strength. 

4. Current challenges, issues, and future scope in microwave 
metal processing 

Incorporating alternative technologies into industrial processes is 
vital for addressing environmental challenges and facilitating the tran
sition towards a more sustainable future. The use of microwave heating 
as an alternative to conventional heating in metallic material processing 
has benefits such as ease of processing, reduction of processing time and 
energy savings, and improved quality of the processed parts. Although 
there are several essential benefits associated with utilizing microwave 
heating in the processing of metallic materials, there are also certain 
challenges and issues that must be studied and resolved to extend its use 
to a wider array of applications. The primary challenges related to mi
crowave processing of metallic materials are establishing the geometry 
of the power supply and tuning system, establishing a stable microwave 
power supply, preventing microwave reflection and impedance match
ing, temperature control, plasma formation and thermal runaway, ma
terial handling with varying electromagnetic properties, equipment 
design and scaling up of microwave-based processes. 

4.1. Establishing stable microwave power supply 

Despite the numerous publications and arguments supporting the 
positive effects of microwave technology, the industrial and 
manufacturing sectors remain hesitant to adopt it as an alternative 
technology. The reluctance stems from the need for convincing evidence 
of efficient and stable energy transfer ensuring the highest levels of 
performance, reproducibility, and reliability in the final product. 
Achieving an efficient microwave transfer system necessitates a 
comprehensive understanding of microwave physics, power supply 
design and architecture, tuning, collimation, system geometry, as well as 
the precise delivery and control of power. The operation and challenges 
associated with microwave equipment commence with the generation of 
microwave power. There are two distinct technologies for microwave 
generation: magnetron and solid-state generators, each presenting 
unique difficulties. The generation of microwave radiation relies on a 
high-voltage power supply and a power converter necessary to elevate 
the mains supply voltage to levels required by the magnetron. Achieving 
precision and stability in the power converter is challenging due to 
inherent frequency harmonics, external factors such as temperature 
variations, and power supply fluctuations contributing to frequency 
instability. Attaining precise control over the output power and fre
quency of a magnetron also poses challenges. Magnetrons can generate 
significant heat during operation leading to energy loss. Efficient cooling 
is essential to prevent overheating and ensure optimal performance, 
introducing complexity and increasing the overall cost of system. A 2.45 
GHz magnetron of high quality can have an electrical efficiency of 
approximately 70 % and at 915 MHz can achieve around 90 % [247]. 
Practically, generating a 5-kW microwave output power at 2.45 GHz 
would necessitate ~7.04 kW of grid electrical power. Alternatively, 
solid-state microwave generators that rely on semiconductor-based 
power amplifier technology offer notable advantages over conven
tional magnetron-based systems, including precise control over fre
quency, phase shift capabilities, and enhanced power combining. While 
solid-state technology presents new opportunities, it also poses chal
lenges such as maintaining consistent frequency and controlling relative 
phase among sources. The complexity of RF circuits and materials 
contributes to a higher cost two to four times per watt compared to 
magnetron-based units, and achieving higher output microwave power 
remains a challenge; currently, the maximum output of a single unit is 1 
kW at 2.45 GHz with power efficiencies ranging from 30 % to 60 %. 

4.2. Microwave transmission and impedance mismatch 

Ensuring efficient microwave power transfer to the sample load is 
crucial for process energy efficiency and safety. Challenges in micro
wave transmission involve maintaining efficient and loss-free power 
transfer, addressing material considerations in commonly used wave
guides and coaxial cables (primary MW transmission lines) to handle 
power losses, and addressing safety concerns associated with reflected 
power. According to transmission line theory, the maximum power 
dissipated in the load material occurs when the impedance of the load 
material being processed and that of the cavity wall equals the imped
ance of the source (generator), otherwise there will be reflected power, 
Pr. Measurement and control of Pr are critical for the safe and efficient 
operation of microwaves, where the difference between forward power 
(Pf) and reflected power (Pr) offers an estimate of the power absorbed by 
the load. The reflection coefficient (RL) is a commonly used parameter 
for analysing microwave absorption properties of load and measuring 
the amount of microwave energy reflected from the load. The reflection 
coefficient can be determined using the following equations [248]: 

Zin =Z0
̅̅̅̅̅̅̅̅̅̅
μr/εr

√
tanh

[
j(2πfd / c) ̅̅̅̅̅̅̅̅μrεr

√ ]
(23)  

F. Hossain et al.                                                                                                                                                                                                                                 



Renewable and Sustainable Energy Reviews 202 (2024) 114650

18

RL(dB)=20 log
⃒
⃒
⃒
⃒
Zin − Z0

Zin + Z0

⃒
⃒
⃒
⃒ (24)  

Where, Zin is the impedance of the sample load, Z0 is the impedance of 
free space (wave guide), μr and εr are relative complex permeability and 
relative complex permittivity respectively, f is the operating frequency, 
d is the thickness of the sample and c is the velocity of light in vacuum. 
According to the preceding equations, the reflection coefficient is lowest 
and power transmission is maximum when the impedance of the load 
and cavity are equal to the characteristic impedance of the waveguide. 
The impedance of the load is influenced by various factors, including 
dielectric loss and magnetic loss, which are temperature dependent. This 
can make impedance matching challenging, especially in microwave 
processing of magnetic metallic materials where the magnetic loss 
changes with temperature and may not be known beforehand. To 
address this challenge adaptive matching networks known as auto 
tuners can adjust and match transmission line network parameters in 
real-time to maintain optimal impedance matching as the load imped
ance changes [249,250]. Optimizing Pr whether through manual or 
automatic impedance systems, is crucial from the early stages of 
research to ensure dependable laboratory results and accurate assess
ments of power requirements and equipment costs during scale-up. 
Reflected power can lead to issues such as arcing, operational insta
bility, and irreversible damage to the microwave source. To absorb re
flected power devices like circulators or isolators (three port passive MW 
component) are used that are connected to a separate "dummy" load, 
typically water circulation). 

4.3. Temperature control and measurement during microwave processing 

Accurate temperature readings are an essential process parameter in 
microwave processing of metals. Temperature readings during micro
wave heating may not be precise or accurate, which is one of the key 
objections and debate surrounding microwave efficiency as compared to 
conventional methods. This is because the nature of standard tempera
ture measurement equipment poses challenges in microwave processing 
of metals and metal alloy materials. In addition, the temperature of the 
load can vary dynamically and rapidly. For instance, inserting a con
ventional mercury thermocouple inside a microwave applicator can 
disturb the field pattern, absorb some microwave and result in an 
electric discharge that can damage the thermocouple and lead to inac
curate temperature measurement [251,252]. An alternative to the 
thermocouple is the pyrometer or IR sensor, which is often used in mi
crowave processing to measure temperature by detecting the amount of 
infrared radiation emitted by the object. The major disadvantage of IR 
sensors is that they measure the external temperature of the sample load, 
typically at the coldest spot due to exposure to air cooling. This char
acteristic can result in measurement errors, especially when the load 
undergoes rapid heating or has short processing times. The discrep
ancies in temperature readings between IR sensors and alternative 
methods can contribute to misunderstandings regarding microwave ef
fects and hinder effective process control. The measuring range of IR 
sensors typically spans from − 40 to +2000 ◦C. Relying solely on IR 
sensors can lead to misinterpretations, as they might register lower or 
higher temperatures compared to other measurement methods. This 
discrepancy can be attributed to environmental factors such as dust, 
smoke, or other particles, humidity, emissivity variations, the 
distance-to-target ratio, and the condition of the target surface. Fibre 
optic sensors provide a widely used but cost-intensive method for tem
perature measurement in the microwave field. Despite their precision, 
fibre optic sensors have limitations. They operate within a narrower 
range of 0–330 ◦C and exhibit permanent aging phenomena above 
250 ◦C after a few hours [253]. Mechanical stress can significantly 
impact their sensitivity, and the use of plastics during fabrication may 
contribute to lower temperature resistance. However, there are 
specialized fibre-like single-crystal fibre for example Fiber Bragg Grating 

(FBG) Sensors can typically measure temperatures around 1000 ◦C; 
GaAs-based sensors can operate in higher temperature ranges about 
1200 ◦C and Sapphire-based sensors can withstand very high tempera
tures, often reaching 1600 ◦C can be used for high temperature appli
cations although they may be more expensive [254,255]. Recently, a 
new type of thermometer called the "air-thermometer" has been devel
oped to overcome the limitations of traditional thermometers during 
microwave heating [256]. The air-thermometer consists of microwave 
transparent quartz tubes and is based on the principle of gas expansion 
due to temperature change. When a gas is heated, it expands, and its 
pressure increases. By measuring the pressure change, the temperature 
of the gas can be determined. 

4.4. Plasma formation and thermal runaway 

The formation of plasma or hot spots and thermal runaways is one of 
the most critical challenges and a major topic of discussion for micro
wave processing of metals and metal alloy materials. Hot spots are 
localised areas of very high temperature that can arise mainly because of 
uneven heating [8]. These hotspots can induce thermal runaway, which 
is a self-reinforcing cycle of heating that might result in localised 
melting, vaporisation, or damage containment and load. In most appli
cations, hotspots are undesirable and a sign of inefficient or improper 
operation, except for some applications like microwave drilling and 3D 
printing where hotspot caused by plasma formation is an essential part 
of the process. Plasma formation is undesirable for applications such as 
sintering, but it is more common when working with metallic powder. 
The plasma causes an uncontrollable temperature in the sample, 
affecting product quality and making the process less reproducible, as 
the level of plasma formation can be difficult to precisely control. On the 
other hand, plasma formation may be one of the key processes that leads 
to rapid internal heating and is therefore not a priori a negative. 

4.5. Challenges in material handling, equipment design and scaling up 

Another issue that arises during the microwave processing of 
metallic materials is their affinity for oxygen, which results in the 
development of oxides and changes in the electromagnetic properties of 
the metallic composite with temperature. Metal oxides have been found 
to be effective microwave absorbers because of their dielectric charac
teristics, which enable them to heat up more rapidly compared to 
metallic materials resulting to nonuniform heating and poor product 
quality [257–259]. However, for metals such as Ti the oxidation process 
led to an increase in the melting point by stabilizing their phase [260]. 
This can be problematic because it requires more energy to achieve the 
melting temperature of the material, which can prolong processing 
times and lead to energy wastage. To minimize oxidation during mi
crowave processing, one technique is to fill the microwave applicator 
cavity with inert gases, such as argon and nitrogen. Nevertheless, it is 
important to select the appropriate gas composition and pressure. For 
example, Nitrogen is commonly used when processing non-reactive 
metals, while argon is preferred when working with metals such as ti
tanium or aluminium [261]. 

Microwave processing of metals and metal alloy materials has been 
primarily limited to laboratory-scale and batch processes, with limited 
practical applications (metal melting) in larger-scale industrial pro
cesses [262,263]. One of the main challenges in scaling up microwave 
processing of metals and metal alloy materials is ensuring the same 
temperature profile occurs in both laboratory-scale and industrial-scale 
processes. Some characteristics of microwave equipment have probably 
impeded its broader adoption by industrial processes. A single mode 
applicator, for example, is constrained in size to the range of one 
wavelength, has a limited use in industry due to the small processing 
volume where the electrical field can be suitably applied, but has been 
very beneficial for drilling and 3D printing applications. A multimode 
system uses microwaves at a specific frequency to excite resonant modes 
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that create areas of high and low electric fields within the cavity. Due to 
the non-homogeneous distribution of electromagnetic fields inside the 
applicator, it is very challenging to attain consistent heating across large 
volumes of material. Variable frequency microwaves (VFM) have been 
shown to have several advantages in food processing and polymer pro
cessing over traditional fixed-frequency microwaves in terms of 
providing time-averaged heating, uniform and selective heating over a 
large volume and eliminating hot spots and arcing problems [19,264, 
265]. Through a coordinated effort from researchers, engineers, and 
manufacturers, these benefits of VFM can be realised for microwave 
processing of metallic materials. Scaling up from lab to large scale in
volves several unknowns and many uncertainties. Process simulation is a 
valuable tool for addressing the uncertainties and challenges associated 
with scaling up microwave thermal processing and can help to ensure 
that the process is efficient, effective, and cost-effective. 

A crucial aspect in adopting new technology involves gradual 
scaling, moving from pilot plant testing to full-scale production. This 
ensures thorough evaluation and optimization for seamless integration 
into large-scale industrial processes. The future of microwave processing 
of metal-based materials presents a multifaceted landscape, involving 
intricate challenges and promising opportunities. Successful microwave 
metal processing necessitates a comprehensive understanding of various 
complex issues, ranging from metal-microwave interactions to efficient 
power delivery and stability. The overarching goal is not merely to heat 
or melt metals but to develop a low-cost, energy-efficient technology for 
processing and producing metal products. The adaptability of micro
wave technology to specific end-user interests while maintaining effi
ciency, energy efficiency, and sustainability stands out as a real strength. 
The ability to develop bespoke flexible systems with application-specific 
configurations ensures that the technology is not only versatile but also 
optimally suited for diverse industrial needs, making it a promising 
avenue for the future of sustainable and efficient metal processing. 
Therefore, it is important to carefully consider auxiliary materials 
including hybrid susceptors, containment ceramic properties and insu
lation. Addressing challenges to industrial implementation of this 
technology necessitates further research through interdisciplinary col
laborations, which integrates expertise from diverse fields, allows re
searchers to adopt a comprehensive approach to enhance microwave 
technology. Numerical simulations can play a crucial role in modelling 
and comprehending complex processes providing insights that guide 
further advancements. 

5. Conclusions 

This review highlights selected research findings in the realm of 
microwave processing of metals, metal powders and alloys. In general, 
microwave power can be used to efficiently heat most metal powders, 
while it has become a viable solution for both synthesis and processing 
metals and metal alloy materials. Microwave processing of metals 
composites offers several advantages over conventional methods, 
including rapid heating rates, uniform heating, shorter processing times, 
energy savings and enhanced sustainability. Microwave processing has 
been successfully used to process a variety of metals and metal alloy 
materials, including nanoparticles, alloys, composites, and coatings and 
has been shown to enhance the mechanical and metallurgical properties 
of processed parts over and above that achievable by conventional 
methods. However, optimizing microwave processing of metals and 
metal alloy materials is dependent on complex microwave physics and 
the interaction with these materials, especially powders, is an area that 
requires further research. In particular, microwave-metal powder in
teractions are only partially understood and then for only a few metals 
and have not been investigated at all for most metals. This is an area 
where advances are required. 

The primary factors that restrict widespread implementation of mi
crowave processing of metallic materials in industry are explored and 
the challenges involved in scaling-up the technology outlined. The 
characteristics of microwave power and applicator equipment that 
focusses power onto a load (e.g fixed frequency ranges, limited flexi
bility in applicator geometry and managing powere reflection) are 
limitations hindering broader adoption in industrial processing. 

In order to facilitate large-scale adoption and better control of these 
processes, various research directions have been proposed, such as using 
variable frequency microwave power, pulsed microwave power, opti
mization of load dimensions and scales, simulation and optimization of 
microwave process physics, development and employment of accurate 
thermal monitoring tools, and selecting appropriate susceptor and 
insulator materials. Finally, in the global context, where there is a 
growing need for more efficient and sustainable metal processing tech
niques that can produce high-quality products rapidly, on demand and 
with lower energy consumption, a schematic representation of the mi
crowave processing of metals and metal alloy materials shown in a V 
diagram (Fig. 12) might be a valuable resource. This diagram provides a 
conceptual overview of the approach and its potential benefits. 

Fig. 12. Microwave processing of metal and metal alloys materials summarized in a V diagram. Source: Author.  
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