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The heterogeneity and electro-mechanical characteristics of coal at the micro-
and nanoscale

Abstract

With regard to the mechanism of electromagnetic radiation (EMR) excited by deformation and failure of
coal and rock, the present study employed the optical microscope, digital microhardness tester and
atomic force microscopy (AFM) to measure surface morphology, surface microhardness and electro-
mechanical characteristics, including elastic modulus and surface potential of coal. The results show that
micro-mineral composition and micro-mechanical properties of coal are clearly heterogeneous. The
elastic modulus values measured are 62.3 MPa-4.0 GPa and the surface potential values tested are
21.2-166.2 mV. The proportion distributions of the two parameters mentioned follow the normal
distribution, which indicates the electro-mechanical characteristics of coal are clearly inhomogeneous at
the micro-and nanoscales. Finally, the effects of the inhomogeneous elastic modulus and surface
potential on the EMR from the microscopic perspective were analyzed. In this experiment, the change of
the micro-elastic modulus and the existence of the surface potential on the coal surface were directly
observed. The findings reveal the mechanism of EMR induced by deformation and failure of coal and
rock.
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Abstract

With regard to the mechanism of electromagnetic radiation (EMR) excited by deformation and

failure of coal and rock, the present study employed the optical microscope, digital
microhardness tester and atomic force microscopy (AFM) to measure surface morphology,
surface microhardness and electro-mechanical characteristics, including elastic modulus and
surface potential of coal. The results show that micro-mineral composition and
micro-mechanical properties of coal are clearly heterogeneous. The elastic modulus values

measured are 62.3 MPa—4.0 GPa and the surface potential values tested are 21.2-166.2 mV. The
proportion distributions of the two parameters mentioned follow the normal distribution, which
indicates the electro-mechanical characteristics of coal are clearly inhomogeneous at the micro-
and nanoscales. Finally, the effects of the inhomogeneous elastic modulus and surface potential
on the EMR from the microscopic perspective were analyzed. In this experiment, the change of

the micro-elastic modulus and the existence of the surface potential on the coal surface were
directly observed. The findings reveal the mechanism of EMR induced by deformation and

failure of coal and rock.

Keywords: electromagnetic radiation of coal and rock, AFM, elastic modulus, surface potential,

heterogeneity

1. Introduction

In mines, coal and rock dynamic disasters (such as rock burst,
coal and gas outburst, etc.) frequently occur that seriously
threaten the safe development of mines. With an increase
of mining depth, coal and rock dynamic disasters become
more serious. Many engineering practices and laboratory ex-
periments have confirmed that the deformation and failure
of coal and rock could induce EMR (Frid 1997; Dou et al.
200S; Frid & Vozoft 2005; Wang et al. 2012; Li et al. 2017;

Qiu et al. 2018; Song et al. 2018). An accurate early warn-
ing technology for coal and rock dynamic disasters can im-
prove mining safety. Coal and rock EMR technology has been
proved to be a scientific and useful early warning technology
by a large number of engineering practices, and many suc-
cessful cases have been observed (Park et al. 1993; O’Keefe
& Thiel 1995; Rabinovitch et al. 2007; He et al. 2010, 2012;
Mastrogiannis et al. 2015; Song et al. 2016, 2017; Gade
et al. 2017). However, the mechanism of EMR generated by
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deformation and failure of coal and rock is still unclear at
present. Many explanations have been offered, such as the
piezoelectric effect, friction lifting, flow potential, electron
hole migration and polarization induced by stress (Nitsan
1977; Enomoto et al. 1993; Guo & Liu 1995; Wang & He
2000; Qiu et al. 2017; He et al. 2019). But most of these ex-
planations are based on experiments at the macro-level or hy-
potheses, and no consensus has been reached yet. Moreover,
experimental research at the micro- and nanoscales has not
been carried out in this field.

Coal is a heterogeneous natural combustible organic rock
and has apparent heterogeneity because of its formation con-
ditions, mineral composition, cementing material and var-
ious geological structures of occurrence, as well as many
weak connections of different strengths in it. Failure of coal
and rock is the result of large numbers of internal micro-
destructions interconnecting with each other and break-
ing under stress along the direction where the strength
is relatively weak (He et al. 2003). Many macro-micro-
experimental results show that the surface potential of coal
and rock caused by deformation and failure is a macro-
physical phenomenon where coal and rock produce free
charges in the process of deformation and failure (Li et al.
2009; He et al. 2013). According to the mechanism of free
charge generation, there is a specific connection between
free charge generation and micro-damage of coal and rock.
Micro-damage of coal and rock is closely related to the micro-
mechanical properties and the load state of micro-elements
(Li et al. 2012). However, the electro-mechanical properties
of coal and rock at the micro- and nanoscales have not been
studied in detail yet.

Research at the micro- and nanoscale relies on very
sophisticated testing methods. Atomic force microscopy
(AFM), as an instrument with atomic-level precision in the
field of material science, has been widely used in the research
into electro-mechanical properties of solid materials at the
micro- and nanoscales. Bruening & Cohen (2005) analyzed
the roughness and hardness of macerals in coal using the
quantitative function of AFM. Collins et al. (2014) studied
the relationship between local structure, chemical compo-
sition and mechanical properties of bituminous coal by the
confocal micro-Raman imager and the atomic force acous-
tic microscope. Liu et al. (2017) used a peak-force quantita-
tive nano-mechanical (PF-QNM) atomic force microscope
to measure the surface morphology, adhesion, modulus and
deformation of oil sands in atmospheric conditions, to dis-
tinguish the adsorbed bitumen on the surface of the particle
and determine its existing state. Li & Zeng (2014) obtained
the nanoscale mechanical properties of abalone shells using
a contact resonance force microscope (CR-FM). Adamcik
et al. (2012) determined the elastic modulus and other me-
chanical properties of starch fibers by PF-QNM. Wang et al.
(2014) used AFM to study the thickness and modulus distri-
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bution of a polymer blend interface. Results showed accurate
and intuitive data that are close to their macro-modulus. Trtik
etal. (2012) studied the local elastic modulus of hardened ce-
ment paste by AFM with peak-force tapping mode, and found
that the quantitative mapping of the local elastic modulus can
discriminate different phases in the cement paste microstruc-
ture, which cannot be distinguished from the corresponding
back-scattered electron images.

Huang ef al. (2012a, 2012b) measured the microstruc-
ture and charge distribution of quartz sand using electro-
static force microscopy with a phase imaging mode. Yan et al.
(2011) tested the surface charge distribution of silicate by
AFM and confirmed that the silicate surface has a certain
number of negative charges. Gao et al. (2016) studied the
surface charge anisotropy of minerals and found that sur-
face charge distribution is influenced by test environment.
Guo & Yu (2017) obtained the average surface potential of
kaolin and montmorillonite to be —40.9 and -62.71 mV, re-
spectively. Yin & Drelich (2008) tested the interaction curves
between the micro-surface of volcanic rocks and the probe by
AFM, and one- and two-dimensional images of the surface
potential of volcanic rocks were calculated using the DLVO
theory. Kumar et al. (2016) observed the surface charge dis-
tribution of kaolinite nanoparticles using a dynamic atomic
force microscope.

The results and conclusions above provide useful refer-
ences for studying the electro-mechanical properties of coal
and rock at the micro- and nanoscale. In this study, the pri-
mary focus was on the properties of micro-mechanics and
electricity of coal. First, we studied the heterogeneity of ma-
terial components and electro-mechanical characteristics of
coal. After this, the reasons from the microscopic perspec-
tive for inhomogeneous failure and the generation of surface
potential of coal were explored. Finally, their influence on
the EMR excited by deformation and failure of coal was ana-
lyzed so as to give an insight into the research on the mecha-
nism of EMR on the micro-basis. The micro-mechanical and
electrical characteristics of rock will be conducted in future
research.

2. Experiment
2.1. Sample preparation

AFM requires a very smooth test surface, so it is necessary
to polish coal samples. The coal lumps were cut into thin
pieces at a size of about 10 X 10 X 5 mm, and then these
thin pieces were inlaid into cylinders using a XQ-2B inlaying
machine to facilitate polishing and prevent the pieces from
breaking. Next, the surfaces of the samples were polished
to make sure the surface roughness was less than 100 nm
(Yao et al. 2011) and both sides of the cylinder were smooth
and parallel by employing the YMP-1 polishing machine.
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Figure 1. (a) Prepared coal sample, (b) optical microscope and (c) digital microhardness tester.
Finally, the coal samples were dried and sealed in order to pre- oy

vent the adsorption of the impurities on the surface from af-
fecting subsequent tests. A prepared coal sample is shown in
figure la.

2.2. Optical measurement

(1) The prepared coal samples were put on the sample stage
of the ZEISS Axiocam 105 Color optical microscope,
as shown in figure 1b, to observe and photograph the
surface morphologies.

(2) Then the HXD-1000TM digital microhardness tester,
as shown in figure lc, was used with a load of 200 gf
(about 1.96 N) and holding for 10 s on the typical ar-
eas to qualitatively test the surface mechanical proper-
ties and mark the test areas for AFM measurement. The
interval between the markers was about 100 ym, and
the line spacing had to be appropriately adjusted. All of

the markers formed a 4 X 4 array.

2.3. AFM measurement

The Dimension Icon AFM produced by the Bruker Com-
pany was used in this experiment. It chiefly consists of six
components: a probe, a laser device that provides light, a
piezoelectric scanner that performs grating scanning and
Z-axis positioning, a micro-cantilever deflection detec-
tion device for force-separation feedback, a photoelectric
detection feedback system for receiving optical feedback
signals and a data collection and image processing system.
The detailed schematic is shown in figure 2 (Christopher
et al. 2012; Du et al. 2015). We selected the PF-QNM and
the Kelvin probe force microscope (KPFM) to test the
electro-mechanical properties of the marked areas on the
coal surface.

2.3.1. Principle of PF-QNM. The PF-QNM mode is a new
imaging mode in AFM that can quantitatively characterize

|
@ : N
aser

Photo-diodes

Sample

Z Piezo

Feedback
control

X Piezo

Electronic control unit

Figure 2. Schematic diagram of AFM.

the mechanical properties of materials at the nanoscale. The
imaging principle is to apply a sine wave (the typical value
of the frequency is ~0.5-2 kHz) with a driving frequency
far below the resonance frequency of the AFM tip to the Z-
direction of a scanning tube so that the probe can be inter-
mittently exposed to the sample surface for a short time. At
the time of scanning, the force curve is made at each con-
tact point, and the constant peak force is used as the imag-
ing feedback signal. Detailed information about the interac-
tion between the probe tip and the sample on each contact
point can then be obtained. After calibrating the elastic con-
stant, the radius of curvature and the sensitivity of the probe
with the standard method, the mechanical information dis-
tribution of the sample can be measured (Young et al. 2011;
Dokukin & Sokolov 2012; Clark et al. 2013; Fernandez et al.
2014). The typical force-separation curve obtained during
AFM imaging by PF-QNM is shown in figure 3, while the
abscissa is the distance between the probe tip and the sam-
ple, the ordinate represents the force between the probe tip
and the sample. The Engage curve in figure 3 shows the rela-
tionship between the force and distance as the tip approaches
to the sample surface, while the Withdraw curve indicates the
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Schematic diagram of the PF-QNM technique.

Figure 3.

relationship when the tip leaves the sample surface. To avoid
the influence of the plastic deformation of the sample in the
Engage curve, the Withdraw curve is used to obtain the elas-
tic deformation of the sample. On the basis of the relation-
ship between elastic deformation and force, the elastic mod-
ulus can be calculated using the Derjaguin—Muller-Toporov
fit model and the calculation formula is as follows:

R-d (1)
where Fis the load exerted by AFM, F, ;;, is the adhesion force
between the probe tip and the sample, R is the tip radius, d is
the elastic deformation of the sample and E* is the reduced
elastic modulus. Then the elastic modulus of sample can be
calculated by

1 1= 1-v

t
— = + 2
E* E E, 2)

S

where v, and v, are the Poisson’s ratios of the sample and
probe, respectively, and E_ and E, are the elastic moduli of the
sample and probe, respectively (Tsukruk et al. 2003; Butt et al.
2005).

2.3.2. Principle of KPFM. KPFM, which combines the
atomic force microscopy with the Kelvin probe, is a tech-
nology used to measure the surface potential of materials
(Liscio et al. 2008). When the probe tip contacts the sample,
the charge transfer will occur on the contact surface due to
the difference of work function between the two, thus form-
ing a stable contact potential difference. For the probe and
the sample, if there is a potential difference between them,
an alternating electric field force will make the probe can-
tilever vibrate. If the potential difference is zero, there is no
electric field force and the amplitude of the cantilever is also
zero. In the measurement process, a DC compensation volt-
age is usually applied between the probe and the sample.
By adjusting the voltage, the system eliminates the primary
contact potential difference between them, which makes the
amplitude of the cantilever zero. Then the surface poten-
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tial distribution of sample is measured (Ashcroft & Mermin
1976).

In this experiment, we fixed and connected the marked
coal samples with the AFM sample stage by conductive ad-
hesives. The probe used was SCM-PIT-V2, with a spring
constant k of 2.8 N m™, resonant frequency f, of 60 kHz
and tip radius of 20 nm. The scan range was 5 X 5 ym,
the scan frequency 1 Hz, the lift height of the probe
200 nm and image resolution 256 X 256. All the measure-
ments were carried out in a stable atmospheric environment
(a temperature of 20°C and humidity at 30%). Nanoscope
Analyses software was used for image acquisition and data
processing.

3. Experiment results
3.1. Optical characterization of coal heterogeneity

Figure 4 shows the micro-surface morphologies characteriza-
tion of coal from the Wudong coal mine (WD, gas-fat coal) in
Xinjiang, the Xin-Zhouyao coal mine (XZY, 1/3 coking) in
the Shanxi Province, the Malan coal mine (ML, coking coal)
in the Shanxi Province and the Da-Shucun coal mine (DSC,
anthracite) in the Hebei Province, respectively, obtained by
an optical microscope. There are clear differences between
the portions inside and outside the green line frame on the
coal samples in figure 4. According to the various colors, the
heterogeneity of the material composition at the microscale
can be seen directly, which is mainly due to the differences in
forming materials, forming conditions, mineral composition,
cementing materials and so on.

Considering a large number of observation results on dif-
ferent coal samples obtained by the optical microscope, it can
be found that this phenomenon is widespread. In this study,
we took XZY coal samples as examples for detailed study. In
figure S, ignoring the scratches made during polishing, we
can see that the colors on the micro-surface of coal sample
are complex and there are many blocky and gray-white areas.
The difference between these colors proves the heterogene-
ity of the coal composition. In addition, it can be clearly seen
that there is a grayish strip region (the portion between the
long green dashed lines) that divides the surface into three
regions; namely, region I, IT and III. Examining the array of
the markers in these three regions, the marker sharpness of
each row markers is more and more distinct, and the depth
increases along the direction of the red arrow, which indicates
the difference in the hardness and the inhomogeneity of the
mechanical properties of the coal sample. In order to further
quantitatively study the micro-mechanical properties of coal
samples and explore their micro-electrical properties, three
S X S um test areas were selected at random in regions I, II
and III, and then measured by AFM, respectively.
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100um
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Figure 4. Micro-surface morphologies characterization of different coal samples obtained by the optical microscope.

Figure 5. The morphology and marking image of a XZY coal sample.

3.2. The micro-mechanical properties of coal

Only one representative test area from each of regions I, II
and III was examined in this study, denoted as Areas 1, 2
and 3, respectively (as shown in figure S). Figure 6 illustrates
the distribution of the elastic modulus of the three test areas.
It can be seen that the elastic modulus values at the differ-
ent points in the same test area are not the same, and elastic
modulus values in different test areas also show a clear differ-
ence. The minimum modulus measured is 62.3 MPa and the
maximum is 4 GPa. The proportion distributions of elastic
modulus values and fitting curves in Areas 1-3 are shown in
figure 7. It was found that the proportion distribution in each
test area follows a clear normal distribution and the R* values
of fitting curves are all more than 0.939. The elastic modu-
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lus values of Areas 1 and 3 have wide ranges, which are 131.6
MPa-4.0 GPaand 62.3 MPa-1.1 GPa, respectively, and it was
noted that the mechanical properties of Areas 1 and 3 were
inhomogeneous. In contrast, the small range of elastic mod-
ulus distribution (219.3-522.1 MPa) in Area 2 showed more
uniform mechanical properties than that in Areas 1 and 3.
The average and standard deviation of the elastic modu-
lus of each of the three test areas in regions I, II and III in
figure 5 are displayed in figure 8. It can then be concluded that
average values of elastic modulus in regions I, IT and III are
1.06, 0.34 and 0.7 GPa, respectively. The changes in the aver-
age and standard deviation have a positive consistency. The
region with a large average elastic modulus also has a greater
standard deviation, which indicates that the data in this re-
gion are more discrete and the inhomogeneity of this region
is more distinct. It can be speculated that the material in re-
gion II is more homogeneous than that in regions I and III,
and the difference of the mechanical properties of the micro-
elements in region ITis smaller. As shown in figures 6 and 7, as
far as a single test area is concerned, the mechanical proper-
ties of coal sample in the nanoscale are inhomogeneous (the
interval of each two adjacent points is about 19.5 nm). Tak-
ing the average value of elastic modulus in each test area as
the characteristic value of the mechanical properties of this
area, and according to figure 8, we can see that the mechanical
properties of coal samples in the microscale also show inho-
mogeneity. According to figure S, it also can be found that the
mechanical properties of coal samples decrease first and then
increase from regions I to III, and the interface of regions I
and II, IT and III can be taken as a relatively weak connection,
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Figure 8. The average and standard deviation of elastic modulus of each
three test areas in regions I-IIL

which is often the breakthrough point of a macro fracture. In
short, this test describes the inhomogeneity of the mechani-
cal properties of coal samples quantitatively.

3.3. Micro-electrical characteristics of coal

Figure 9 shows the micro-surface morphologies and the sur-
face potential distributions of Areas 1-3. It can be seen
that the surface potential distribution is less correlated with
the micro-surface morphology in this experiment, which is
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mainly because the probe uses a two-scan method when mea-
suring the surface potential. The first step is the Main Scan,
and the surface morphology of the sample is obtained by the
tapping mode. The second step is the Interleave Scan: the
probe is lifted to a certain height, and an AC voltage V. sin
wt is applied to the probe. According to the morphology in-
formation obtained from the Main Scan, the system keeps the
vertical distance between the probe and the sample constant
and then measures the surface potential of sample. The whole
process is shown in figure 10. Therefore, the measured values
of surface potential are mainly related to the surface material
and its physical and chemical structures and properties.

In figure 9d-e, the values of the bright yellow areas or
points are large, and the values of the dark yellow areas or
points are small. The bright areas (where the green frame is
marked in the picture) are interlaced with the dark areas, and
the bright points and the dark points alternate. Compared to
figure 9d and f, there is no distinct bright or dark yellow area
in figure 9e, and the surface potential distribution in figure
9e is relatively homogeneous. The surface potential values of
Areas 1-3 measured are 21.2-122.0, 41.6-166.2 and 40.8—
148.8 mV, respectively. The surface potential values of the
coal sample on the microscale are not the same in the same
test area and show distinct differences.

Figure 11 illustrates the proportion distributions of sur-
face potential in Areas 1-3 and fitted curves. It can be ob-
served that the proportion distributions of surface potential
in Areas 1-3 also show the characteristics of a normal distri-
bution with R values all above 0.992. Figure 12 shows the av-
erage and standard deviation of the surface potential of each
three test areas in regions I, IT and IIl in figure S. In figure 12,
it can be seen that the average values of surface potential of
each three test areas in regions I, IT and III are 58.37, 119.35
and 76.35 mV, respectively. The standard deviation of surface
potential in region II is smaller than that in regions I and III,
which indicates that the discreteness of region II is smaller.
Similarly, as shown in figures 9 and 11, the surface potential of
the coal sample has obvious inhomogeneity at the nanoscale
for each test area (the interval of each two adjacent points
is about 19.5 nm). Taking the average value of the surface
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Figure 10. Schematic of the KPFM imaging process. The first step, the
Main Scan, measuring the surface morphology; the second step, the probe
is lifted to a certain height; in the third step, Interleave Scan, to measure the
surface potential distribution.

potential in each test area as the characteristic value of
the electrical properties of this area, and combining with
figure 12, it can be seen that the surface potential of coal sam-
ple has clear inhomogeneity at the microscale.
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Figure 13. Schematic diagram of micro-deformation process of inhomo-
geneous coal mass.

4. Discussion

4.1. The discreteness of the micro-elastic modulus and its
influence on micro-fracture

In this study, the micro-elastic modulus of coal samples has
been quantitatively tested by AFM with values ranging from
62.3 MPa to 4.0 GPa, presenting noticeable differences and
discrete distributions. This is because pores, fissures, dislo-
cations, grain boundaries, multiphase medium and the size
effect have a significant impact on the elastic modulus of coal
at the microscale (Nie et al. 2015; Liu & Nie 2016). Further-
more, coal is mostly grain-aggregated, which can be seen even
with the naked eye. Boundaries between grains also have a
significant influence on the strength of coal. When the tip of
the AFM probe falls on the inherent damage point or region
of coal samples, the micro-elastic modulus values tested are
smaller. When it falls on the backbone of coal samples, the
micro-elastic modulus values are larger. Even if there is no ap-
parent defect in coal, for most crystalline interfaces, the elas-
tic modulus values of the same mineral grains are different
due to the different orientations of mineral grains. In addi-
tion, the chemical bond is an important factor in determining
the fracture resistance and crack propagation resistance. The
various chemical bond types that make up the coal macro-
molecular structures also affect the micro-elastic modulus of
coal.

It is assumed that the coal at each test point in the exper-
iment is a micro-element. When the coal mass is loaded and
the tensile strain generated on micro-elements exceeds its ul-
timate tensile strain, the interface between the strong and the
weak micro-elements in the local area will be broken, which
can be illustrated by a simple model as follows (Wang et al.
2009).

Suppose that the model consists of four elastic blocks that
are glued together natively, as shown in figure 13a, where

E, =E,>E,=Ey,v, =0, <0, =0, (3)

When axial stress is applied to the model, the model after
deformation is shown in figure 13b. It can be seen that due to
the difference of the elastic modulus E, I, and [, are stretched,

sol>1,,13> I,. Due to the difference of Poisson’s ratio v,
the stretching of I, and I, is caused, so I, > 1,, I, > 1,. For
coal, Poisson’s ratio is less than 0.5, so the longitudinal defor-
mation is larger than the lateral deformation under uniaxial
compression, then equation (4) exists.

Bl NG el Y (4)

According to the ultimate tensile strain criterion, I’ and 1,
will be fractured first, and the result of failure approximates
the generation of longitudinal cracks. That is, due to the dif-
ference of elastic modulus, longitudinal shear tensile strain
is caused and transverse shear tensile strain is caused by the
difference of Poisson’s ratio. As the final result, longitudinal
shear cracks are created and micro-fractures are caused by
the load. The heterogeneity of coal (such as the inhomoge-
neous elastic modulus, etc.) causes micro-fractures to pene-
trate each other in a relatively weaker direction under con-
tinuous load, resulting in inhomogeneous rupture of the coal
mass.

4.2. The causes of surface potential generation and
inhomogeneous distribution

There is a large number of crystal structures inside coal and
it is well known from the theory of fracture mechanics that
when the local stress of the crystal is equal to the theoretical
breaking strength (Yu & Feng 1997), namely 6=1/Ey /b, the
local chemical bonds will be broken, forming micro-cracks.
Here, o is the local stress of the crystal, E is the elastic mod-
ulus, y is the surface energy density of the crystal and b is the
lattice spacing. Combining the results obtained in the exper-
iments, we can conclude that due to the inhomogeneity of
the micro-elastic modulus E, the theoretical fracture strength
of the crystal in coal is inhomogeneous, so the coal will gen-
erate an inhomogeneous fracture due to inhomogeneous de-
formation when loaded. According to previous research re-
sults (Anderson 2005 ), the mode of crack propagation can be
divided into three basic types: opening mode, sliding mode
and tearing mode. No matter which mode of crack propaga-
tion occurs, the tip structures of the cracks will be destroyed.
The macromolecular structures of the coal are separated and
the chemical bonds are broken as well. Some of the chemi-
cal bonds become dangling bonds, and different charges are
generated on the newly formed crack walls. Sliding, friction
and so on appear on both sides of the micro-cracks, which
can cause chemical bonds to break and generate more free
charges that then form the potential on the micro-surface
(Lv et al. 2013). This process is schematically shown in
figure 14.

It is generally believed that coal macromolecules are
formed by connecting polycondensation rings with a variety
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Figure 14. Schematic diagram of the types of micro-crack generation (A), the separation of coal macromolecules (B) and chemical bond breaking (C).

of atomic groups surrounding and hydrogenated aromatic
condensed rings (collectively known as aromatic nuclei or
basic structural units) through a variety of bridge bonds, such
as methylene (-CH,-, -CH,-CH,-, -CH,-CH,-CH,- etc.),
oxygen bonds (-O-, -CH,-O- etc.) and sulfur bonds
(-S-,-S-S-,-CH,-S- etc.) (Bodzek & Marzec 1981; Potgieter-
Vermaak et al. 2011; He et al. 2017; Liu et al. 2019). The
micro-cracks make different bridge bonds break into dan-
gling chemical bonds that exhibit different electrical prop-
erties and charge quantities. Moreover, various functional
groups of O, N, S and other impurity atoms are also contained
in the organic structure of coal (Solum et al. 1997; Miura et al.
2001), and the electrical properties of different functional
groups are also different (Garner-O’Neale et al. 2003). The
non-chemical bonds between the coal macromolecules are
very rich, exceeding the covalent bonds. The coal breaks
along the macromolecular boundary and bonds broken in
the fracture process are dominated by non-chemical bonds,
followed by covalent bonds. These non-chemical bonds
are destroyed, as well as covalent bonds, and also exhibit
different electrical properties and charge quantities. In addi-
tion, the electrical dipoles presented on the coal surface will
also show certain electrical properties. Together, these rea-
sons are behind the inhomogeneous distribution of surface
potential of coal samples at the micro- and nanoscale.

The analysis above can further explain the viewpoint on
the mechanism of EMR of coal and rock proposed by Wang &
He (2000), He et al. (2003) and Li et al. (2012); namely, the
inhomogeneous deformation of the heterogeneous coal and
rock mass produced by the load causes charges and makes
charges migrate. As a large number of charges accumulate on
the surface of coal samples, inhomogeneous surface poten-
tial is developed. Rabinovitch et al. (1998) proved that when
the crack propagates forward, the atomic bonds at the tip of
cracks will be broken, causing the atomic equilibrium state
on both sides of the atomic bonds to break, thus inducing
atomic perturbation. It is this atomic perturbation occurring
with the crack propagation that excites the rock fractures and
EMR.
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Figure 15. A crack expands in a material forming the two plates of a ca-
pacitor. The capacitor is charged or discharged by residual charges on the
newly created surfaces during the oscillation of the crack.

4.3. The influence of micro-surface potential caused by
fractures on EMR

Ogawa et al. (1985) proposed a capacitor model as a source
of EMR generation based on crack propagation. It is believed
that the properties of the charged particles on both sides of
the expanded structural surfaces formed when the rock is
broken are exactly opposite, and thus a capacitor formed is
continuously charged and discharged, as shown in figure 13.
At the same time, the EMR is generated. Based on this capac-
itor model, O'Keefe & Thiel (1995) proved the feasibility of
the charge separation model as the source of EMR induced by
the fracture of brittle materials. The currents flowing around
the tip of the crack were then calculated according to an ana-
lytical expression and a finite-difference method.

In this study, the occurrence and propagation of micro-
cracks in coal will produce charges and then cause surface
potential. Assuming that each micro-crackis tiny and the sur-
face potential is evenly distributed on the two surfaces of the
crack, uniform electric field intensity can be calculated using
the uniform electric field calculation formula E = U/d. Ac-
cording to the data tested here, U = 100 mV is selected. It
is assumed that the distance between the two surfaces of the
micro-cracks has been 1, 10 and 100 nm during the propa-
gation, and the electric field intensity can reach 103,107 and
10° Vm™, respectively. It can be presumed that in the propa-
gation process of micro-cracks, large and varied electric field
intensity can be produced. According to the principle of elec-
tromagnetic dynamics (He et al. 2003), in the field source
space with free charge, the changing electric field and mag-
netic field can be generated to induce EMR and propagate
outward, as long as the free electrons move under certain
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Figure 16. (a) Schematic diagram of crack propagation; (b) and (c)
schematics of an ‘optical surface wave’ at the crack surface at a specific time
(a similar wave propagates on the other surface). The crack surface isin the
x-z plane, and the crack moves in the x-direction. The charge separation is
oscillatory, so the dipole directions are reversed at a later time.

conditions. Finkel et al. (1975) also considered that the
charge separation of the fissure wall in the crystal material
can produce an electrostatic field at an intensity of up to
10° Vm™'. Under such high electric field intensity, the gas or
air between the coal fissures will be ionized and free electrons
will be produced, thus providing a source of EMR generation.
In addition, when the coal is broken, micro-fractures will
cause deformation, dislocation, slip and so on, which can pro-
duce potential difference and make the electric field oscillate,
and alarge number of free electrons are excited thus undergo-
ing irregular motions, forming varying electric and magnetic
fields and thereby producing electromagnetic waves propa-
gating outward.

Frid et al. (2003) hypothesized that electromagnetic
waves are generated by charge oscillation on both sides of
the propagating crack (see figure 16). Considering the line of
bonds distributed in the tip of the propagating crack, when
the crack expands forward to the next line nearby, the bonds
between the two positions will be broken. After that, the
atoms on both sides of the bonds are moved to the unbal-
anced positions, which relate to their steady-state positions
and will oscillate around them. If each atom (ion) vibrates in-
dividually, the situation will be similar to the Einstein model
of lattice vibration, and the frequency of these oscillations
will be close to 10'® Hz. However, because the vibrational
atomic lines move together and are also connected to the
atoms around them (in the forward direction and also to
atoms on their side of the two surfaces newly created by the
fracture), the subsequent vibrations are similar to the ob-
tained vibrations from the bulk by the Debye model that have
much lower frequencies. It is this process that excites the os-
cillations on the new surfaces to produce EMR. More impor-
tantly, it can also be found that the Rayleigh wave velocity, vy,
in a material with a given Young’s modulus E, Poisson ratio y
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Figure 17. Schematic diagram of crack expansion in coal.

and density p, can be given by

0.87+1.12u E
bp= (%)
1+u 2p(1+ u)

Song et al. (2016) analyzed the typical characteristics of
the electromagnetic signal from coal samples during the fail-
ure process due to uniaxial compression. Frequency changes
in EMR from the loaded coal were investigated, and the re-
lationship between the frequency of electromagnetic signals
produced by crack expansion (shown in figure 17) and the
physical parameters of coal was given by

3
1 (0.87 + 1.12u)E>

f= ll(li>a) (6)

324/l (1= )1+ p)2op:

where g is the initial crack length, ; is defined as the crack
length and equals the sum of the initial crack length and the
extended length, ie. = a + y. E is Young’s modulus, y is
Poisson ratio, p is density and o _ is yield strength and equals
compressive strength in this case.

From equations (5) and (6), it can be seen that the micro-
elastic modulus of coal is closely related to Rayleigh wave ve-
locity and frequency of EMR. This study will be helpful to an-
alyze the variation characteristics of electromagnetic signals
from micro-fractures, which is of great significance for reveal-
ing the complexity and diversity of electromagnetic signals.
Further analysis will be conducted in future research.

§. Conclusion

In this study, qualitative and quantitative analyses of hetero-
geneity of coal were performed according to the experimen-
tal results obtained by the optical microscope, digital micro-
hardness tester and AFM. The electro-mechanical properties
of coal were investigated at the micro- and nanoscale, and
their effects on the EMR were discussed. Several conclusions
are drawn:
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(1) The optical microscope can clearly and qualitatively
observe componential heterogeneity of coal samples
at the microscale and this phenomenon is widespread.
The qualitative test by the digital microhardness tester
obtains the inhomogeneity of the mechanical proper-
ties of coal samples at the microscale.

(2) The electro-mechanical properties of coal samples were
measured directly by AFM. The range of the micro-
elastic modulus of XZY coal samples is 62.3 MPa-4.0
GPa, and the range of surface potential is 21.2-166.2
mV. The characteristics of the two show a normal dis-
tribution, which further illustrates the inhomogeneity
of the electro-mechanical properties of coal samples at
the micro- and nanoscale.

(3) The inhomogeneous elastic modulus causes the coal
sample to break unevenly when loaded, and the surface
potential difference in the dynamic failure process and
the strong electric field intensity in the process can fur-
ther excite the EMR due to the non-uniform migration

of the charge.
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