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Abstract
Microwave heating and grinding experiments were conducted on samples of Hongtoushan copper ore and Dandong gold ore 
with different particle sizes and forms. The differences between the heating effects observed were then investigated using 
the electromagnetic characteristics of the bulk and powdered ore samples. The results show that the bulk copper ore experi-
ences a high shielding effect as the microwaves are strongly reflected. The dielectric constant and reflection from a powdered 
sample are significantly weaker. Microwaves of frequency 2.45 GHz produce an insignificant heating and grinding effect in 
a cylindrical sample of Hongtoushan copper ore; the heating and grinding effect using a particulate sample is significantly 
better. In contrast, the heating and grinding effect obtained using a cylindrical sample of Dandong gold ore is better than that 
obtained using a particulate sample. The reasonable use of microwave heating to process ore is also discussed. Hongtoushan 
copper ore is suitable for microwave treatment after fine crushing. Dandong gold ore is suitable for microwave treatment 
before fine crushing. In the latter case, the application of microwaves could be moved forward to the mining process stage 
before carrying out the other procedures further downstream.
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List of symbols
λ0	� Wavelength of the microwaves in 

free space
ε′ and ε″	� Real and imaginary parts of the 

complex relative permittivity
μ′ and μ″	� Real and imaginary parts of the 

complex relative permeability
Dp	� Penetration depth
SET	� Shielding effect
SER, SEA, and SEM	� Reflection efficiency, absorption 

efficiency, and internal multiple 
reflection performance

T and R	� Transmission and reflection 
coefficients

A and AE	� Absorption coefficient and effective 
absorption coefficient

1  Introduction

Grinding ore consumes an extremely large amount of energy 
(Furstenau and Abouzeid 2002). In fact, it is estimated that 
such activity accounts for about 2% of global power con-
sumption (Napier-Munn 2015) and only 1% of this energy 
is effectively utilized (Jones et al. 2005). Hence, a significant 
reduction in the amount of energy used in the beneficiation 
process can be achieved if improvements can be made to the 
mineral-grinding process. Microwave-assisted crushing is a 
relatively new technique that can be used to facilitate rock 
fragmentation. The essence of the technique is that differ-
ent minerals show different sensitivities to microwaves and 
this produces a temperature gradient in the rock. When the 
thermal stress thus created reaches the strength limit of the 
rock, or the temperature exceeds the melting point, the rock 
will be destroyed (Lu et al. 2019). Clearly, the generation of 
microcracks will theoretically reduce the amount of energy 
consumed in the grinding process (Kingman et al. 1999).

Therefore, the use of microwaves in the grinding pro-
cess is considered to be potentially very important. As 
early as the 1980s, a research by the U.S. Bureau of Mines 
showed that most valuable minerals could be heated rapidly 
(Mcgill and Walkiewicz 1987; Walkiewicz et al. 1988). A 

 *	 Xia‑Ting Feng 
	 fengxiating@mail.neu.edu.cn; xia.ting.feng@gmail.com

1	 Key Laboratory of Ministry of Education on Safe 
Mining of Deep Metal Mines, Northeastern University, 
Shenyang 110819, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-021-02376-4&domain=pdf


2130	 F. Lin et al.

1 3

large number of scholars have performed research on the 
microwave treatment of ore and their results showed that 
microwave treatment can decrease the Bond work index of 
the ore. Researchers from the U.S. Bureau of Mines (Walk-
iewicz et al. 1991) utilized microwaves (3 kW power rating) 
to treat iron ore containing hematite, magnetite, and goe-
thite. They found that the Bond work index was decreased 
by 9.9–23.7%. After microwave treatment, the work index 
of ilmenite in Norway was found to be reduced by 90% 
(Kingman et al. 1999). After a short period of heating, the 
strength of copper carbonatite ore was found to decrease 
and its grinding efficiency increased significantly (Kingman 
et al. 2004b). After microwave treatment was applied to gold 
ore (including quartz, silicate, and iron oxide), its crushing 
strength and Bond work index were found to decrease by 
31.2% and 18.5%, respectively (Amankwah et al. 2005).

Microwave treatment not only facilitates the grinding of 
ores, but also helps to release the minerals it contains. For 
example, after microwave treatment, the recovery of gold 
has been found to increase from 28 to 40% (Amankwah et al. 
2005). After microwave treatment, the amount of copper 
recovered from porphyry copper ore increased by about 1% 
(Batchelor et al. 2016). This microwave-enhanced liberation 
is equivalent to that observed by increasing the grind size by 
approximately 30 μm.

Although microwave treatment promotes the crushing 
and grinding of ores, it has been suggested that the energy 
saved in the ore crushing and grinding process does not 
compensate for the energy required to generate the micro-
waves (Haque 1999). Therefore, the technique must be able 
to reduce energy consumption, reduce costs, and maximize 
heating efficiency before it is considered for industrial appli-
cation (Kingman 2006). It has been verified, through experi-
ments and simulations, that the higher the power, the shorter 
the residence time, and the better the heating effect (King-
man et al. 2004b; Whittles et al. 2003). Therefore, high-
power and low-energy consumption is the approach sug-
gested for microwave industrialization. Researchers at the 
University of Nottingham in the UK (Batchelor et al. 2017; 
Buttress et al. 2017) designed a continuous pilot system for 
the microwave treatment of ore with a maximum processing 
capacity of 150 t/h and a high rate of power consumption 
(2 × 100 kW). The ore was treated using a short exposure 
time. The results indicated that the grinding and subsequent 
release of minerals from the ore could be promoted, even 
though the amount of microwave energy consumed was low.

To realize the industrial application of microwave-
assisted ore crushing and grinding, it is necessary to opti-
mize the equipment, reduce equipment cost, and improve 

power efficiency (Kumar et al. 2010). However, it is also 
important to investigate the absorbing properties of the ore 
in depth, so that a reasonable microwave treatment scheme 
can be devised.

Most metal oxides and sulfides experience good heat-
ing effects (Hua and Liu 1996), but gangue minerals, e.g., 
quartz, calcite, and feldspar, are not heated (Ali 2010). It 
is possible to predict the heating effect in rocks based on 
the amount of absorbing minerals present (Hartlieb et al. 
2016; Lu et al. 2017). However, in addition to mineral 
content, there are other factors that affect the heating effect 
produced in ores, e.g., the particle sizes of the sensitive 
minerals (John et al. 2015; Yang et al. 2018) and particle 
size of the ore itself (Kingman et al. 2000; Wang and For-
ssberg 2005; Jokovic et al. 2019).

In microwave applications, the dielectric properties 
of a material are the physical quantities that character-
ize its ability to absorb microwaves (Salema et al. 2013). 
Therefore, measuring the dielectric properties of an ore is 
important if we are to understand its sensitivity to micro-
waves. The real part of the dielectric constant of a material 
relates to its permittivity; the imaginary part relates to its 
conductivity (the larger the imaginary part, the greater 
the conductivity). Compared to the rock material, the ore 
itself has the potential to have good electrical conductiv-
ity and this can affect the heating effect. Therefore, it is 
necessary to identify whether the heating effect in the ore 
(especially a conductive ore) can be predicted based on its 
absorbent-mineral content. It has been shown that the elec-
trical conductivities of composites exert an effect on their 
electromagnetic properties (Panwar et al. 2010). However, 
there have been few studies on the dielectric and shielding 
properties of conductive ores. ‘Electromagnetic shielding’ 
refers to the ability of conductive materials to prevent the 
penetration of alternating electromagnetic fields into the 
inner regions of the material. An ideal electromagnetic 
shielding effect is produced by a body that is a complete 
electrical conductor and reflective electromagnetic shield-
ing requires the shielding body to have good electrical 
continuity (González et al. 2018). More generally, when 
an electromagnetic wave impinges upon the surface of an 
arbitrary material, the wave’s energy is mainly involved 
in reflection, absorption, internal multiple reflection loss, 
and transmission processes.

As microwaves penetrate a surface and migrate into the 
bulk of a body, their intensity decreases exponentially. The 
depth at which the electric field strength falls to 1/e of its 
original (surface) value is called the penetration or skin 
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depth, Dp. An expression is derived for the penetration depth 
which has the form (Peng et al. 2010):

where λ0 represents the wavelength of the microwaves in free 
space, and ε′( ε″) and μ′(μ″) represent the real (imaginary) 
parts of the complex relative permittivity and permeability, 
respectively.

The effectiveness of the electromagnetic shielding effect 
is often characterized in terms of the shielding effect (SET) 
of a material (Li et al. 2006a). This can be split into three 
contributions: reflection efficiency (SER), absorption effi-
ciency (SEA), and internal multiple reflection performance 
(SEM), that is:

When SET is greater than 15 dB, the SEM part is negligi-
ble. The reflection and absorption efficiencies can be calcu-
lated using the following formulae (Li et al. 2006b):

where T and R represent the transmission and reflection coef-
ficients, respectively. The absorption coefficient, A, can be 
obtained from the relationship A = 1 – R – T. The quantities 
T, A, and R represent the ratios of the transmitted, absorbed, 
and reflected powers to the input power, respectively. These 
quantities can be calculated from the S-parameters (deter-
mined, for example, using a network analyzer) and the effec-
tive absorption coefficient AE = (1 − R − T)∕(1 − R) . The 
closer R is to 1, the stronger the reflectivity (so R = 1 corre-
sponds to a perfectly reflective surface). Similarly, the closer 
T (A) is to 1, the stronger the transmittance (absorbance).
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(2)SET = SER + SEA + SEM.

(3)SER = −10 lg (1 − R),

(4)SEA = −10 lg
[

T∕(1 − R)
]

,

In summary, research in this field has mainly focused on 
analyzing the results of ore crushing and grinding experi-

ments. Little research has been carried out to study the rea-
sonable order of microwave heating processes and the elec-
tromagnetic characteristics of ores with good conductivity. 
In view of this, this paper examined the microwave heating 
and grinding effects produced in samples of Hongtoushan 
copper ore (high metal mineral content) and Dandong gold 
ore (low metal mineral content) made up of particles of dif-
ferent sizes. We tested the dielectric properties and shielding 
performance of the bulk and powdered test samples and thus 
gained an in-depth understanding of the energy distribution 
(absorption/reflection) after the ore was irradiated with 
microwaves. The difference in the microwave heating effects 
observed in ore samples of different sizes and forms could 
then be explained. We also discussed the effect of microwave 
heating on such metal ores and explored the reasonable use 
of microwave heating to process them.

2 � Equipment and Experimental Methods

2.1 � Experimental Samples

Two kinds of gold ores were used in the experiments 
reported here: Hongtoushan copper ore and Dandong gold 
ore (Fig. 1). The Hongtoushan copper ore was obtained from 
Fushun in China. The average grade of copper in the Hong-
toushan copper ore is 1.7–1.8%, the average grade of zinc is 
2–2.5%, and the average sulfur grade is 16–25%. The main 
minerals are pyrite, pyrrhotite, sphalerite, and chalcopyrite. 
The total sulfide content is 60–80% (pyrite 25–34%, pyrrho-
tite 25–30%, sphalerite 5–6%, and chalcopyrite 5–10%). The 

Fig. 1   Photographs of the ores 
observed through a microscope. 
Key: Py pyrite, Po magnetic 
pyrite, Sp sphalerite, Ccp 
chalcopyrite, Qtz quartz, Plag 
feldspar, Ms muscovite, Cb 
carbonate (calcite)
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maximum grain size of the pyrite crystals can reach several 
centimeters; the minimum grain size is tens of microns. Pyr-
rhotite, sphalerite, and chalcopyrite were all produced in the 
form of aggregates in the Hongtoushan copper ore, and their 
single crystal sizes cannot be distinguished.

The Dandong gold ore was obtained from Dandong in 
China and is a mica quartz schist type of ore. The aver-
age grade of the gold in the Dandong gold ore is 5 × 10–6. 
The main minerals are quartz, mica (muscovite and seric-
ite), feldspar, carbonate (calcite), and pyrite. Their mineral 
contents and crystal sizes correspond to: about 8–10%, 
0.05–0.2 mm for quartz; about 15–20%, 0.2 mm for mica; 
about 40–45%, 0.2 mm for feldspar; about 8–10%, 0.2 mm 
for carbonate; and about 15–20%, 0.2  mm for pyrite, 
respectively.

2.2 � Experimental Equipment

An industrial microwave oven was used as the microwave 
source (model CM-06S). The equipment produces micro-
waves of frequency 2.45 GHz at a maximum power of 6 kW 
in a multi-mode cavity (Fig. 2).

Temperatures were measured using an infrared thermal 
imager (R500EX series) which gives accurate readings over 
a large temperature range. A planetary ball mill (model 
QM3SP04) was employed to grind the ore finely under labo-
ratory conditions.

Resistance tests were conducted using a clamp-type mul-
timeter (model 3266TD) and dielectric performance was 
determined using a vector network analyzer (model E5063A 

produced by Agilent). The tests employed a rectangular 
waveguide transmission–reflection method and covered the 
frequency range of 2.17–3.3 GHz.

2.3 � Experimental Steps

2.3.1 � Sample Preparation

Two large pieces of ore were chosen (one copper, one 
gold). These were processed into cylinders with diameters 
of 50 mm and lengths of 50 mm (Φ50 mm × 50 mm). A jaw 
crusher was used to finely crush the remaining ore to yield 
samples with particles in the ranges 8–12.5 mm, 4–8 mm, 
1–3.2 mm, and 0–0.4 mm.

The cylindrical specimens and four kinds of graded ores 
were then dried in an oven for 24 h before being prepared 
for use. The cylindrical samples had masses of 390 g (cop-
per ore) and 275 g (gold ore), and so, 390 g (copper ore) 
and 275 g (gold ore) samples of the graded ores were also 
weighed out to use as experimental objects.

The samples used for the dielectric constant and S-param-
eter tests were either in bulk or powder form. Cuboid blocks 
measuring 86.36 mm × 43.19 mm × 10 mm were prepared. 
The bulk samples were used as one large block. Other blocks 
of the same size were ground into powder (particle sizes less 
than 0.075 mm) and pressed to form the powdered samples.

2.3.2 � Microwave Heating

The samples were heated by placing them inside the indus-
trial microwave oven. Each sample was placed in a quartz 
container (which has good microwave transmittance proper-
ties and high-temperature resistance) and put into the center 
of the microwave oven. Each specimen was placed at the 
center of the multi-mode microwave chamber (Fig. 2), where 
pilot experiments showed that the heating effect was maxi-
mized (Lu et al. 2019). To center the specimen vertically, it 
was placed on a cushioning block made of mullite, a weak 
absorber of microwave radiation. An infrared thermometer 
in the center of the microwave chamber ceiling can be used 
to measure the surface temperature of the specimens.

The microwave produces radiation with a frequency of 
2.45 GHz and its power rating was 4 kW. Different sam-
ples were heated for 30, 60, 90, and 120 s. The infrared 
thermal imager was set in place in advance before heating 
was started. Immediately after heating, the microwave oven 
door was opened and the temperature of the sample was 
measured.

2.3.3 � Grinding Experiments

The unheated and microwave-heated samples of ore (cylin-
drical block, 8–12.5  mm, and 4–8  mm samples) were Fig. 2   The multi-mode industrial microwave apparatus



2133Study on Microwave Heating Order and Electromagnetic Characteristics of Copper and Gold Ores﻿	

1 3

crushed to produce particles less than 3.2 mm in size. Ore 
particles in the size range of 1–3.2 mm were taken from 
each sample for the grinding experiments. To ensure that 
the particle-size distribution in each group was the same, 
1–2 mm and 2–3.2 mm-sized particles each accounted for 
50% of the sample in each case. A quantity of each sample 
was then weighed out (70 g per copper ore sample and 50 g 
per gold ore sample). The grinding samples were put into the 
grinding tank and the rotation speed of the ball mill was set 
to 600 r/min. Table 1 presents further details of the experi-
mental scheme used.

2.3.4 � Electromagnetic Characteristics

The dielectric constants and S-parameters of the samples 
were measured using the vector network analyzer and sam-
ples in bulk or powder form (particle size < 0.075 mm). The 
system was calibrated using air and paraffin samples before 
testing. The densities of the bulk copper and gold samples 
were 4.02 and 2.80 g/cm3, respectively. The densities of the 
copper and gold powder samples were 2.24 and 1.43 g/cm3, 
respectively. The surface resistance was measured using a 
clamp multimeter (the measuring distance used was 1 cm) 
with the measurement range set to 40 MΩ.

To avoid discreteness in the experimental data, three 
experiments were conducted under each set of conditions 
and mean values were used.

3 � Experimental Results and Analysis

3.1 � Microwave Heating Effects

Figure 3 shows plots of the average surface temperatures 
of the copper and gold ore samples as the heating time is 
increased. The temperature of the cylinder of copper ore 
sample increases slowly with heating time, reaching a final 
average temperature of 133.9 °C after 120 s. The tempera-
tures of the other four (crushed) samples of copper ore 
increase more rapidly over the same time period, reaching 
an average temperature of over 400 °C.

Table 1   The experimental scheme used

Ore Amount (g) Size (mm) Power (kW) Heating time (s) Grinding size (mm) Grinding 
amount 
(g)

Copper 390 Φ50 × 50
8–12.5, 4–8, 1–3.2, 0–0.4

4 0, 30, 60, 90, 120 1–3.2 70
Gold 275 50

Fig. 3   Plots showing the aver-
age temperatures achieved as a 
function of heating time

Fig. 4   Plots showing the heating rates achieved as a function of par-
ticle size
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In contrast, the average temperature of the cylinder of 
gold ore rises rapidly during heating, reaching an average 
temperature of 488.6 °C after 120 s of heating. The average 
temperatures of the other four (crushed) samples of gold ore 
are lower than that of the cylindrical sample after the same 
heating time.

Figure 4 demonstrates plots of the average heating rates 
achieved which clearly illustrates the contrasting behavior 
of the two ores. For the copper ore, the cylinder only experi-
ences a heating rate of 0.884 °C/s, but the heating rates of 
the other four samples are much higher (the heating rate of 
the 8–12.5 mm sample is 3.63 °C/s and those of the oth-
ers are all over 4.0 °C/s). The heating rate of the gold ore 

cylinder is 3.90 °C/s, and the heating rate achieved in the 
other four gold ore samples appears to decrease monotoni-
cally as the particle size decreases (corresponding to 3.87, 
3.60, 2.63, and 1.12 °C/s, respectively).

Figure 5 shows infrared images of the ores. After micro-
wave heating, there is no significant increase in the tempera-
ture of the cylindrical copper sample. However, significant 
heating effects were found in the other four groups of copper 
samples. After heating for 60 s, the cylindrical gold sample 
is substantially damaged. The uniformity of the tempera-
ture distributions in the other four groups of ores (8–12.5, 
4–8, 1–3.2, and 0–0.4 mm) increases as the particle size 
decreases.

Fig. 5   Infrared thermal image 
of ore after microwave heating
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Figure 6a shows images of the copper ore samples before 
and after they were heated for 120 s via microwave heating. 
The cylinder of copper ore appears to undergo no signifi-
cant change due to microwave heating. On the other hand, 

the other four groups exhibit significant color changes (each 
showing signs of red ‘burn’ marks).

Figure 6b illustrates the corresponding images for the 
five groups of gold ore samples. The cylinder of gold ore 
clearly becomes cracked into two pieces after microwave 

Fig. 6   Photographs of the ore 
samples before and after micro-
wave heating

Fig. 7   Plots showing the mass 
loss from the ore samples after 
microwave heating
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heating and many other macroscopic cracks can be seen on 
its surface. The sample fractured in a direction that is paral-
lel to the direction of the pyrite strips and the central region 
appears to be melted. The four other gold ore samples did 
not suffer macroscopic cracking after microwave heating. In 
fact, there does not appear to have any significant changes 
in the samples with particle sizes of 0–0.4 and 1–3.2 mm 
after heating. However, the 4–8 mm- and 8–12.5 mm-sized 
samples show signs of a yellow material on the walls of their 
containers after being irradiated for 120 s.

Figure 7 shows the mass loss from the ore samples after 
microwave heating. Clearly, the mass loss increases as the 
heating time increases. After heating for 120 s, the masses 
lost by the five groups of copper ore (Φ50 mm × 50 mm, 
8–12.5, 4–8, 1–3.2, and 0–0.4 mm) are 0.02, 0.79, 2.44, 
3.34, and 5.76 g, respectively. The corresponding losses 
from the gold ore samples are 5.49, 3.06, 2.43, 0.91, and 
0.13 g respectively.

It has been shown that the heating effect produced in rock 
is greater when the rock has a higher content of microwave-
absorbing minerals (Hartlieb et al. 2016; Lu et al. 2017). 
The main components of the Hongtoushan copper ore are 
metal sulfides such as pyrite and pyrrhotite (the metal sulfide 
content in some ores is over 80%) and both are strongly 
absorbing minerals. It thus seems strange that the cylindrical 

sample should show such a slow heating rate. This is an 
issue that we will return to later on in this paper.

3.2 � Grinding Effect

Samples of the microwave-irradiated ores were crushed 
and unified for fine grinding experiments. After grinding 
for 20 min, the percentage of finely ground (< 0.075 mm) 
ore produced in each of the four groups of samples could 
be determined. Figure 8 shows the variations of these mass 
percentages as a function of heating time.

Figure 8a demonstrates that the mass percentage of fine 
grinding products produced from the cylindrical copper ore 
samples does not change significantly as the heating time 
is increased. However, the other three groups of copper ore 
samples yielded mass percentages that vary in a similar way, 
generally increasing with the amount of heating time used. 
The maximum effect observed corresponds to an increase in 
mass percentage of 45.5%. The results imply that microwave 
heating of the bulk sample of copper ore (cylinder) did not 
exert a beneficial effect on the fine grinding process in the 
copper ore case. However, microwave heating did have a 
significant effect on the fine grinding process when crushed 
samples (8–12.5, 4–8, and 1–3.2 mm-sized particles) of 
copper ore were used, which is consistent with the heating 
effects discussed above.

Fig. 8   Plots showing the mass 
percentage of fine grinding 
products (< 0.075 mm) pro-
duced as a function of heating 
time for the two ores

Fig. 9   Variation of the P80 
values of the samples with heat-
ing time
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Table 2   The P80 of copper ore 
after grinding for 20 min

Size (mm) Heating 
time (s)

Grinding sample number P80 (mm) Average 
P80 (mm)

Standard 
deviation of 
P80

50 0 A11, A12, A13 1.97, 1.89, 1.92 1.93 0.0332
30 A21, A22, A23 1.71, 1.81, 1.49 1.67 0.1337
60 A31, A32, A33 1.83, 1.73, 1.85 1.80 0.0526
90 A41, A42, A43 1.53, 1.63, 1.68 1.61 0.0624

120 A51, A52, A53 1.63, 1.57, 1.63 1.61 0.0283
8–12.5 0 B11, B12, B13 1.99, 1.96, 2.04 2.00 0.0332

30 B21, B22, B23 1.17, 1.38, 1.33 1.29 0.0896
60 B31, B32, B33 0.93, 0.90, 0.88 0.91 0.0216
90 B41, B42, B43 0.43, 0.58, 0.65 0.55 0.0918

120 B51, B52, B53 0.35, 0.29, 0.38 0.34 0.0374
4–8 0 C11, C12, C13 2.06, 1.96, 1.97 2.00 0.0451

30 C21, C22, C23 1.45, 1.32, 1.41 1.39 0.0545
60 C31, C32, C33 0.93, 0.91, 0.84 0.89 0.0387
90 C41, C42, C43 0.81, 0.78, 1.14 0.91 0.1631

120 C51, C52, C53 0.27, 0.38, 0.36 0.34 0.0480
1–3.2 0 D11, D12, D13 1.97, 1.99, 1.93 1.84 0.0252

30 D21, D22, D23, D24 1.18, 1.87, 1.41, 1.36 1.32 0.0988
60 D31, D32, D33 0.69, 0.81, 85 0.78 0.0681
90 D41, D42, D43 0.61, 0.51, 0.58 0.54 0.0497

120 D51, D52, D53 0.38, 0.38, 0.56 0.44 0.0849

Table 3   The P80 of gold ore 
after grinding for 20 min

Size (mm) Heating 
time (s)

Grinding sample number P80 (mm) Average 
P80 (mm)

Standard 
deviation of 
P80

50 0 E11, E12, E13 2.28, 2.24, 2.26 2.26 0.0163
30 E21, E22, E23 2.22, 2.21, 2.21 2.21 0.0058
60 E31, E32, E33 2.06, 2.07, 1.90 2.01 0.0779
90 E41, E42, E43, E44 1.17, 2.03, 2.01, 2.25 2.1 0.1088

120 E51, E52, E53, E54 1.99, 1.28, 1.97, 2.06 2.01 0.0387
8–12.5 0 F11, F12, F13 2.37, 2.46, 2.45 2.43 0.0404

30 F21, F22, F23 2.40, 2.39, 2.52 2.44 0.0592
60 F31, F32, F33 2.27, 2.45, 2.29 2.34 0.0806
90 F41, F42, F43 2.31, 2.36, 2.59 2.42 0.1219

120 F51, F52, F53 2.31, 2.25, 2.23 2.26 0.0342
4–8 0 G11, G12, G13, G14 2.39, 1.73, 2.33, 2.29 2.34 0.0412

30 G21, G22, G23 2.23, 2.31, 2.28 2.27 0.0332
60 G31, G32, G33 2.16, 2.24, 2.21 2.2 0.0332
90 G41, G42, G43 2.26, 2.21, 2.23 2.23 0.0208

120 G51, G52, G53 2.19, 2.24, 2.20 2.21 0.0216
1–3.2 0 H11, H12, H13 2.30, 2.24, 2.28 2.27 0.0252

30 H21, H22, H23 2.24, 2.27, 2.39 2.31 0.0656
60 H31, H32, H33 2.22, 2.26, 2.10 2.19 0.0681
90 H41, H42, H43 2.23, 2.21, 2.05 2.16 0.0806

120 H51, H52, H53 2.25, 2.31, 2.24 2.27 0.0311
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Figure 8b shows that, in the case of the gold ore, the mass 
percentage of the grinding products does not change signifi-
cantly during heating for the 8–12.5, 4–8, and 1–3.2 mm-
sized gold ores samples. The mass percentage increases for 
the cylindrical gold ore sample, but the effect is slow during 
the first 90 s. It is much more rapid during the last 30 s, lead-
ing to a maximum increase in mass percentage of 40.6%.

Figure 9 shows plots of the P80 values of the samples 
as a function of heating time (the P80 value is the screen 
size that passes 80% of the grinding products). After grind-
ing for 20 min, the P80 value of the unheated copper ore 
(8–12.5 mm) is 2.00 mm. After heating for 120 s, the P80 
value is 0.34 mm (a decrease of 83.0%). The P80 values of 
the gold ore samples are between 2.0 and 2.5 mm depend-
ing on the conditions used. However, the differences in the 
P80 values are obviously smaller than those found in copper 
ore. Thus, the microwaves do not have a significant effect on 
finely ground gold ore. Tables 2 and 3 list the original P80 
values after grinding for 20 min.

The P80 values obtained using cylindrical gold ore sam-
ples decrease slightly with heating, the largest decrease cor-
responding to 11.1% (from 2.26 mm to 2.01 mm). The three 
other groups show no significant change.

The grinding products from 8 to 12.5 mm-sized samples 
of copper ore and cylindrical samples of gold ore were ball 
milled and the mass percentage of fine grinding products 

(< 0.075 mm) produced after different milling times was 
determined. The results are shown in Fig. 10.

Grinding can be deemed complete when 80% of the 
grinding products are less than 0.075 mm in size (i.e., this 
is the grinding ‘standard’ which we wish to achieve). Then, 
it is apparent from Fig. 10a that the time taken to complete 
the grinding of microwave-treated copper ore is significantly 
less than that of untreated copper ore. The grinding times of 
copper ore samples that had not been heated and those that 
were microwave heated for 30, 60, 90, and 120 s are 185.72, 
117.19, 78.22, 83.09, and 77.39 min, respectively. Thus, the 
grinding time is reduced by 36.9% after just 30 s of micro-
wave heating. This increases to 55–58% after 60–120 s of 
heating. In the case of gold ore (Fig. 10b), microwave treat-
ment reduces the grinding time much less significantly. The 
grinding times of untreated gold ore and those microwave-
heated for 30, 60, 90, and 120 s are 249.12, 254.56, 234.99, 
217.68, and 203.41 min, respectively. The maximum reduc-
tion is 18.4% compared to the untreated gold ore.

Figures 11 and 12 show plots of the grinding product 
mass percentages and P80 values as a function of tempera-
ture, respectively (after grinding for 20 min). As the tem-
perature increases, the grinding product mass percentages of 
the four groups of copper ores increase and the P80 values 
decrease. As the temperature increases, the mass percentages 
of the grinding products of the gold ore cylinders increase, 

Fig. 10   Plots of the mass 
percentage of fine grinding 
products (< 0.075 mm) obtained 
as a function of grinding time

Fig. 11   Plots showing the 
mass percentage of fine grind-
ing products (< 0.075 mm) 
produced as a function of 
temperature
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while the P80 values decrease. In addition, the ranges of 
variation are much smaller than those in the copper ore. The 
mass percentages of the grinding products and P80 values of 
the other three groups do not seem to change in a systematic 
way.

3.3 � Dielectric Characteristics

As already mentioned, the copper ore mainly consists of 
pyrite and pyrrhotite. Test results show that the resistance of 
a pyrrhotite surface corresponds to 0–2 Ω/cm and the corre-
sponding range for a pyrite surface is 5–20 Ω/cm. Thus, the 
copper ore exhibits good electrical conductivity. The resist-
ance of the gangue in the gold ore exceeds the range of the 
meter used (40 MΩ) and that of a small amount of pyrite 
strip in the gold ore is 20–100 Ω/cm. The resistances of the 
powdered samples of both ores are also out of the range of 
the device used (40 MΩ).

The dielectric properties of two physical forms of the 
ores (bulk and < 0.075 mm grade powdered samples) were 
determined using microwaves at a frequency of 2.45 GHz. 
Table 4 presents the real and imaginary parts of the permit-
tivity and permeability. It can be seen from the table that the 
real and imaginary parts of the complex dielectric constants 
of the bulk copper ore sample are much larger than those 
of the powdered copper ore sample. The real part of the 
complex dielectric constant of bulk copper ore is 89.61 at 
2.45 GHz; the imaginary part is 131.5. The real part of the 
permeability of the bulk copper ore is 0.159, indicating that 
it is diamagnetic (Parke et al. 2015).

The penetration depth of ore can be calculated by Eq. (1). 
When the material size and penetration depth are similar, the 
heating effect is the best (Sun et al. 2016). The penetration 
depth of the bulk gold ore is 11.81 mm, so the temperature 
of the gold ore decreases with the decrease of the particle 
size. The smaller the size, the greater the heat dissipation, so 
in the small size, the temperature decreases more dramati-
cally. The penetration depth of bulk copper ore is 3.79 mm, 
so the heating effect is the best when the particle size is near 
this value.

The temperature rise of ore is mainly determined by the 
microwave absorption capacity of absorbing minerals and 
the heat dissipation of minerals. When the size of absorb-
ing mineral matches its penetration depth, it will have the 
best microwave absorption effect. The penetration depth of 
bulk ore can be used as the reference for the optimal heat-
ing size of ore, but its accuracy will vary according to the 
ore structure. The crystal size of gold ore is very small (less 
than 0.25 mm), and the size of absorbing minerals does not 
change after crushing. Therefore, the best heating size of 
gold ore expressed by the penetration depth of bulk ore is 
more accurate.

However, the crystal size of absorbing minerals in cop-
per ore is very large (mainly larger than 1 mm, the larg-
est is more than 1 cm), and the size of absorbing minerals 
decreases significantly after ore crushing. The accuracy of 
the best heating size expressed by the penetration depth 
of bulk ore is reduced. We have done some relevant tests 
and found that the penetration depth of the main absorbing 
minerals (pyrite and pyrrhotite) in the copper ore is less 
than 0.5 mm. The closer the size of absorbing minerals is 
to its penetration depth, the stronger the microwave absorp-
tion capacity is. Compared with 1–3.2 mm, the mineral in 
0–0.4 mm copper ore has stronger absorbing capacity but 
higher heat dissipation, so the temperature is similar.

According to our resistance and dielectric constant meas-
urements, the bulk copper ore can be regarded as a kind of 
metallic material. The bulk copper ore used here has good 
conductivity and the mechanism responsible for the loss of 
the electromagnetic waves is different from that in dielectric 

Fig. 12   Variation of the P80 
values of the samples with 
temperature

Table 4   Dielectric properties of the ores at 2.45 GHz

Sample form �′ �′′ �′ �′′ Dp (mm)

Copper ore, bulk 89.61 131.5 0.159 0.012 3.79
Copper ore, powder 8.08 0.61 0.92 0.065 47.96
Gold ore, bulk 16.73 5.55 0.952 0.073 11.81
Gold ore, powder 3.30 0.18 0.996 0.094 70.79
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materials. The dielectric loss results can be interpreted as 
equivalent dielectric losses which include reflection loss and 
absorption loss. That is, the large dielectric loss observed 
does not mean that the real absorption loss of the material is 
large. Instead, it is the sum of the reflection loss and absorp-
tion loss that is large.

The bulk gold ore sample also has dielectric properties 
that are larger in magnitude than the powdered sample. At 
2.45 GHz, the bulk ore has a complex dielectric constant 
whose real component is equal to 16.73 (which is slightly 
larger than that of normal rock), an imaginary part equal to 
5.55, and a loss tangent of 0.33.

3.4 � Electromagnetic Shielding Effects

The S-parameters (S11 and S21) measured for four samples 
are shown in Fig. 13 as a function of the frequency of the 
microwave radiation. S11 characterizes the ability of the ore 
sample to reflect microwaves and S21 represents its ability 
to transmit microwaves. The smaller the absolute value of 
S11, the greater the ability of the ore to reflect microwaves; 
the smaller the absolute value of S21, the greater its ability 
to transmit microwaves. The larger the absolute value of 
S11, the larger the absolute value of S21, and so the better 
the microwave heating effect. The absolute values of the 
S11 parameters increase, in general, as the frequency of the 
microwaves increases. Furthermore, the largest variation 
over the frequency range used occurs in the bulk gold ore 
sample. The S11-frequency curves are smooth for the bulk 
samples, but there is significant fluctuation in those obtained 
using the powdered samples near 3 GHz. Furthermore, for 
a given ore, the powdered samples produce S11 parameters 
that have much larger absolute values compared to the bulk 

samples. It is the absolute values of the S21 parameters of 
the bulk samples that are larger than those of the powdered 
samples.

For the sake of completeness, it was further noted that the 
S-parameters corresponding to a microwave frequency of 
2.45 GHz correspond to: S11 = − 0.175, S21 = − 32.47 for the 
bulk copper ore sample; S11 = − 1.388, S21 = − 6.765 for the 
powdered copper ore sample; S11 = − 1.635, S21 = − 10.91 for 
the bulk gold ore sample; and S11 = − 4.688, S21 = − 2.084 
for the powdered gold ore sample.

The shielding performance of the bulk and powdered 
ore samples can be calculated using Eqs. (2)–(4) and the 
results obtained for the S-parameters. The coefficients thus 
derived are displayed in Table 5 for a microwave frequency 
of 2.45 GHz. It can be seen from the table that the copper 
ore is extremely reflective (R is close to 1). In addition, the 
transmission level is extremely weak and the overall absorp-
tion coefficient is weak, but the effective level of absorption 
is very strong. This indicates that most of the microwave 
energy is reflected from the bulk copper ore sample. A small 
amount of energy does enter into the interior of the sample 
and is absorbed. Thus, the amount of energy transmitted 
by the ore is very weak, which agrees with the results of 
the dielectric constant tests. In comparison, the powdered 
copper ore is less reflective and transmits more of the micro-
wave energy. In addition, the overall absorption of energy 
is enhanced, but the effective absorption is weakened com-
pared to bulk copper ore.

The amount of energy reflected from the powdered gold 
ore sample is much less than that from the other samples. 
In addition, its transmissivity is greatly enhanced and the 
overall absorption and effective absorption are greatly 
weakened compared with bulk gold ore. The shielding 

Fig. 13   Plots of the S-param-
eters of the ore samples as 
a function of microwave 
frequency

Table 5   Shielding coefficients 
of the ore samples 
corresponding to a microwave 
frequency of 2.45 GHz

Ore Form R T AE A SEA (dB) SER (dB)

Copper Bulk 0.961 5.68 × 10–4 0.985 3.84 × 10–2 18.42 14.08
Powder 0.726 0.211 0.230 6.30 × 10–2 1.14 5.62

Gold Bulk 0.686 0.081 0.742 0.233 5.87 5.03
Powder 0.340 0.619 6.21 × 10–2 4.10 × 10–2 0.28 1.80
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effectiveness (SET) of the bulk copper ore sample is about 
32.5 dB (≥ 30 dB) which shows that it exhibits good shield-
ing performance. Its shielding effect arises from its ability to 
strongly reflect the microwave energy which, in turn, is due 
to the good conductivity of the bulk copper ore.

4 � Discussion

4.1 � Effect of Microwave Heating on Metal Ores

The copper ore has a high proportion of minerals that 
strongly absorb microwaves, but the rate at which a cylin-
drical sample heats up when irradiated is small. The sur-
face resistances of bulk and powdered samples were tested 
in Sect. 3.3. The results of the measurements made on 
bulk ore samples show that the resistance is very small 
(< 20 Ω/cm) over most of the surface of the copper ore 
but very large (> 40 MΩ/cm) over most of the surface of 
the gold ore. This shows that the bulk copper ore has good 
conductivity, while the bulk gold ore has weak conductiv-
ity. From this, it can be concluded that a block of copper 
ore of this size has a complete conductive path with good 
conductivity but poor impedance matching between the 
bulk sample and air. This results in a large amount of the 

incoming electromagnetic radiation being reflected from 
the surface of the ore (and therefore not entering the body 
of the ore). The penetration depth of 2.45 GHz microwaves 
is very small, and so, the microwave energy can only influ-
ence the surface of the block.

When the same quantity of copper ore is broken into 
smaller particles, the heating rate upon heating increases 
significantly. There are no macroscopic cracks visible 
on the surface of the cylindrical copper ore sample after 
microwave heating for 120 s, while the 8–12.5 mm-sized 
copper sample has macroscopic cracks and obvious traces 
of burning (Fig. 14a). This is mainly because crushing of 
the sample breaks the original conductive path, so that the 
overall conductivity is weakened. As a result, the amount 
of energy reflected from the sample is greatly reduced. 
Meanwhile, crushing increases the specific surface area, 
and so, more ores are directly acted upon by the microwave 
radiation and more energy is absorbed.

In contrast, there are a large number of parallel cracks 
in the cylindrical gold ore sample after microwave heating 
for 120 s, but there are almost no cracks in the 8–12.5 mm-
sized gold ore sample (Fig. 14b). A cylindrical block of 
gold ore does not reflect the microwaves strongly. Thus, the 
microwave-absorbing materials can absorb the radiation and 
cause the temperature to rise significantly. When the same 

Fig. 14   Images of the macro-
scopic cracks
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quantity of gold ore is broken into smaller particles, there 
is more transmission and less reflection of the microwaves 
from the ore. The radiation is also less well absorbed. Fur-
thermore, the increase in specific surface area also leads to 
an increase in heat dissipation. Therefore, the heating effect 
in the gold ore after it is broken into smaller particles is not 
as good as it is in the larger (bulk) ore sample.

When predicting the effect of microwave heating on 
large blocks of ore, it is important to consider the con-
ductivity of the ore in addition to the amount of radia-
tion-absorbing minerals present. Most metal sulfides and 
oxides have good absorbing properties. For most rocks, 
the greater the absorbing mineral content, the better the 
microwave heating effect. For ores, it is not the case that 
the more metal compounds in the ore, the better the micro-
wave effect. This is because metal compounds have the 
potential to conduct electricity. Research on electromag-
netic shielding suggests that the stronger the conductivity 
of a material, the more strongly electromagnetic waves 
are reflected from its surface. This will result in a smaller 
penetration depth and the inability of the electromagnetic 
energy to enter into the interior of the material.

4.2 � Application of Microwave Heating to Processing 
Metal Ores

Combining the results of the microwave heating and grind-
ing experiments, a cylinder of copper ore sample is found 
to heat up slowly when irradiated and the procedure has 
no effect on the fine grinding process. In contrast, the 
three other groups with different grades (8–12.5, 4–8, and 
1–3.2 mm) experience obvious effects. The penetration 
depth of the bulk copper ore sample is only 3.79 mm and 
most of the energy is reflected. Therefore, the depth of the 
single block of copper ore that is damaged is small and 
cannot reach the center of the 50 mm cylinder. Consider-
ing that fine crushing in a concentrator yields products 
that are generally smaller than 14 mm in size, the use of 
microwave heating to process copper ore should follow 
the order: fine crushing → microwave heating → grinding.

The cylinder of gold ore sample heats up rapidly when 
irradiated, producing many macroscopic cracks. In this 
case, heating has a small effect on the fine grinding pro-
cess (whereas the other three grade groups experience no 
significant effects). The penetration depth of the bulk gold 
ore sample is 11.81 mm and a relatively larger amount of 
energy can be absorbed. Therefore, the damage depth of 
the single gold ore can reach up to 50 mm or more.

Considering that medium crushing in a concentrator 
yields products that are generally ≤ 50 mm in size, the use 
of microwave heating to process gold ore should follow 
the order: microwave heating → fine crushing → grinding.

Ore processing is generally a continuous process from 
mining to crushing to grinding. Different ores are most 
sensitive to microwaves when their particles have specific 
sizes and the effect of microwave treatment is different 
when it is used at different stages. For example, the gold 
ore used in this paper has a good microwave heating effect 
when large fragments (≥ 50 mm) are employed. If the frag-
ments are too small (≤ 14 mm), then the microwave heat-
ing effect is too weak. Therefore, a bulk-sensitive ore such 
as gold ore should be treated with microwaves before fine 
crushing. In this case, microwaves can be considered for 
use in the coarse/medium crushing stage, or even at the 
mining face. Indeed, previous experimental results have 
shown that a large number of cracks are produced in a 
gold mine when microwave heating is employed, which 
certainly helps the crushing and mechanical mining 
processes.

5 � Conclusions

1.	 Bulk copper ore samples (e.g., the cylinders used here) 
heat up slowly when subjected to microwave heating. 
Samples made up of smaller particles (8–12.5, 4–8, 
1–3.2, and 0–0.4 mm in size) heat up more rapidly and 
obvious burn marks appear. Bulk gold ore heats up 
rapidly when irradiated and many macroscopic cracks 
appear.

2.	 Microwave heating of bulk copper ore has no effect on 
the subsequent fine grinding process. Microwave heat-
ing of the other three groups of particles (8–12.5, 4–8, 
and 1–3.2 mm in size) significantly can improve the fine 
grinding process. The effect of microwave heating on the 
fine grinding of bulk gold ore is stronger than it is for the 
other particle sizes (so the effect of microwave heating 
on the fine grinding of 8–12.5, 4–8, and 1–3.2 mm-sized 
gold ore samples is essentially insignificant).

3.	 The electromagnetic characteristics of the copper ore 
suggest that the bulk copper ore is electrically conduc-
tive and strongly reflects microwaves. It thus has a strong 
shielding effect. When the copper ore is powdered its 
ability to reflect microwaves is greatly reduced. Bulk 
gold ore reflects microwaves weakly. Thus, the ore can 
absorb the microwave energy well. When the gold ore 
is powdered, the amount of microwave energy which it 
transmits is greatly increased.

4.	 The Hongtoushan copper ore is suitable for microwave 
heating after fine crushing. The Dandong gold ore is 
suitable for microwave heating before fine crushing.
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