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Abstract: This work extends research on the mechanism of electromagnetic radiation (EMR) in-
duced by coal or rock fractures to the category of microscopic dynamic experimental research. A
custom-made three-point bending test system and atomic force microscope (AFM) were integrated
to obtain the microdynamic loading test system. The notched coal samples were prepared specially.
The dynamic propagation of new microcracks in coal samples was measured, and the propagation
velocity was calculated. The morphology and electro-mechanical characteristics of new microcracks
were tested. More importantly, the causes of the changes in the electro-mechanical characteristics
before and after fracture were analyzed, and the effects of these changes on the EMR were dis-
cussed. The results showed that the average propagation velocities during the same time interval are
9.5 µm/s, 12.1 µm/s, and 16.2 µm/s. The elastic modulus of the material at the microcrack edge is
generally smaller than that of the material in other locations, while the adhesion and deformation are
larger. Moreover, the closer the material is to the microcrack, the higher its surface potential. The
electrons generated at the microcrack edge and emitted into the atmosphere, which made the greater
potentials of the microcrack edge. Many electrons with different velocities and directions migrate
in similar parallel-plate capacitors, which are formed by the relative microscale surface of the coal
microcrack tip and have different field strengths, resulting in EMR with complex frequencies and
different intensities. This study provides a micro-dynamic experimental basis for research on the
electromagnetic radiation mechanism.

Keywords: electromagnetic radiation; three-point bending test; new microcrack of coal; dynamic
propagation; AFM; electro-mechanical characteristics

1. Introduction

In recent years, with the increase in the depth and intensity of coal mining, coal or rock
dynamic failures have become one of the main disasters faced by coal mining safety at home
and abroad [1–3]. In the field of monitoring and early warning of coal or rock dynamic
disasters, many engineering practices prove that coal or rock electromagnetic radiation
technology has broad application prospects [4–9], but the mechanism of EMR generated
by the deformation and fracture of coal or rock masses is still unclear. Researchers have
explained this using many aspects, such as the piezoelectric effect [10,11], triboelectric
charging [12–14], flow potential [15], stress-induced polarization [16,17], oscillating electric
dipole [18], and R-C oscillation loop excitation [19–21]. However, most of these explanations
are based on experiments at the macro/mesoscale or on assumptions.
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In the past few years, our research team has carried out continuous studies on the
influence of coal properties on electromagnetic radiation (EMR) from the microscopic
level. He et al. [22] selected 10 coal samples with different ranks for experiments, used
Fourier transform infrared spectroscopy to determine the surface microstructures of coal,
and measured the surface potential by atomic force microscope (AFM). Subsequently,
the effect of coal microstructures on surface electrical properties was analyzed, and the
correlations between these two parameters were also established. These results provide
a better understanding of the EMR mechanism at the microscopic scale. Wang et al. [23]
employed an optical microscope, digital microhardness tester and AFM to measure the
surface morphology, surface microhardness and electro-mechanical characteristics of coal
regarding the mechanism of EMR induced by deformation and failure of coal or rock.
Tian et al. [24] measured the microsurface potential of different coals (reflectance range;
R0 = 0.90%~2.47%) by AFM at five scanning scales to gain clearer insights into the electrical
characteristics of coal microsurfaces. These works have made some progress in this field;
however, these studies are based on static experiments. A dynamic experimental study at
the macro/mesoscale has not yet been carried out, and the influence of the dynamic change
process on the electro-mechanical properties of coal at the microscale has not been studied.

Experiments at the macro/mesoscale show that the surface potential generated by
the coal or rock fracture is a macroscopic physical phenomenon in which the coal or
rock mass makes free charges during the loading fracture process [15]. There is a special
relationship between the free charge generation and the microdamage of coal, and the
microdamage of coal is closely related to the microload state and its micromechanical
properties. Furthermore, the microdamage and fracture of coal are dynamic processes.
To date, there is a lack of research on the electro-mechanical characteristics of coal at the
macro/mesoscale in the dynamic fracture process. The study of this challenge must solve
two critical problems: how to generate and control microfracture of coal, and how to
test the electro-mechanical characteristics of coal at the micro/nanoscale before and after
dynamic fracture.

Among most experimental techniques, the three-point bending test has proven to
be very useful for the study of fracture features of brittle materials such as ceramic [25],
glass [26], rock [27,28], and coal [29] under dynamic and static loading conditions at the
mesoscale. Following the above research, the three-point bending test was used to generate
and control the microcracks in the coal samples. However, the measurement at the mi-
cro/nanoscale relies on extremely sophisticated test instruments. AFM, as an atomic-level
precision instrument, has been widely employed in research on the mechanical and electri-
cal properties of materials at the micro/nanoscale. Worldwide, many scholars have studied
the mechanical properties (such as elastic modulus, adhesion, and deformation) of coal [30],
oil sand [31], and abalone shell [32] at the micro/nanoscale by AFM. Similarly, AFM has
been used to investigate the surface charge density and surface potential distribution of
coal [24], quartz sand [33], silicate [34], and scheelite crystals [35] at the micro/nanoscale.
Therefore, AFM is suitable for the measurement of the electro-mechanical properties of coal
at the micro/nanoscale.

In this study, the three-point bending test system and AFM were integrated to build a
microdynamic loading test system. Then, microcracks in the coal samples were generated
and controlled, and the dynamic propagation characteristics of microcracks were measured.
At the same time, the electro-mechanical properties of microcracks at the micro/nanoscale
were tested. This study extends the research on the EMR mechanism from static experi-
mental research to dynamic experimental research at the micro/nanoscale, and provides a
microdynamic experimental basis for research on the EMR mechanism.
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2. Theory of EMR

As determined from the study of electrodynamics, the electric and magnetic fields
induced by the movement of charged particles in a uniform electric field can be described
in Equations (1) and (2), respectively [36].
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where v is the charged particle velocity, c is the electromagnetic wave propagation velocity
in vacuum, i.e., the speed of light, e is the charged particle, ε0 is the absolute permittivity,
→
v is the vector velocity of the charged particle, r is the distance between the charged particle
and field point,

→
n is the unit vector in the normal direction,

→
a is the vector acceleration

when charged particles move,
→
E X ,

→
B X is the Coulomb field generated by moving charged

particles and the associated magnetic field, and
→
EY,

→
BY is the radiated field generated by

moving charged particles and the associated magnetic field.
Therefore, the electromagnetic field induced by the variable-speed moving charged

particles is divided into two parts.
→
E X,

→
B X, called the inductive field, which is inversely

proportional to r2. This part of the field is associated with the electric charge and does

not represent the electromagnetic field of the radiation.
→
EY,

→
BY, which are inversely

proportional to r, belong to the radiation field that can exist independently from the source,
can radiate out, and are related to acceleration

→
a .

In the electric field (ignoring gravity), let the charged particle with a mass of m and
a charge of e be subjected to the resultant force F which is obtained by Newton’s second
law; then,
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F = m
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→
E =

→
U
d

(4)

where
→
U is the potential between the two plates formed by the two micro elements, and

d is the distance between the two plates; then

→
a =

→
Ue
md

(5)

Bring Equation (5) into Equations (1) and (2) to obtain

→
E =

e
4πε0r2 ×

(
1− v2

c2

)(→
n −

→
v
c

)
(

1−
→
n ·→v

c

)3 +
e

4πε0c2r
×
→
n ×

(→
n −

→
v
c

)
(

1−
→
n ·→v

c

)3 ×
→
Ue
md

=
→
E x +

→
Ey (6)

→
B =

e
→
n

4πε0cr2 ×

(
1− v2

c2

)(→
n −

→
v
c

)
(

1−
→
n ·→v

c

)3 +
e
→
n

4πε0c3r
×
→
n ×

(→
n −

→
v
c

)
(

1−
→
n ·→v

c

)3 ×
→
Ue
md

=
→
B x +

→
By (7)



Minerals 2022, 12, 582 4 of 16

The electric field and the magnetic field are proportional to the charge quantity e, the

acceleration of the charged particles
→
a , and the potential

→
U and are inversely proportional

to the distance d and the mass m of the charged particle. The electric field and the magnetic
field propagate alternately in perpendicular ways to generate electromagnetic waves, and
those waves are emitted into the air to form EMR.

3. Materials and Methods
3.1. Construction of the Microdynamic Loading Test System

In the experiment, the Dimension Icon AFM produced by Bruker was used, and
the microdynamic loading system was customized, which mainly consisted of a loading
device, loading controller, and loading control software, as shown in Figure 1. The size
of the loading device is approximately 156 mm × 83 mm × 37 mm, and the ranges of
the interchangeable load cell with an accuracy of ±1% of the full range are 660 N and
2000 N, respectively. The maximum stroke of the loading device is 20 mm (10 mm~30 mm),
and the displacement loading rate is 0.05 mm/min~0.4 mm/min. The resolution of the
displacement meter is 3 µm. The microdynamic loading test system is shown in Figure 1.
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Figure 1. (a) Microdynamic loading test system (b) Enlarged view of AFM scanner and micrody-
namic loading device (c) Enlarged view of connection part (d) sample holder and sample; 1—Scan-
ner, 2—Optical auxiliary system, 3—Probe clip and probe, 4—AFM sample stage, 5—Three-point 
bending microdynamic loading device, 6—Sliding ball base, 7—Right angle connection piece, 8—
Three-point bending sample holder, 9—Sample, 10—Loading control software, 11—Loading con-
troller, 12—Display screen of optical imaging system, 13—Figure tested by AFM. 

3.2. Sample Preparation 
The block coal samples used in the tests were obtained at one coal seam from Henan 

Province, China. Proximate analysis of one block coal sample was conducted by the GF-
A2000 auto proximate analyzer following the Chinese National Standard GB/T 212-2008. 
The results of the proximate analysis and ultimate analysis are presented in Table 1. 

Figure 1. (a) Microdynamic loading test system (b) Enlarged view of AFM scanner and microdynamic
loading device (c) Enlarged view of connection part (d) sample holder and sample; 1—Scanner,
2—Optical auxiliary system, 3—Probe clip and probe, 4—AFM sample stage, 5—Three-point bending
microdynamic loading device, 6—Sliding ball base, 7—Right angle connection piece, 8—Three-
point bending sample holder, 9—Sample, 10—Loading control software, 11—Loading controller,
12—Display screen of optical imaging system, 13—Figure tested by AFM.

3.2. Sample Preparation

The block coal samples used in the tests were obtained at one coal seam from Henan
Province, China. Proximate analysis of one block coal sample was conducted by the GF-
A2000 auto proximate analyzer following the Chinese National Standard GB/T 212-2008.
The results of the proximate analysis and ultimate analysis are presented in Table 1.

Table 1. Proximate analysis and ultimate analysis of the coal sample.

Proximate Analysis wt (%) Ultimate Analysis wt (%, Daf) R0 (%)

Mad Aad Vdaf FCad C H O N S
2.73.07 7.13 6.58 83.22 87.49 3.50 5.92 2.46 0.63

Note: Mad and Aad represent the moisture content and the ash content on an air-dried basis, respectively; Vdaf is
the volatile matter content on a dry-ash-free basis; and FCad is the fixed carbon on an air-dried basis. Oxygen was
calculated by difference. R0 is the vitrinite reflectivity of coal.
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The block coal sample was crushed, and coal samples of approximately
30 mm × 20 mm × 10 mm were selected and ground to a size of approximately
5 mm × 3 mm × 2 mm using a grinding and polishing machine with 400-mesh sand-
paper, as shown in Figure 2a–e. Then, they were placed in the mosaic mold, and epoxy
resin and the coagulant were poured into the mosaic mold to inlay coal samples into
cylindrical samples of Φ 20 mm × 10 mm, as shown in Figure 2f,g. The cylindrical samples
prevent the coal samples from being broken during grinding and polishing. Next, the
samples were ground and polished by a YMP-1 grinding and polishing machine, and the
surfaces with exposed coal samples were ground and polished, respectively, with 400 mesh,
800 mesh, 1200 mesh, and 1500 mesh water-resistant sandpaper. Next, they were polished
with polishing cloths and polishing paste for 10 min so that the surface morphology un-
dulation did not exceed 100 nm. Then, they were ground into regular cuboid samples of
approximately 20 mm × 10 mm × 5 mm on 400-mesh sandpaper, and the epoxy resin was
evenly wrapped on both sides of the long side of the samples. After this, the polished
samples were pre-notched in the middle of the long side, as shown in Figure 2h. The
samples were placed in an ultrasonic cleaner containing deionized water for 1 min and
dried in a vacuum dryer for 10 min at 105 ◦C. Finally, the samples were sealed and stored
to prevent impurities adsorbed on the surface from affecting the experiment.
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Figure 2. Process of sample preparation. (a) Block coal samples collected from the mine at one coal
seam; (b) and (c) Irregular small coal samples obtained after breaking block coal sample; (d) YMP-1
grinding and polishing machine; (e) Regular small coal samples after polishing; (f) and (g) Small
coal samples inlaid with epoxy resin and solidifying agent; (h) Regular small coal samples with
20 mm × 10 mm × 5 mm and evenly wrapped by the epoxy resin on both sides of the long side.

3.3. Experimental Setup and Procedure

First, the prepared notch sample was placed in the three-point bending holder, 20 N
preloading force was set to hold the sample, and conductive tape was used to connect the
coal surface with the AFM sample stage. Then, the displacement loading mode was used
in the three-point bending loading experiment, as shown in Figure 3a, at a loading rate of
0.05 mm/min. During the experiment, the dynamic process of microcrack propagation
was captured by the optical imaging system of AFM. When the microcrack propagated
stably, the loading was stopped to keep the load constant and to render the microcrack in a
static state. Next, the microcracks were measured by AFM, and the scanning scales were
2 µm × 2 µm, 5 µm × 5 µm, and 10 µm × 10 µm. Figure 3b shows the diagram of the
experimental scheme. In the experiment, five samples were prepared for the microdynamic
loading test experiment.
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Figure 3. Schematic of the three-point bending test and specimen geometry (a) and schematic of the
experimental scheme (b).

The SCM-PIT-V2 probe was employed in AFM, with a cantilever elastic coefficient
k = 2.8 N/m, a resonant frequency f0 of approximately 60 kHz, a tip radius of 20 nm, and a
scanning frequency of 1 Hz. The image resolution was set to 256 × 256. The measurement
was performed in tapping mode, and the experiment was carried out in a stable atmospheric
environment (temperature 20 ◦C and humidity 30%). Nanoscope Analyses software was
used for image acquisition and data extraction.

4. Results
4.1. Characteristics of Microcrack Dynamic Propagation

After counting the initiation position of the crack in 5 samples, it was found that the
initiation position of microcracks appears at the notch tip in 4 samples, indicating that the
notch plays a useful role in controlling the initiation position of microcracks, as shown in
Figure 4. In Figure 4, the notch tip is the initiation position of the microcrack. The notch is
shaped like a triangle, with three sides measuring 1000 µm, 600 µm and 500 µm in length.
The angle of the initial microcrack propagation α is approximately 6◦.
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The propagation process of microcracks was obtained through the optical imaging
system of AFM, and the continuous and dynamic process of microcrack propagation is
shown in Figure 5, which contains several microcrack images at different times. It was
found that the width of the microcrack does not uniformly increase when the microcrack
propagates. For example, in the picture obtained at 26.0 s, the microcrack widths at positions
A, B, and C were different. Position A was propagated first, followed by position B, and
finally position C. However, the order of the microcrack width in the three positions was
A > C > B.
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In addition, the propagation velocities of microcrack were different at different times.
The microcrack propagation path was extracted by MATLAB’s image processing function,
and the lengths d1, d2, and d3 of the crack propagation on the coal sample surface in the
same time interval (2.0 s~10.0 s, 10.0 s~18.0 s, 18.0 s~26.0 s) in Figure 5 were calculated as
76.2 µm, 96.9 µm, and 129.8 µm, respectively. Then, the average velocities of microcrack
propagation on the coal sample surface in the same time interval were calculated as
9.5 µm/s, 12.1 µm/s, and 16.2 µm/s, which suggests that the microcrack propagation
velocity becomes increasingly faster at the same loading rate, with the change in time. The
reason why this phenomenon occurs is that the coal sample is always in the state of being
loaded, so that the fracture accelerates continuously until the whole sample is fractured. In
this research, the microcrack dynamic propagation process for brittle materials such as coal
was successfully observed by the microdynamic loading test system.

4.2. Characteristics of New Microcracks and Surface Morphology

High-resolution images of the new microcrack morphology of the coal sample were
explored by AFM, as shown in Figure 6. Figure 6(a1,a2) are 2D and 3D images of the new
microcrack morphology, with a range of 5 µm × 5 µm, and Figure 6(b1,b2) are the partial
and enlarged views of a1 and a2, with a range of 2 µm × 2 µm. The coal sample surface
containing the microcracks appears relatively flat. The microcrack shows a curved shape,
and the width varies with different positions. The reason for this is the heterogeneity of
coal. Otherwise, the heterogeneity of coal also leads to new fracture surfaces that are not
vertical, and many uneven microsurfaces appear on the walls of the new microcrack.

4.3. Micro Mechanical Distribution Characteristics of New Microcracks

Figure 7(a1–d1,a2–d2) are the 2D and 3D profiles of the surface morphology, elas-
tic modulus, adhesion, and deformation of the microcrack, respectively, with a scale of
10 µm × 10 µm. The statistical analysis shows that the elastic modulus varies from
20.41 MPa to 1.05 GPa, the adhesion changes between 1.82 nN and 93.7 nN, and the de-
formation fluctuates from 3.18 nm to 90.67 nm. This is because the heterogeneity of coal
makes its mechanical properties inhomogeneous.
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In addition, the fitting curve of the proportion for each parameter has two peaks,
as shown in Figure 8. For the elastic modulus, the two peaks appear at 0.06 GPa and
0.40 GPa, representing the average elastic modulus at the microcrack edge and that around
the microcrack, respectively. For the adhesion, the two peaks show at 30.29 nN and
90.64 nN, expressing the average adhesion around the microcrack and that at the microcrack
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edge, respectively. For the deformation, the two peaks exhibit at 14.14 nm and 85.67 nm,
reflecting the average deformation around the microcrack and that at the microcrack edge,
respectively. Interestingly, one peak is more dominant than the other. This is because the
test data corresponding to the dominant peak are abundant, and their proportion is large,
indicating the test data around the microcrack. The test data corresponding to the other
peak are short, and its proportion is small, indicating the test data at the microcrack edge.
The total amount of data is 65,536 (256 × 256).
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When the test position is far from the microcrack, its mechanical properties will no
longer be affected by the microcrack and can be equivalent to the mechanical properties
before fracture. In particular, the elastic modulus at the microcrack edge decreases before
fracture, while the adhesion and deformation are more significant, which indicates that
the mechanical properties of the material at the microcrack edge have been changed. This
phenomenon reflects the impact of the fracture on the material at the microcrack.

4.4. Surface Potential Distribution Characteristics of New Microcracks

In the experiment, the surface potential was measured by the probe of AFM using
a two-scan method. The first step is the Main Scan, and the surface morphology of the
sample is obtained by tapping mode. The second step is the Interleave Scan: the probe is
lifted to a certain height, and an AC voltage VAC sin ωt is applied to the probe. According
to the morphology information obtained from the Main Scan, the system keeps the vertical
distance between the probe and the sample constant and then the surface potential of the
sample is measured.

Figure 9(a1,a2) are 2D and 3D images of the surface potential distribution around the
new microcracks, respectively, with a scale of 5 µm × 5 µm, Figure 9(b1,b2) are partial
and enlarged views of Figure 9(a1,a2), respectively, with a scale of 2 µm × 2 µm. In the
figure, bright colors represent higher surface potential, while dark colors represent lower
surface potential. Therefore, it is clear that the surface potential at the microcrack edge is
significantly higher than that at other locations far from the microcrack.

However, the surface potential of the unbroken surface does not have this obvious
feature, and the surface potential distribution is more discrete and random, as shown by
the blue line in Figure 9(a2). The value of surface potential in Figure 9(a1,b1) was analyzed,
and the proportion distribution was found, as shown in Figure 10. Figure 10 shows that the
surface potential varies from 121.16 mV to 201.37 mV on the scale of 5 µm × 5 µm, while,
on the scale of 2 µm × 2 µm, the surface potential changes between 123.95 and 192.29 mV.
The former is more discrete than the latter, which reflects the heterogeneity of the coal
sample and illustrates that the larger the scale is, the more obvious the heterogeneity, which
is similar to the conclusion studied by Tian et al. [24]. It also shows that the distribution of
surface potential on the scale of 5 µm × 5 µm and 2 µm × 2 µm conforms to the normal
distribution, and the R2 values are 0.9896 and 0.9565, respectively.



Minerals 2022, 12, 582 10 of 16

Minerals 2022, 12, x  10 of 16 
 

 

the blue line in Figure 9(a2). The value of surface potential in Figure 9(a1,b1) was analyzed, 
and the proportion distribution was found, as shown in Figure 10. Figure 10 shows that 
the surface potential varies from 121.16 mV to 201.37 mV on the scale of 5 μm × 5 μm, 
while, on the scale of 2 μm × 2 μm, the surface potential changes between 123.95 and 192.29 
mV. The former is more discrete than the latter, which reflects the heterogeneity of the 
coal sample and illustrates that the larger the scale is, the more obvious the heterogeneity, 
which is similar to the conclusion studied by Tian et al. [24]. It also shows that the distri-
bution of surface potential on the scale of 5 μm × 5 μm and 2 μm × 2 μm conforms to the 
normal distribution, and the R2 values are 0.9896 and 0.9565, respectively. 

 
Figure 9. 2D images (a1,b1) and 3D (a2,b2) images of the surface potential about and around the new 
microcrack. 

 
Figure 10. Proportion distribution of surface potential and fitting curve in 2 μm × 2 μm and 5 μm × 
5 μm. 

Figure 9. 2D images (a1,b1) and 3D (a2,b2) images of the surface potential about and around the
new microcrack.

Minerals 2022, 12, x  10 of 16 
 

 

distribution of surface potential on the scale of 5 μm × 5 μm and 2 μm × 2 μm conforms to 
the normal distribution, and the R2 values are 0.9896 and 0.9565, respectively. 

 
Figure 9. 2D images (a1,b1) and 3D (a2,b2) images of the surface potential about and around the new 
microcrack. 

 
Figure 10. Proportion distribution of surface potential and fitting curve in 2 μm × 2 μm and 5 μm × 
5 μm. 

The cross-sectional data at the five dotted lines in Figure 9(b1) were extracted, and 
the surface potential cross-sections were plotted, as shown in Figure 11. The surface po-
tential of the 0~0.75 μm segment on the left side of the microcrack and that of the 1.25 
μm~2.0 μm segment on the right side of the microcrack on the blue cross-section are fitted 
separately, as shown in Figure 11. Two slope fitting straight lines are acquired, and the 
fitting degrees R2 are 0.642 and 0.779, respectively. These two fitting lines also clearly show 
that the surface potential of the 0~0.75 μm segment shows a gradually increasing trend 
with increasing distance and that of the 1.25 μm~2.0 μm segment shows a gradually de-
creasing trend with increasing distance. However, they have two characteristics in com-
mon. One is that the closer the material on the surface is to the crack, the higher the surface 
potential is, and the other is that the difference between the maximum and minimum sur-
face potential values is approximately 25 mV. 
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5 µm × 5 µm.

The cross-sectional data at the five dotted lines in Figure 9(b1) were extracted, and the
surface potential cross-sections were plotted, as shown in Figure 11. The surface potential
of the 0~0.75 µm segment on the left side of the microcrack and that of the 1.25 µm~2.0 µm
segment on the right side of the microcrack on the blue cross-section are fitted separately, as
shown in Figure 11. Two slope fitting straight lines are acquired, and the fitting degrees R2

are 0.642 and 0.779, respectively. These two fitting lines also clearly show that the surface
potential of the 0~0.75 µm segment shows a gradually increasing trend with increasing
distance and that of the 1.25 µm~2.0 µm segment shows a gradually decreasing trend with
increasing distance. However, they have two characteristics in common. One is that the
closer the material on the surface is to the crack, the higher the surface potential is, and the
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other is that the difference between the maximum and minimum surface potential values is
approximately 25 mV.

Minerals 2022, 12, x  11 of 16 
 

 

 
Figure 11. Cross-section of the surface potential in Figure 9(b1). 

5. Discussion 
5.1. The Reason for the Changes of Electro-Mechanical Characteristics before and after Fracture 

The macromolecule of coal is a three-dimensional structure formed by a plurality of 
structurally similar but not identical basic elements connected by bridge bonds [37,38]. 
These bridge bonds include methine bonds (–CH2), ether bonds (–O–), thioethers (–S–), 
methine ethers (–O–CH2–), and aromatic carbon-carbon bonds (C=C) [39]. The bridge 
bonds at the joints of these basic elements have lower bond energies and are prone to 
damage. Since the essence of the bridge bond is the electrical interaction, charge transfer 
occurs when the bridge bonds break during the damage of the coal mass, resulting in a 
change in the surface charge distribution of coal, as shown in Figure 10. At the same time, 
these broken bridge bonds form some dangling bonds on the section and will also charge 
the coal surface. 

Anthracite contains hydroxyl groups (–OH), carbonyl groups (C=O), C–O groups, 
hydrogen bonds (–H) [40,41], etc. Because the electronegativity of oxygen atoms is strong, 
the attraction to electrons is much greater than that of hydrogen atoms and carbon atoms, 
causing the common electron pair formed by the corresponding groups to be biased to-
ward oxygen atoms, thereby resulting in the hydroxyl group (–OH), the carbonyl group 
(C=O), and the CO group, which have a strong polarity. Due to the presence of polar 
groups in the coal [42], the electrical distribution of the coal surface is nonuniform, which 
leads to the coal mass exhibiting certain weak electric properties at the nanoscale. Addi-
tionally, previous studies by Epstein and Shubina [43] have shown that hydrogen bonds 
affect the surface potential of coal. 

Anthracite also has a large amount of C=C bonds, which are mainly present on aro-
matic rings, including polycondensed aromatic rings, hydrogenated aromatic rings, and 
various heterocyclic rings [44]. These aromatic rings contain aromatic π-electrons, which 
are electron donors or electron acceptors, showing some electrical properties [45,46]. In 
addition, the six-π-electron in the benzene molecule is located on the large π bond orbit, 
forming the closed-shell electron configuration. The electrons above and below the ring 
plane can migrate in the delocalized π molecular orbit, which shows the charge transfer 
phenomenon. Therefore, the existence of π electrons provides a source for the surface 
charge of coal. In addition, a large number of graphite microcrystalline structures, which 
are also prone to surface-related electrical phenomena under external disturbances, of the 
aromatic layer have been formed in anthracite. 

At the molecular scale, the molecules of the coal are in equilibrium before the frac-
ture. When the sample surface is broken by the load, the force between the molecules in 
the equilibrium state becomes nonequilibrium. The molecules on the new microcrack 
walls lose the balance of the force among molecules in the three-dimensional structure 
due to the lack of adjacent molecules. The molecules of the new surface molecular layer 

Figure 11. Cross-section of the surface potential in Figure 9(b1).

5. Discussion
5.1. The Reason for the Changes of Electro-Mechanical Characteristics before and after Fracture

The macromolecule of coal is a three-dimensional structure formed by a plurality of
structurally similar but not identical basic elements connected by bridge bonds [37,38].
These bridge bonds include methine bonds (–CH2), ether bonds (–O–), thioethers (–S–),
methine ethers (–O–CH2–), and aromatic carbon-carbon bonds (C=C) [39]. The bridge
bonds at the joints of these basic elements have lower bond energies and are prone to
damage. Since the essence of the bridge bond is the electrical interaction, charge transfer
occurs when the bridge bonds break during the damage of the coal mass, resulting in a
change in the surface charge distribution of coal, as shown in Figure 10. At the same time,
these broken bridge bonds form some dangling bonds on the section and will also charge
the coal surface.

Anthracite contains hydroxyl groups (–OH), carbonyl groups (C=O), C–O groups,
hydrogen bonds (–H) [40,41], etc. Because the electronegativity of oxygen atoms is strong,
the attraction to electrons is much greater than that of hydrogen atoms and carbon atoms,
causing the common electron pair formed by the corresponding groups to be biased toward
oxygen atoms, thereby resulting in the hydroxyl group (–OH), the carbonyl group (C=O),
and the CO group, which have a strong polarity. Due to the presence of polar groups in
the coal [42], the electrical distribution of the coal surface is nonuniform, which leads to
the coal mass exhibiting certain weak electric properties at the nanoscale. Additionally,
previous studies by Epstein and Shubina [43] have shown that hydrogen bonds affect the
surface potential of coal.

Anthracite also has a large amount of C=C bonds, which are mainly present on
aromatic rings, including polycondensed aromatic rings, hydrogenated aromatic rings, and
various heterocyclic rings [44]. These aromatic rings contain aromatic π-electrons, which
are electron donors or electron acceptors, showing some electrical properties [45,46]. In
addition, the six-π-electron in the benzene molecule is located on the large π bond orbit,
forming the closed-shell electron configuration. The electrons above and below the ring
plane can migrate in the delocalized π molecular orbit, which shows the charge transfer
phenomenon. Therefore, the existence of π electrons provides a source for the surface
charge of coal. In addition, a large number of graphite microcrystalline structures, which
are also prone to surface-related electrical phenomena under external disturbances, of the
aromatic layer have been formed in anthracite.

At the molecular scale, the molecules of the coal are in equilibrium before the fracture.
When the sample surface is broken by the load, the force between the molecules in the
equilibrium state becomes nonequilibrium. The molecules on the new microcrack walls lose
the balance of the force among molecules in the three-dimensional structure due to the lack
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of adjacent molecules. The molecules of the new surface molecular layer move because of
the interaction and seek a new equilibrium position to reduce the energy of the system. The
structure (such as bond length and bond angle, etc.) of the nonequilibrium molecule then
changes and finally reaches a stable equilibrium, as shown in Figure 12. When the probe
tip acts on the edge of the new microcrack, the force between the probe tip and the surface
molecules makes the surface molecules displace in different directions, since the energy
of the molecular system at the edge of the new microcrack decreases and the molecule at
the edge of the new microcrack has free space on both sides in the physical structure. In
this process, the deformation of the material at the microcrack edge increases under the
same peak force, the elastic modulus decreases, and the adhesion increases, as shown in
Figure 7. Similarly, due to the relatively unstable molecular structure at the microcrack
edge, when the surface potential is tested, the phenomenon of molecular polarization and
the deviation of the positive and negative charge centers in the molecule are more likely to
occur, resulting in a higher surface potential, as shown in Figure 9.
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Figure 12. Schematic of fracture of coal macromolecules under external force with electron release
and hanging bond formation.

When the coal is deformed and destroyed, the internal crack evolution causes the
friction force among the mineral particles, impurities, and cements to do work [47]. A part
of the mechanical energy is converted into heat energy to generate a thermal effect, which
causes the friction surface temperature to rise [48]. When friction heats the crack, electrons
will be excited. These electrons escape into space, leading to a rise in the surface potential
at the crack edge, as shown in Figure 9.

In summary, the elastic modulus of coal at the crack edge decreases, which is caused
by the loss of the force balance among coal molecules in the three-dimensional state. The
surface potential of the coal at the crack edge increases. On the one hand, the molecular
structure at the crack edge is relatively unstable, and phenomena such as molecular po-
larization and deviation of the center of positive and negative charges in the molecule are
more likely to be caused. On the other hand, it is caused by the increase in the energy of
molecules and the excitation of more electrons due to friction heating.

5.2. Effect of Coal Fracture on EMR

Coal can be regarded as the conductor of electricity, and many similar parallel-plate
capacitors will be formed at the microcrack tip of coal during the fracture process [49], as
shown in Figure 13. At the nanoscale, when the coal is broken, the bulges in the coal will
be separated, and many nano similar parallel-plate capacitors will be formed between the
bulges on the new microcrack tips. It is assumed that the area of the two opposite parallel
plates of the similar parallel-plate capacitor is very small, less than 100 nm2, and the electric
field between them is regarded as a uniform electric field. It can be obtained from this work
that electrons are generated during coal fracture. These electrons can produce EMR when
they move in a uniform electric field of the nano similar parallel-plate capacitor, according
to Equations (6) and (7).



Minerals 2022, 12, 582 13 of 16Minerals 2022, 12, x  13 of 16 
 

 

 
Figure 13. Schematic of a similar parallel-plate capacitor formed at the coal microcrack tip. 

In this study, we found that the rate of crack propagation accelerated with loading, 
as shown in Section 4.1, and the micro elastic modulus of the coal sample was nonuniform, 
as explained in Section 4.3. When the coal mass is stressed, the micro elements of coal have 
different deformations, which leads to different crack propagation speeds at the interface 
of different micro elements. Therefore, with the evolution of the coal structure, the defor-
mation and fracture of the coal mass are increasingly violent. The number of electrons 
generated per unit of time becomes more different, and the velocities of electrons vary. 
Moreover, due to the uneven distribution of the potential (|U|∈(121.16 mV, 201.37 mV)) 
on the microsurface, as illustrated in Section 4.4, the potential on the two parallel plates is 
not evenly distributed. The distance d between the two parallel plates of similar parallel-
plate capacitors in the coal varies with time due to the interaction of the three-dimensional 
nonuniform stress Fx, Fy, Fz, as shown in Figure 14. The strength and frequency of the 
electric and magnetic fields excited in each similar parallel-plate capacitor vary. Because 
the electric and magnetic fields are vectors, their superposition meets the principle of vec-
tor superposition. Then, EMR waves with multiple frequencies and different intensities 
are generated. 

 
Figure 14. Schematic of the electric field and interface movement between microelement interfaces 
in the coal mass. (a) Uniform electric field and (b) changing electric field. 

6. Conclusions 
(1) At a loading rate of 0.05 mm/min, the average velocities of microcrack propaga-

tion in the same time interval are 9.5 μm/s, 12.1 μm/s, and 16.2 μm/s, which indicates that 
the velocity increases with microcrack propagation at a constant loading rate. The elastic 
modulus of the material at the edge of the coal microcrack is smaller than that of the ma-
terial around the edge of the coal microcrack, while the adhesion and deformation are 
larger. The closer the material is to the microcrack, the higher the surface potential is. The 
microfracture changes the structure of the surface material at the microcrack edge by 
breaking the bridge bonds of the coal macromolecules, which affects the mechanical and 
electrical properties of the coal. 

Figure 13. Schematic of a similar parallel-plate capacitor formed at the coal microcrack tip.

In this study, we found that the rate of crack propagation accelerated with loading, as
shown in Section 4.1, and the micro elastic modulus of the coal sample was nonuniform,
as explained in Section 4.3. When the coal mass is stressed, the micro elements of coal
have different deformations, which leads to different crack propagation speeds at the
interface of different micro elements. Therefore, with the evolution of the coal structure, the
deformation and fracture of the coal mass are increasingly violent. The number of electrons
generated per unit of time becomes more different, and the velocities of electrons vary.
Moreover, due to the uneven distribution of the potential (|U|∈(121.16 mV, 201.37 mV)) on
the microsurface, as illustrated in Section 4.4, the potential on the two parallel plates is not
evenly distributed. The distance d between the two parallel plates of similar parallel-plate
capacitors in the coal varies with time due to the interaction of the three-dimensional
nonuniform stress Fx, Fy, Fz, as shown in Figure 14. The strength and frequency of the
electric and magnetic fields excited in each similar parallel-plate capacitor vary. Because
the electric and magnetic fields are vectors, their superposition meets the principle of
vector superposition. Then, EMR waves with multiple frequencies and different intensities
are generated.
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6. Conclusions

(1) At a loading rate of 0.05 mm/min, the average velocities of microcrack propagation
in the same time interval are 9.5 µm/s, 12.1 µm/s, and 16.2 µm/s, which indicates that
the velocity increases with microcrack propagation at a constant loading rate. The elastic
modulus of the material at the edge of the coal microcrack is smaller than that of the
material around the edge of the coal microcrack, while the adhesion and deformation are
larger. The closer the material is to the microcrack, the higher the surface potential is.
The microfracture changes the structure of the surface material at the microcrack edge by
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breaking the bridge bonds of the coal macromolecules, which affects the mechanical and
electrical properties of the coal.

(2) The mechanical properties of the coal at the microcrack edge change, which
is caused by the loss of the force balance among the coal macromolecules in the three-
dimensional state. The surface potential of the coal at the crack edge increases. On the
one hand, the macromolecular structures at the crack edge are relatively unstable, and
more likely to cause phenomena such as molecular polarization and deviation of the cen-
ter of positive and negative charges in macromolecules. On the other hand, it is caused
by the increase in the energy of molecules and the excitation of more electrons due to
friction heating.

(3) Many nano similar parallel-plate capacitors will be formed at the coal microcrack
tip during the fracture process, and electrons can produce EMR when they move in a
uniform electric field of the similar parallel-plate capacitor. For one similar parallel-plate
capacitor, the strength and frequency of the electric and magnetic fields excited by many
electrons vary. Because the electric and magnetic fields are vectors, their superposition
meets the principle of vector superposition. Then, for amounts of similar parallel-plate
capacitors formed at time T, EMR waves with multiple frequencies and different intensities
are generated.
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