
Analysis of microwave heating of copper powder compacts 

K.I. Rybakov a,*, M.M. Mahmoud b,c,1, G. Link d

a Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, 603950, Russia 
b Mechanical Engineering Department, College of Engineering and Physics, King Fahd University of Petroleum and Minerals, Dhahran, 31261, Saudi Arabia 
c Interdisciplinary Research Center for Advanced Materials, King Fahd University of Petroleum & Minerals, Dhahran, 31261, Saudi Arabia 
d Karlsruhe Institute of Technology, IHM, Kaiserstr. 12, 76131, Karlsruhe, Germany   

H I G H L I G H T S

• Microwave heating of copper powder with oxide film on the particles has been analyzed.
• The indicative thickness of the oxide film has been determined from resistivity data.
• The complex permittivity and permeability of the copper powder have been calculated.
• The efficiency of microwave absorption in the copper powder has been assessed.
• The microwave energy needed for the oxide decomposition reaction has been determined.
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A B S T R A C T

The influence of the native oxide films, which is essential for the understanding of the microwave heating of 
metal powder, is analyzed numerically based on the experimental data on temperature, dilatation and resistance 
of compacted copper powder samples. The indicative thickness of the oxide films, determined from the resistivity 
data using an effective medium approximation, is shown to decrease from ≥1 μm to below 1 nm. The effective 
complex dielectric permittivity and magnetic permeability of the copper powder with oxide films on the particles 
are calculated within the recently developed models. The dielectric permittivity exhibits a percolation behavior 
in the temperature range of the oxide decomposition, viz. 210–250 ◦C when microwave heating is carried out in 
nitrogen and 330–375 ◦C – in argon. The efficiency of absorption of the incident 30 GHz microwave radiation in 
a slab of powder is assessed separately for the electric and magnetic-type losses, the contribution of the latter 
being predominant until the percolation transition. The energy flux density of the incident microwave radiation 
required to sustain the prescribed heating rate is shown to increase during the microwave heating process from 
~20 W/cm2 to >1 kW/cm2 due to increasing reflection. The additional microwave energy input required for the 
completion of the endothermic oxide decomposition reaction is shown to be significant at the initial stage of the 
process (below 200 ◦C).   

1. Introduction

Microwave processing is a rapidly emerging manufacturing technol
ogy that has found new applications in various fields such as sintering, 
joining, casting, heat treatment, cladding, and drilling. This technology 
enhances mechanical and functional properties of materials, reduces 
defects, and offers economic advantages in power and time savings 
compared to other conventional processes. Microwave processing 

produces more uniform and homogeneous structures due to hybrid and 
selective heating. It has found wide application in the food processing 
industry and the manufacturing industry, with properties like control
lable electric field distribution, rapid heating, selective heat deposition, 
self-limiting reactions, and lower environmental impact [1,2]. 

Microwave sintering of powder materials has been attracting interest 
of researchers for several decades. In ceramics, it has been found that the 
use of microwave heating offers significant advantages from the 
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viewpoint of energy efficiency, process duration, and the properties of 
the final materials [3–5]. These advantages have been predominantly 
associated with the ability of ceramic materials to absorb microwave 
radiation volumetrically due to dielectric losses. In addition to ceramic 
materials, microwave sintering of powder metals has also been 
demonstrated, starting with a pioneering work by Roy et al. [6]. Since 
the beginning of the 21st century, there have been many reports of 
successful use of microwave heating for the sintering of a broad class of 
metals and metal-based composites (see, e.g., Refs. [7–13] for a review). 
Recent research in microwave processing of metals embraces, inter alia, 
an increasing use of microwave sintering for the fabrication of metal 
matrix composites [14–18], multiphysics simulations [19,20], and 
microwave-assisted additive manufacturing [21]. 

Copper is the metal that possesses the highest electrical conductivity. 
Therefore it has the largest reflection coefficient for the electromagnetic 
radiation, which makes its microwave sintering a difficult task. However, 
there have been a number of studies in which copper powders were sintered 
using microwave heating. Takayama et al. [22] observed an enhancement 
of the deoxidation reaction in copper powder compacts under microwave 
heating. Mondal et al. [23] studied the effect of copper particle size and the 
initial compaction density on the microwave heating and found that finer 
powders heat faster and reach higher temperatures, and that a lower initial 
density results in a higher heating rate. Zhu et al. [24] microwave sintered 
copper powder to a relative density of 97.3 % and demonstrated that the 
remaining pores concentrated at the edge rather than in the core of the 
sample. Saitou [25] demonstrated microwave-enhanced low-temperature 
shrinkage of the copper compacts, which was especially pronounced for 
fine powders, and determined that the activation energy for sintering was 
not changed, hence it was the preexponential factor that was responsible 
for the enhancement. Demirskii and Ragulya [26] investigated microwave 
sintering of a monolayer of copper particles and found a shift of the 
shrinkage curves towards low temperatures compared to conventional 
sintering, which suggested existence of a special mechanism of microwave 
influence resulting in an increase in the diffusivity. Kumar et al. [27] 
studied microwave sintering of a copper-based metal matrix composite and 
observed microwave-enhanced grain boundary diffusion and restricted 
grain coarsening. 

Purposely designed experiments have confirmed that microwave 
heating can be of a volumetric nature in metal powders [28]. The mi
crowave absorption in metal particles is primarily associated with eddy 
currents driven by the rotational electric field induced by the alternating 
magnetic component of the electromagnetic wave field [8,28,29]. In 
addition, Joule losses of the currents driven directly by the electric 
component of the field also contribute to absorption, especially at higher 
(millimeter-wave) frequencies [30]. 

Electromagnetic radiation is absorbed in a metal particle most effi
ciently when its size is on the order of the effective penetration depth 
(skin depth). For the microwave range, this corresponds to a particle size 
on the order of a micron. Therefore, efficient volumetric microwave 
absorption in metal powder compacts is only possible when the powder 
particles are electrically insulated from each other. Rybakov et al. [28] 
explained the experimentally observed volumetric microwave absorp
tion of metal powders by the presence of non-conductive oxide films on 
the surface of metal powder particles. Sueyoshi and Honbo [31] 
demonstrated experimentally that the presence of an oxide film on 
copper powder particles enhanced its microwave heating. Mahmoud 
et al. [32] showed that the native thin oxide films on copper metal 
particles formed under ambient handling conditions had a significant 
effect on the sintering behavior during high-frequency microwave sin
tering. In a recent study, Mostovshchikov et al. [33] observed a 
non-thermal influence of nanosecond microwave pulses on the proper
ties of the oxide films on metal particles, resulting in a decrease of the 
onset temperature of powder particles oxidation. 

There have been a number of studies aimed on direct investigation of 
oxide films by advanced experimental methods such as using small-angle 
X-ray scattering (SAXS) and simultaneous wide-angle X-ray scattering

(WAXS) measurements to investigate nanostructured and functionalized 
particles. Quick in situ simultaneous SAXS/WAXS measurements were 
done to measure different disperse particulate systems, such as powders 
and suspensions as well as aerosol nanoparticles [34]. The information 
that can be obtained by such methods includes crystal phases, determi
nation of crystal sizes, investigation of crystal phase transformation, 
determination of primary particle size and size distribution, agglomerate 
size, surface and mass fractal dimensions describing the roughness of 
particle surface and the 3D mass-fractal network structures, specific 
surface area and the thickness of diffuse boundary nanostructured layer 
on the particle surface. Furthermore, several types of copper oxide thin 
films (Cu2O, Cu4O3, and CuO) that were prepared using the reactive 
magnetron sputtering method were studied using Kelvin probe force 
microscopy (KPFM) and conductive AFM (C-AFM) [35] where different 
resistivity values were reported for the different oxides studied. The band 
gaps of Cu2O, Cu4O3, and CuO thin films were reported as 2.51 ± 0.02 eV, 
1.65 ± 0.1 eV, and 1.42 ± 0.01 eV, respectively, while the resistivity 
values were (3.7 ± 0.3) × 103 Ω cm, (1.1 ± 0.3) × 103 Ω cm, and (1.6 ±
0.6) × 101 Ω cm, respectively. Moreover, it was found that the Cu2O film 
with the largest resistivity had the largest band gap and the least Cu 
valence state, while the CuO film with the least resistivity had the smallest 
band gap and the largest Cu valence state. 

Other studies had used high-resolution transmission electron mi
croscopy (HRTEM) to investigate the effect of non-uniform copper oxide 
films formation on the surface of 10 μm-diameter Cu/SnAg microbumps 
due to copper surface diffusion, around several hundred nm thick. The 
study was done during tin whisker growth behavior investigation on 
microbumps under long-term compressive stress [36] where the weak 
spots of the copper oxide films were found to be a potential place for tin 
whisker growth. 

Copper oxide films produced via a controlled diode laser technique 
were characterized using different material characterization methods, 
including TEM, and compared with the film obtained using a thermal 
copper oxidation process at 300 ◦C in an infrared oven in normal at
mosphere [37]. It was observed that a mixture of Cu2O and CuO was 
obtained for all investigated samples, and uneven film thicknesses with 
different ratios of Cu2O to CuO were reported for both methods. 

In a recent study [38], thin oxide films on the surface of copper powder 
particles have been investigated using Auger electron spectroscopy (AES) 
measurements and dual beam focused ion beam scanning electron mi
croscope (FIB/SEM) system where a protective Pt coating with a special 
stage setup was used to determine the films thickness. The thin oxide films 
were inhomogeneously covering the copper particle surfaces while their 
thickness was strongly depending on the particle size. The film thickness 
was in the range from 22 to 67 nm for 10 μm average particle size (APS) 
copper particles to 850–1050 nm for the particles of <149 μm in diam
eter. In addition, copper oxide was also observed inside copper grains and 
along grain boundaries in smaller amount. 

The objective of this paper is to analyze the microwave heating 
process of copper powder compacts using the recently proposed models 
for the effective dielectric and magnetic properties of metal powder 
materials in the microwave range. It is important to mention that the 
samples used in the current study were the same powders in which the 
microwave sintering behavior of copper particles was investigated and 
characterized [32,38]. The results presented below provide information 
about the evolution of the oxide film on powder particles, the absorption 
of microwaves in the course of the sintering processes, and the propor
tion of the electric and magnetic-type losses in the overall absorption. 

2. Experiment

The microwave sintering experiments [32] were carried out on a 30
GHz gyrotron system for high-temperature microwave processing of 
materials where different experimental investigations on the sintering 
behavior of copper metal powders, commonly used in the production of 
machine components, were done. A commercial gas atomized spherical 
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copper powder from Alfa Aesar with a particle size of less than 149 μm 
was used for the preparation of the compacts analyzed in this study. More 
detailed specifications of this powder were given elsewhere [32,38]. The 
progress of the 30 GHz microwave sintering process of the cylindrical 
metal powder compacts, die-pressed under a 5 kN force to a diameter of 
~6.4 mm and a height of ~9.5 mm, was investigated at different types of 
processing gas environments: argon, nitrogen, and forming gas (8 % H2 +

92 % N2). The microwave sintering experiments were carried out at a 
heating rate of 10 ◦C/min to a maximum temperature of 1000 ◦C. The 
experiments combined both the in situ electrical resistance measurements 
using the four-wire method and the in situ dilatometry measurements 
using a modified dilatometer set-up for monitoring the microwave sin
tering kinetics as a function of temperature, as shown in Fig. 1. The effects 
of the processing atmosphere, the particle size and the initial green 
density of the compacts on the sintering behavior and densification ki
netics of the microwave sintered copper compacts were described else
where [32]. Table 1 lists the samples data such as particle size, gas used, 
green and final densities of the investigated samples. 

In the course of the experiments, the data on the temperature, 
shrinkage, and resistance of the samples were recorded with a time step 
of 5 s. Examples of such records are shown in Fig. 2. These data were 
used for the analysis described below. Note that an abnormal expansion 
of copper compacts was observed during the early stages of the micro
wave sintering process specifically under hydrogen containing gas at
mosphere (forming gas, 8 % H2 + 92 % N2). 

The structure and properties of the oxide films on copper powder 
particles were investigated by the following methods: Auger Electron 
Spectroscopy (AES), dual beam system combining a scanning electron 
microscope (SEM) and a focused ion beam (FIB) units together (FIB/SEM 
system), X-ray diffraction (XRD), and carrier gas hot extraction (CGHE) 
methods, where full details were published in the previous work [38]. The 
Cu metal particles under investigation were qualitatively characterized 
using AES measurements, resulting in a rough thickness estimation due to 
AES method limitation and electron beam induced reduction. The AES 
analysis was conducted using ultra-high voltage vacuum, 10 keV accel
erating voltage, 20 nA current, 24 nm beam size, and sample tilting angle. 
Depth profiles were also performed using argon ion beam for sputter
ing/etching, with the analysis conditions adapted for SiO2 standard. 

The XRD pattern characterization had revealed the typical face 
centred cubic (FCC) crystal structure of Cu metal with a lattice param
eter of 3.61500 Å and a space group of Fm-3m with no detection of any 
kind of Cu oxides peaks within the detection limit of XRD technique. 
XRD was performed on a Seifert C3000 powder diffractometer using 
CuKα radiation with 2θ scan range from 5 to 100◦. 

The quantitative characterization of the oxide film was achieved 
using the dual beam FIB-SEM system and CGHE method. The oxygen 
content of the as-received Cu powders was found to have a mean value of 
around 0.575 wt% with a detection limit of 0.006 wt% using CGHE. The 
CGHE measurement was done using a commercial oxygen/nitrogen 
analyzer TC600 (LECO). The analyzer was calibrated with the certified 
standard JK 47 and verified with a copper standard from ELTRA. The 
standards and samples were weighed with a mass range of 5–30 mg, 
with a weighing accuracy of ±0.002 mg, and placed in a high temper
ature graphite crucible for outgassing. The CO2 and CO gases were then 
swept out by helium as an inert gas carrier and measured via non- 
dispersive infrared photometry (NDIR). 

The thickness of the oxide film was quantitatively characterized with 
an improved accuracy using the dual beam FIB-SEM system. A novel 
setup was used in FIB/SEM measurements where Pt-coated Cu particles 
were sliced via in situ FIB sectioning at 0◦ stage tilt and directly followed 
by oxide film thickness characterization using SEM imaging at 36◦ stage 
tilt to avoid any stage tilt correction with best resolution when using 
different detection modes. The oxide film was found to be inhomoge
neously covering the particle surface, and its thickness strongly depen
ded on the particle size. The dual system’s working voltage conditions 
were: high voltage SEM 0.2 kV–30 kV and high-voltage FIB 0.2 kV–30 
kV, with electron beam resolutions of 1 nm at 15 and 30 kV. 

3. Theory

The experimental data recorded in the microwave sintering pro
cesses are analyzed below using a number of previously proposed 
theoretical models. 

The materials considered in this work are inhomogeneous, i.e., 
consisting of several phases: solid copper, solid copper oxide, and void 
space in the pores between the particles. The scale length of non- 
uniformities (nanometers to microns) is very small compared to most 
physical scale lengths that are relevant to the description of the 

Fig. 1. Schematic of the 30 GHz gyrotron microwave system showing in situ measurements of linear shrinkage in combination with resistance measurements, 
adapted from Ref. [32]. 

Table 1 
Particle size, gas used, green and final densities of the investigated samples.  

Sample 
ID 

Particle 
size 

Gas environment Green 
density 

Final 
density 

S1 <149  μm Forming gas (8 % H2 + 92 
% N2) 

78.7 % 83.3 % 

S2 <149  μm Nitrogen 76.0 % 79.8 % 
S3 <149  μm Argon 76.5 % 84.1 %  

K.I. Rybakov et al.



microwave heating process, such as the dimensions of the sample and 
the electromagnetic wavelength. In this case the effective macroscopic 
properties of an inhomogeneous material can be obtained by methods 
based on averaging. The effective properties are generally determined 
by the properties of each constituent material, their relative concen
tration, shape and size distributions of the particles, etc. For approximate 
description of the macroscopic properties of inhomogeneous materials, 
various models of host media with inclusions (also known as mixing 
laws) that allow analytical implementation of the averaging procedure 
have been proposed (see, e.g., Refs. [39,40]). Their applicability is 
determined experimentally, and usually it is limited to a certain range of 
the inclusion concentration. Among these models, widely used are the 
so-called effective medium approximations, originally proposed almost 
a century ago [41], in which all constituent materials are viewed as 
inclusions in the “effective” host medium with the originally unknown 
properties that are determined as a result of the averaging procedure. 

These models are symmetric with regard to all constituents and provide 
reasonable agreement to experiment in a broad range of their 
concentration. 

In this work, we use the effective medium models in which copper 
particles and void space are modeled as spherical inclusions, and the 
oxide film forms a spherical shell around each copper inclusion. The 
effective electrical conductivity of the compacted copper powder σeff is 
determined from the equation [42] 

2βσ2
eff +

[
βσg(3Cs 2)+ασi(1 3Cs)

]
σeff ασiσg = 0, (1)  

where Cs the relative concentration of solid (metal + oxide) in the 
porous material, α = (2σi + σm)(b/a)3

+ 2(σm σi), β = (2σi +

σm)(b/a)3
+ σi σm, a is the radius of metal powder particle without the 

oxide film, b is the outer radius of the powder particle with the oxide 
film, σm is the conductivity of metal, σi is the conductivity of the insu
lating oxide material (both conductivities are temperature-dependent), 
and σg is the conductivity of the gas contained in the pores. Based on 
Eq. (1), the indicative thickness of the oxide film can be determined from 
the in situ measurements of the resistance of the cylindrical compacted 
powder samples during the microwave sintering process. 

The equation for the effective complex dielectric permittivity εeff of 
the powder material described above is obtained from the model 
considering the wave structure of the electromagnetic field in the indi
vidual particles [30]. This model adequately describes good electrical 
conductors at higher microwave frequencies, such as copper at 30 GHz: 

2w1w2ε3
eff + [6Csεi(w2q7 w1q8) + (3Cs 2)w1w2 + 2(w1w4 + w2w3) ]ε2

eff

+[3Csεi(2w4q7 + w2q7 2w3q8 w1q8) + (3Cs 2)(w1w4 + w2w3)

+ 2w3w4 ]εeff

+ 3Csεi(w4q7 w3q8) + (3Cs 2)w3w4 = 0, (2)  

where

w1 = q9 +
εiq2q4 εcq1q5

εiq3q4 + εcq1q6
q10,

w2 =
εiq3q4 + εcq1q6

εiq2q4 εcq1q5
q9 + q10,

w3 = εi

(
εiq2q4 εcq1q5

εiq3q4 + εcq1q6
q8 q7

)

,

w4 = εi

(

q8
εiq3q4 + εcq1q6

εiq2q4 εcq1q5
q7

)

,

q1 =
km cos kma

a
sin kma

a2 ,

q2 =
ki cos kia

a
sin kia

a2 ,

q3 =
ki sin kia

a
+

cos kia
a2 ,

q4 =
k2

m sin kma
a

+
km cos kma

a2
sin kma

a3 ,

q5 =
k2

i sin kia
a

+
ki cos kia

a2
sin kia

a3 ,

q6 =
k2

i cos kia
a

ki sin kia
a2

cos kia
a3 ,

q7 =
ki cos kib

b2
sin kib

b3 ,

q8 =
ki sin kib

b2 +
cos kib

b3 ,

q9 =
k2

i sin kib
b

+
ki cos kib

b2
sin kib

b3 ,

q10 =
k2

i cos kib
b

ki sin kib
b2

cos kib
b3 ,

ki = k0
̅̅̅εi

√ and km = k0
̅̅̅̅̅̅εm

√ are the wavenumbers in the dielectric and
metal, respectively, k0 = ω/c is the vacuum wavenumber, ω = 2πf is the

Fig. 2. Temperature (a), relative dilatation (b), and resistance (c) of copper 
powder samples recorded during the microwave sintering experiments carried 
out in three different gas environments: argon (Ar), nitrogen (N2), and forming 
gas (FG). 
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cyclic frequency of microwaves, c is the velocity of light, εm ≈ iσm/ ε0ω is 
the dielectric permittivity of the metal, i is the imaginary unit, εi = εi

ʹ+
iσi/ε0ω is the dielectric permittivity of the oxide, and ε0 is the electric 
constant. 

The effective complex magnetic permeability μeff of the compacted 
metal powder is obtained from the equation [43] 

2
(
ξ+ k2

ma2)μ2
eff +

[
ξ(9Cm 4)+ k2

ma2(3Cm 2)
]
μeff + 2ξ= 0, (3)  

where ξ = kma cot kma 1, and Cm is the relative volumetric concen
tration of metal in the compact. 

The absorbed microwave power p, per unit volume, is calculated 
within a simple model of a uniform slab of the powder material with the 
effective properties (2) and (3), irradiated normally by a plane, linearly 
polarized electromagnetic wave. The thickness of the slab is taken equal 
to the height of the cylindrical sample, h. It is instructive to calculate 
separately the contribution of the dielectric and magnetic-type losses, pE 
and pM, that are proportional to the imaginary parts of the effective 
dielectric permittivity εʹ́

eff and magnetic permeability μʹ́
eff , respectively: 

p(z)= pE(z) + pM(z) =
1
2

εʹ́
effε0ω|E(z)|2 + 1

2
μʹ́

effμ0ω|H(z)|2, (4)  

where z is the propagation direction of the electromagnetic wave (across 
the slab) and μ0 = 1/

(
c2ε0

)
is the magnetic constant. The complex am

plitudes of the electric and magnetic field in the slab E (z) and H (z) are: 

E(z) = E0
(
Beikz + Ce− ikz

)
,

H(z) = H0
(
Beikz Ce− ikz)/ζ,

(5)  

where ζ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μeff/εeff

√
is the impedance of the material, k = k0

̅̅̅̅̅̅̅̅̅̅̅̅̅εeffμeff
√ is 

the wavenumber in the material, E0 and H0 are the amplitudes of the 
electric and magnetic field, respectively, in the incident wave. The 
amplitudes E0 and H0 are interrelated as E0 = ζ0H0, where ζ0 =

̅̅̅̅̅̅̅̅̅̅̅̅
μ0/ε0

√

is the so-called impedance of free space. The coefficients B and C are 
determined from the boundary conditions: 

B =
(1 + ζ)(cos kh i sin kh)

2 cos kh i
(

1
ζ
+ ζ

)

sin kh
,

C =
(1 ζ)(cos kh + i sin kh)

2 cos kh i
(

1
ζ
+ ζ

)

sin kh
.

(6) 

The power absorbed in the powder material, per unit area of the slab, 
can be presented as a sum of the dielectric and magnetic-type losses: 

P=PE + PM, (7)  

PE =

∫h

0

pE(z)dz =
1
2

εʹ́
effε0ωE2

0(V +W),

PM =

∫h

0

pM(z)dz =
1
2

μʹ́
effμ0ω E2

0

ς2
0|ς|

2 (V W),

where V =
[
|C|2

(
e2k’’h 1

)
|B|2

(
e 2k’’h 1

) ]
/(2k’’), W =

2 sin k’h[(B’C’ + B’’C’’)cos k’h + (B’C’’ B’’C’)sin k’h ]/k’, primes and 
double primes refer to the real and imaginary parts, respectively. 

The absorbed power (7) calculated as described above, supple
mented with an energy balance equation, can be readily used to simulate 
microwave heating of compacted metal powders. Examples of such 
calculations performed for the microwave sintering of titanium and 
nickel powders can be found in Ref. [42]. Shown in Fig. 3 are examples 
of the temperature curves for the microwave heating of copper powder 
by a fixed intensity of 30 GHz radiation, calculated for three different 

values of the oxide film thickness under an assumption that the only heat 
loss channel is thermal radiation. It can be seen that the temperature 
growth rate depends strongly on the thickness of the oxide layer due to 
its influence on the microwave absorption of the powder material. In the 
particular example shown in Fig. 3, the total fraction of the incident 
power absorbed in the slab of copper powder during the microwave 
heating process was on the order of 0.6 % for an oxide film thickness of 
10 nm, 2 % for 100 nm, and 6 % for 1 μm. 

The problem addressed in the remainder of this paper is of an inverse 
nature to the straightforward approach illustrated by Fig. 3. First, the 
oxide film thickness is derived from the in situ resistance measurements 
on copper compacts. Then the effective dielectric properties and the 
microwave absorption efficiency are calculated, and finally the evolu
tion of the microwave power needed to sustain the experimentally 
implemented temperature growth is simulated. 

4. Results and discussion

4.1. Thickness of the oxide film on metal particles

Using the recorded data on the resistance of the copper compacts 
during microwave sintering, the indicative thickness of the oxide film on 
the surface of copper particles was determined based on the effective 
medium approximation for the electrical conductivity (Eq. (1)). For this 
purpose, the effective conductivity was expressed via the measured 
resistance R as 

σeff =
4h

πd2R
, (8)  

where h and d are the height and diameter of the cylindrical sample 
(which change during the process in accordance with the sample dila
tation data). The oxide film thickness, b – a, was then expressed from Eq. 
(1), neglecting the conductivity of gas in the pores, as 

b a= a

{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(σm σi)

[
σeff + (3Cs 1)σi

]

(σm + 2σi)
[
2σeff (3Cs 1)σi

]
3

√

1

}

. (9) 

The temperature dependencies of the conductivities of copper, σm, 
and of copper oxide, σi, were taken from Refs. [44,45], respectively. The 
relative density of the solid material in the compact, Cs, was calculated 
from the dilatation data. 

The calculated indicative thickness of the oxide film is plotted in 
Fig. 4 as a function of temperature for three microwave sintering pro
cesses carried out at a heating rate of 10 ◦C/min in different gas 

Fig. 3. Temperature vs. time curves calculated for the heating of a slab of 
compacted copper powder (particle radius 22 μm, relative density 76 %, slab 
thickness 9.5 mm) by 30 GHz microwave radiation with a fixed intensity of 100 
W/cm2 for three different values of the thickness of oxide film on pow
der particles. 
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environments: argon, nitrogen, and forming gas. The characteristic 
radius of the copper powder particles, a, was taken equal to 22 μm. This 
is close to the median particle radius because from the particle size 
distribution of this powder [32] it is known that 53.8 % of all particles 
have a size of less than 44 μm. 

According to the results of the microstructure studies accomplished 
with the same copper powder [38], the characteristic initial thickness of 
the oxide film on the powder particles was 850–1050 nm. The calcula
tion results shown in Fig. 4 give an about one order of magnitude higher 
indicative thickness at the start of the process, which probably reflects 
the excess resistance that stems from surface roughness of the particles 
resulting in poor electrical contact between them. After a sharp initial 
decline, probably associated with the suppression of the surface 
roughness, the indicative thickness acquires the same order of magni
tude, ~1 μm, as the experimentally measured value. Then the calculated 
thickness of the oxide film decreases gradually as the temperature in
creases, reflecting the incremental decomposition of the copper oxide. 
The film thickness is about one order of magnitude lower in the case of 
nitrogen environment than in argon, which suggests faster decomposi
tion of the oxide. This could be related to the reaction of nitrogen with 
oxygen under the effect of possible microwave arcing and electrical 
discharges during sintering [46]. This reaction is well documented and 
known as the Birkeland–Eyde process where an endothermic reaction 
between nitrogen and oxygen is taking place in presence of an electric 
arc discharges [47,48], as per the reaction equations below: 

N2 + O2→2NO
2NO + O2→2NO2

(10) 

An indicative thickness of the oxide film on the order of 0.1 nm, 
which corresponds to a molecular monolayer, is reached at a tempera
ture of about 290 ◦C for nitrogen and 440 ◦C for argon. Further decrease 
of the calculated indicative thickness is physically meaningless. Beyond 
this point, the decreasing resistance of the compacted copper powder 
sample probably reflects the progress of the neck growth between cop
per particles in the course of sintering. 

In the case of forming gas environment, the evolution of the calcu
lated indicative film thickness is initially similar to the cases of argon 
and nitrogen. However, at a temperature of about 210 ◦C the film 
thickness drops down very sharply to physically unmeaningful values, 
well below 0.1 nm, This may suggest that in the presence of hydrogen, 
copper oxide is reduced to metal completely at this point, as shown 
previously [32]. Therefore, the data obtained in the experiments carried 
out in forming gas are not used for the calculations described in the 
remainder of this paper. 

4.2. Effective dielectric permittivity and magnetic permeability 

With the thickness of the oxide film determined in the previous 
section, the effective dielectric permittivity and magnetic permeability 
can be readily calculated using Eqs. (2) and (3), respectively. The 
calculation results obtained for the microwave frequency of 30 GHz are 
shown in Fig. 5. 

It can be seen from Fig. 5a that the effective dielectric properties of 
the copper powder exhibit a typical percolation behavior [49]: the 
imaginary part of the effective complex dielectric permittivity un
dergoes a sharp growth by several orders of magnitude as the material 
evolves from insulating to conductive due to decomposition of the oxide 
films of the particles. The real part of the effective complex dielectric 
permittivity exhibits a maximum at which its magnitude is approxi
mately equal to the imaginary part, and then decreases rapidly. High 
value of the real part can be explained by the formation of a network of 
microcapacitors between the neighboring copper particles separated by 
very thin dielectric (oxide) layers in which the electric field is locally 
concentrated [49,50]. With further decrease in the thickness of the oxide 
film the electric field is suppressed due to increasing effective 
high-frequency conductivity of the material, which explains the drop in 
the real part of the dielectric permittivity [51]. 

Both the real and imaginary parts of the effective complex magnetic 
permeability of the copper powder (Fig. 5b) are below 0.1 in the entire 
range of calculation. This apparent diamagnetism originates from the 
high-frequency magnetization produced by the eddy currents that arise 
in the particles in response to the microwave field. 

Fig. 4. The indicative thickness of the oxide film on copper powder particles 
calculated from the sample resistance data as a function of temperature for 
three microwave sintering processes carried out in different gas environments: 
argon (Ar), nitrogen (N2), and forming gas (FG). 

Fig. 5. The effective complex dielectric permittivity, εeff (a), and magnetic 
permeability, μeff (b), of the compacted copper powder with oxide films on the 
particles during the 30 GHz microwave heating processes carried out in 
different gas environments: argon (Ar) and nitrogen (N2). 
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4.3. Microwave absorption efficiency 

It is instructive to investigate the microwave absorption efficiency of 
the copper powder during the microwave sintering process. It can be 
expected that the growing conductivity of the powder material gives rise 
to an increasing reflection of microwaves and thereby to a decreasing 
efficiency of absorption. 

Shown in Fig. 6 are the plots of the relative absorption efficiency of 
the 30 GHz microwave radiation in the slab of copper powder material. 
To calculate the relative efficiency, the power absorbed per unit area of 
the slab is normalized by the energy flux in the incident electromagnetic 
wave, P0 = E0 H0 = E0

2/ζ0. The contributions of the dielectric and 
magnetic types of losses, Pe/P0 and Pm/P0, are plotted separately. 

It can be seen that the absorption due to magnetic-type losses 
(associated with eddy currents in the conductive powder particles) is 
prevailing during the initial stage of the microwave heating process. At 
the start of the process, the relative absorption efficiency is about 14 % 
in nitrogen and 22 % in argon. As the effective dielectric permittivity of 
the powder material grows (see Fig. 5), most of the microwaves get 
reflected, and the absorption efficiency decreases to less than 1 %. 

The dielectric-type losses arise from the Joule losses of the currents 
driven in the metal powder particles directly by the electric component 
of the field, and also from the dielectric losses in the oxide films. Their 
contribution into the absorption efficiency is on the order of 0.1 % 
throughout the process. As seen from Fig. 6, at higher temperatures the 
contribution of the magnetic-type losses becomes lower than the 
contribution of the dielectric losses. However, by that time the micro
wave radiation is almost fully (~99.8 %) reflected from the copper 
compact. 

4.4. Microwave power required to implement the heating process 

Using the experimentally recorded temperature-time evolution of 
the sample, it is easy to calculate the power needed to raise the tem
perature of the sample at each time step. Then, using the absorption 
efficiency calculated above in Section 4.3, it is possible to obtain the 
evolution of the microwave energy flux density incident on the slab of 
copper powder material which would be necessary to sustain the 
temperature-time schedule. The results of such a calculation, taking into 
account both the changes in the thickness of the oxide film and the 
dilatation of the samples, are shown in Fig. 7 for the processes carried 
out in nitrogen and argon environments. 

It can be seen from Fig. 7 that the required microwave energy flux 
density grows as the efficiency of microwave absorption decreases in the 

course of the process, as discussed above. For the case of heating in 
argon, the required microwave energy flux density exceeds 1 kW/cm2 at 
a temperature of about 400 ◦C. For the case of heating in nitrogen, the 
required energy flux density grows even faster. Obviously, in practical 
terms these prohibitively high energy flux density levels mean that the 
microwave heating process cannot be continued beyond this point if 
only direct microwave absorption in the copper powder is employed and 
no additional absorbing materials (susceptors) are used. 

This result is in agreement with an experiment on the 24 GHz mi
crowave heating of different metal powders using two thermocouples 
measuring the temperature in the center and at the periphery of the 
compact [28]. In the case of copper powder no difference was observed 
between the temperatures measured by the two thermocouples, which 
suggests that there was no volumetric heating and no microwave ab
sorption. As opposed to that, volumetric heating was indeed observed in 
Ref. [28] in the case of iron powder (iron has an about six times lower 
conductivity than copper). 

In the experimental configuration described in Ref. [32], the copper 
sample could be heated indirectly from the microwave-heated ceramic 
parts that were present in the system (for example, the ceramic rod of 
the dilatometer, surrounded along with the sample by the 
heat-insulating material). An increase in the 30 GHz microwave ab
sorptivity of the ceramic rod or the heat-insulating material, occurring at 
an intermediate temperature, would result in the decrease in the mi
crowave power which was indeed observed in the experiments described 
in Ref. [32]. 

When the oxide film is being decomposed during the heating process, 
the absorbed microwave power is spent not only on the increase of the 
temperature of the sample, but also on the enthalpy of the decomposi
tion reaction, which in the case of CuO is equal to 157 kJ/mol [52]. 
The contribution of decomposition should be significant at the initial 
stage of the process, when the oxide film thickness is considerable, and 
decrease as the thickness of the film goes down to the nanometer range. 
This is illustrated by Fig. 8, in which the microwave energy flux density 
required to sustain the temperature-time schedule calculated taking into 
account the contribution of decomposition. It can be seen that at the 
initial stage a highly significant microwave energy flux density would be 
required to decompose the oxide film with a rather high indicative 
thickness as determined by calculation (see Fig. 4). However, as 
mentioned above, there are certain reservations regarding these esti
mates, since the high value of the indicative thickness may originate 
from poor contact between particles due to significant surface rough
ness. Yet, it can be seen from Fig. 8 that the contribution of decompo
sition becomes negligible at a temperature of about 200 ◦C, and from 

Fig. 6. Relative efficiency of 30 GHz microwave absorption in a slab of com
pacted copper powder due to dielectric and magnetic-type losses during the 
microwave heating processes carried out in different gas environments: argon 
(Ar) and nitrogen (N2). 

Fig. 7. The evolution of the 30 GHz microwave energy flux density incident on 
the slab of copper powder material required to sustain the experimentally 
recorded temperature-time schedule of the microwave sintering processes car
ried out in different gas environments: argon (Ar) and nitrogen (N2). 
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this point almost the entire absorbed microwave power is spent on 
increasing the internal energy of the material. 

5. Conclusion

The microwave heating of copper powder with oxide films on the
surface of particles has been analyzed by numerical simulation based on 
the data from actual experiments. The indicative thickness of the oxide 
films has been determined from the resistivity data using an effective 
medium approximation for spherical conductive particles with partially 
insulating concentric shells. The thickness decreases in the course of the 
microwave heating process due to decomposition of the oxide, which is 
influenced by the gas environment. 

The effective complex dielectric permittivity and magnetic perme
ability of the copper powder have been calculated using the recently 
proposed effective medium models for the respective properties of metal 
powders in the microwave range. The calculation is based on the ob
tained indicative thickness of the oxide films on the surface of powder 
particles. The effective dielectric permittivity exhibits a pronounced 
percolation transition at 210–250 ◦C when microwave heating is carried 
out in nitrogen and at 330–375 ◦C – in argon. Both the real and imagi
nary parts of the effective magnetic permeability increase with tem
perature, not exceeding 0.1 in the temperature range of simulation. 

The efficiency of absorption of the incident 30 GHz microwave ra
diation in a slab of the copper powder has been calculated based on the 
solution of the electromagnetic problem using the obtained effective 
dielectric and magnetic properties. In the beginning of the process the 
magnetic-type losses are almost entirely responsible for the heating. 
However, the efficiency of the magnetic-type absorption decreases with 
temperature and eventually becomes comparable to the electric-type 
losses. This occurs at a temperature of 220 ◦C in nitrogen and at 
340 ◦C in argon, i.e., within the temperature range of the percolation 
transition. 

The energy flux density of the incident microwave radiation required 
to sustain the heating schedule implemented in the experiment has been 
assessed. It is demonstrated that the decrease in the absorption effi
ciency dictates an increase in the required energy flux density with 
temperature. Due to increased reflection, the required energy flux den
sity reaches prohibitively high values, on the order of 1 kW/cm2, at 
temperatures not exceeding 400 ◦C. Additional microwave energy is 
required at lower temperatures (<200 ◦C) for the completion of the 
endothermic oxide decomposition reaction. 

The results obtained in this study provide physical grounds for an 
analysis of microwave heating and sintering of metal powders. A simple 

self-consistent model is presented that links the properties of the oxide 
film on powder particles, including the kinetics of its decomposition, the 
structure of the electromagnetic field, the microwave radiation ab
sorption and reflection from the powder material, the contribution of 
magnetic- and electric-type losses into the absorption, and the evolution 
of temperature due to direct microwave heating. It is demonstrated that 
efficient volumetric microwave heating is contingent upon the presence 
of oxide films on metal powder particles. The knowledge generated 
using the presented model advances the understanding of the micro
wave sintering of metals and provides information that may influence 
the design considerations in developing microwave processing systems. 
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