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Abstract: The dynamic mechanical properties of basalt affected by microwave were investigated by performing
dynamic compressive tests using the SHPB system. Meanwhile, the thermal damage of the treated basalt was
characterized by ultrasonic non-destructive testing and nuclear magnetic resonance technology. The results show that
with the increase of microwave power and exposure time, the P-wave velocity, dynamic compressive strength and
elastic modulus decrease continuously, and the dynamic failure mode tends to be a more complex fracturing. The
increase in microwave power and exposure time can enhance the temperature difference and transfer coefficient among
minerals, hence intensifying the rock damage induced by thermal shock.
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1 Introduction

The mechanical excavating technology has
been widely used in mining and tunneling industries
due to the advantages of efficiency, accuracy and
safety [1,2]. But there are great challenges such as
high costs and high technical requirements when
excavating extremely hard and abrasive rocks using
traditional mechanical rock-breaking methods [3,4].
In recent years, some innovative rock-breaking
techniques, such as water jet, laser, plasma, electron
beam and microwave, have shown great potential
applications [1,5,6]. Among them, the microwave-
assisted rock breaking technique has been widely
regarded as a prospective preconditioning method
with environmental friendliness and low energy
consumption.

Minerals in rocks have different thermal
expansion and microwave absorption capabilities.
Generally, rocks with better microwave absorption

minerals can be heated up quickly [7,8]. CHEN
et al [9] and LU et al [8] investigated the general
behaviors of rock-forming minerals exposed to
microwave radiation. The research illustrated that
minerals like magnetite, enstatite and chalcopyrite
can be classified as strong microwave absorbers,
whereas feldspar, quartz and marble are considered
to be weak microwave absorbers. The sensitivity of
minerals to microwave is determined by their
permittivity. ALI and BRADSHAW [10] found that
the mineralogical composition and texture of the
rock affected the thermodynamic response to
microwave radiation.

To investigate the physico-mechanical
properties and microstructure of rocks after
microwave radiation, scholars have conducted a
series of studies theoretically, experimentally and
numerically. HASSANI et al [11] illustrated that
microwave radiation reduced the
compressive strength and Brazilian tensile strength
of basalt by 40% (exposure to 5 kW for 65 s) and
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by 20%—-30% (exposure to 1.2kW for 120 s),
respectively. KINGMAN et al [12] concluded that
the higher the microwave power and the longer the
exposure time, the higher the magnitude of the
strength reduction of the rock. LI et al [13]
investigated the degeneration of fracture toughness
of granite subjected to microwave heating,
meanwhile, their acoustic emission (AE) and digital
image correlation (DIC) verified the enhancement
of treated granite. Both experimental [7,11,14] and
numerical simulation results [15,16] lead to the
same conclusion: under the same input energy,
higher power density and shorter exposure time
have a greater effect on the rock strength
degradation. Recently, X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) [17],
computed tomography (CT) [18] and scanning
electron microscopy (SEM) techniques [11,19]
were utilized to observe the microstructure of the
rock after microwave radiation. OMRAN et al [17]
found that after radiation, the
crystallinity of hematite increased significantly by
XRD and XPS. Some researchers [15,16,20,21]
found that the original cracks and voids developed
for a short exposure time at low power density.
With the increase of the exposure time and
microwave intergranular ~ and
transgranular microcracks generated successively in
the rock. In addition, WANG et al [15] revealed that
the tensile stress is the main cause of initial
breakage, and the thermal stress mainly occurred
around the boundary of the microwave-sensitive
minerals by finite element simulation.

Four types of mechanical rock breaking
methods are widely used in mining and tunneling:
cutting rock breaking under static load, dynamic
rock breaking under impact load, combined rock
breaking under impact and cutting load, and
combined rock breaking under dynamic and static
compression load [22,23]. LI et al [24] found that
the rock cuttability decreased under the biaxial
confining stress compared with the stress-free
conditions. This can lead to a higher requirement
for thrust force to cut deep rock. ERGIN and
ACAROGLU [25] and YANG et al [26] indicated
that dynamic loading can improve rock cuttability,
insertion depth, and breaking efficiency. Compared
with the stand-alone static or cutting rock breaking
techniques, the dynamic rock breaking technique
has the advantages of high drilling efficiency, high

microwave

power, new

energy utilization, and low drilling cost. Therefore,
it is of great significance to investigate the effects
of microwave radiation on the dynamic mechanical
properties of hard rocks.

Aiming to study the damage mechanism and
dynamic mechanical properties of basalt under
microwave radiation, ultrasonic detecting tests,
nuclear magnetic resonance (NMR) tests and
impact tests were conducted on basalt samples
before and after the microwave radiation. The
microscopic damage of basalt was determined and
characterized by ultrasonic detecting technique and
NMR technique. A series of impact tests were
carried out by a modified Split Hopkinson Pressure
Bar (SHPB) to determine the dynamic compressive
strength and dynamic deformation characteristics.
Meanwhile, the dynamic failure patterns and
fracture mechanisms of microwave-treated basalt
were analyzed and compared to reveal the influence
of microwave on the dynamic rock fragmentation.
Finally, we revealed the microscopic damage
mechanism of basalt under microwave radiation.

2 Rock material and
preparation

specimen

2.1 Material description

The rock material collected for this study is a
fine-grained basalt from Inner Mongolia, China.
The mineralogical composition of the basalt was
determined by X-ray diffraction (XRD), and the
XRD pattern shows that the basalt used in this study
is mainly composed of four minerals, feldspar
(73.72%), pyroxene (18.67%), montmorillonite
(6.25%) and quartz (1.36%), as shown in Fig. 1.
Their microwave absorption behaviors were

= — Feldspar (73.72%)
e — Pyroxene (18.67%)
4 — Montmorillonite (6.25%)
v — Quartz (1.36%)
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Fig. 1 XRD pattern of basalt
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determined based on the previous investigation by
LU et al [8], as presented in Table 1. Moreover,
Fig. 2 shows the optical microscopy images of this
basalt under a Zeiss polarized light microscope. It
can be observed that the basalt is gray-black with a
fine intergranular structure. Feldspar is a more
euhedral-granular, plate columnar structure, and
most of its particle size is less than 0.3 mm %
0.1 mm. Pyroxene is euhedral and hypidiomorphic
granular, with a granular structure, and most of its
mineral particles are below 0.5 mm. In addition, it
can be found that some irregular pores are
distributed in the rock matrix. The physical and
mechanical properties of basalt are presented in
Table 2.

Table 1 Mineralogical compositions by XRD test

Basalt Microwave .
. . Grain
Mineral content/ absorbing )
size/mm
vol.% property
Quartz 1.36 Very weak  0.06—0.4
Feldspar 73.72 Weak 0.05-0.4
Montmorillonite ~ 6.25 Weak 0.1-0.4
Pyroxene 18.67 Strong 0.1-0.8

of basalt
(P1-Feldspar; Px—Pyroxene; Cln—Montmorillonite)

Fig. 2 Petrographic image

microscopy

2.2 Specimen preparation

In this study, all samples were prepared in
accordance with the standard method recommended
by the International Society for Rock Mechanics
and Rock Engineering (ISRM) [27]. To ensure high

Table 2 Physical and mechanical properties of basalt

geometric integrity and lithofacies uniformity, all
samples were drilled and cut from the same fresh
rock block. The basalt samples were made into
cylinders with a diameter of 50 mm and a height of
50 mm for dynamic mechanical testing. After that,
the surfaces were polished to ensure that the two
end planes of the sample were parallel with an
accuracy of +0.05 mm and the surface roughness
was less than 0.02 mm. In addition, the P-wave
velocities were measured and the specimens with
large deviations in P-wave velocity were discarded.

3 Experimental

3.1 Experimental procedure

After sample preparation, the basalt samples
were divided into three groups corresponding to
three microwave power levels of 2, 4, and 6 kW,
respectively. The irradiation time interval for each
power level was 30 s, and the microwave radiation
was ended when the samples showed visible cracks.
Firstly, the rock porosity and pore distribution were
measured by an NMR apparatus, and then the
sample was dried in a drying oven to avoid the
disturbance of moisture during the microwave
radiation. It is worth noting that a single drying and
saturation treatment has almost no effect on the
properties of the rock [28]. After that, the sample
was treated in an industrial microwave oven. Once
being irradiated to the predetermined time, the
surface temperature of all samples will be
accurately measured using an AS872 infrared
thermometer, and the temperature in the interior
will be also measured for burst samples. After the
sample was slowly cooled down to ambient
temperature in the microwave oven, the P-wave
velocity, porosity and pore distribution of basalt
samples were measured again. Finally, the dynamic
compressive tests were conducted by a modified
SHPB system.

3.2 Microwave testing system
Microwave is a type of electromagnetic wave
with frequencies ranging from 0.3 to 300 GHz.

Elastic modulus, Poisson’s ratio, P-wave velocity, Density, Compressive strength,
E/GPa u Vi(m-s™) p/(g-cm3) oJ/MPa
43.64 0.25 5135.19 2.67 186.48
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Specifically, the frequency of microwave in this
study was 2.45 GHz. The industrial microwave
oven with a multi-mode cavity was provided by the
Megmeet Co., in Zhuzhou, China, which consists of
a microwave generator, a monitoring system and a
control system. The microwave generator consists
of six independently operating magnetrons with a
power of 1kW, and the output power of this
microwave oven can reach up to 6 kW,

When the material is subjected to microwave
radiation, a dynamic electric field is generated and
then the dipoles begin to rotate and move with the
electric field, as shown in Fig.3. The high-
frequency reciprocating motion of the dipole
molecules generates internal frictional heat and then
increases the temperature of the basalt. The
sensitivity of a material to microwave depends
greatly on its complex permittivity (¢). The
dielectric properties can be described by

e=¢g,(k'+ik”)

(1)

where k' and k" are the real part and imaginary part
of the relative dielectric constant, respectively, and
go 1s the permittivity of free space. The microwave
absorption capacity of the rock in an electro-
magnetic field can be calculated by the following
equation [6,11,12]:

P=2nfe,e"E"” ()

where P is the loss power density deposited in the
sample, f'is the microwave frequency, ¢" is the loss
factor of the material, and E’ is the electric field
strength.
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3.3 Measurement of rock porosity by NMR
technology
Nuclear magnetic resonance (NMR) technology
has been widely used to detect pore structures due
to its non-destructive, efficient and accurate
advantages. The principle of the NMR test is
tracing the hydrogen nuclei of water inside the
pores. Generally, surface relaxation, free relaxation
and molecular self-relaxation exist simultaneously,
but the latter two can be ignored in this test. The
relationship between the crosswise transverse
relaxation time 7> and the pore-throat radius can be
expressed by the following formula [29]:
1 1
7, = po 1 p

FZCTz

3)

4)

where p, is the transverse surface relaxivity; Fj
is the geometrical shape factor; r is the pore radius;
C is a constant. The porosity and 7> spectrum can
be obtained and analyzed by Core analysis
software.

3.4 Measurement of rock dynamic strength by

SHPB system

The modified split Hopkinson Pressure Bar
(SHPB) was widely used to study the dynamic
mechanical properties of materials at high strain
rates of 10' to 10*s™". As shown in Fig. 4, the test
system consists of a gas gun, a cone-shaped striker,
an incident bar, a transmitted bar, an absorption bar
and a momentum trap. The developed cone-shaped
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Fig. 3 Microwave heating system and typical phases of microwave heating test
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Fig. 4 Apparatus of SHPB system for dynamic loading

striker can generate a half-sine wave to eliminate
P—C oscillation [30]. The bars and the striker are
made of high strength 40Cr alloy with a density of
7800 kg/m®, an elastic modulus of 250 GPa and a
yield strength of 800 MPa. Two pairs of strain
gauges are glued on the incident and transmitted
bars, respectively, collecting and converting the
wave into strain signals to determine the force
history. The mechanical properties of the specimens
can be calculated through analysis of the voltage in
the strain gauge. According to the one-dimensional
elastic wave theory, the stress o, strain ¢ and the
strain rate & of the specimen can be obtained by
the following formulas [31,32]:

Ae
G(t)—ZAs E (&) +ex () +e:(1)) (5)
C,
£(t) = L— [ (81(0) =€ () —£1.(1)) dt (6)
.. C
&)= L—"(SI (1)~ &g (1)~ &1 (1)) (7

S

where 4., C. and E. are the cross-sectional area,
wave velocity and elastic modulus of the bars,
respectively; As and Ls are the cross-sectional area
and length of the specimen respectively; ei(?), er(?)
and er(f) respectively represent the incident,
reflection, and transmission strains of the bars at
time ¢.

In this study, a high-speed camera operating at
80000 frames per second was used to observe the

-

At

(—

&: HS camera

crack initiation and propagation of basalt specimens
during dynamic tests.

Osmlloscope

4 Results

4.1 Temperature characteristics

The relationship between the surface
temperature of the basalt specimens subjected to
microwave radiation and exposure time is shown in
Fig. 5. As can be seen, the surface temperature
increases approximately linearly with the increasing
exposure time, and the curve with a higher power
level has a larger slope, which means a higher
heating rate. Specifically, the average heating rate is
1.65 °C/s at 2 kW, 1.98 °C/s at 4 kW, and 3.58 °C/s
at 6 kW, respectively.

Once the Dbasalt samples burst, we
simultaneously measured the temperatures on the
surface and in the interior within a few seconds
after the end of the microwave radiation. We found
that the surface temperature of the burst sample was
apparently lower than that of the interior, as shown
in Table 3. This observation can be interpreted as
heat dissipation and run-away effect [14]. The
existence of heat exchange between surrounding air
and the basalt leads to heat dissipation on the rock
and then a decrease in surface temperature.
Furthermore, the increase in £" with temperature
intensifies the permittivity of the internal minerals,
thereby enhancing the molecular polarization. As a
consequence, the inner region is hotter than the
surface.
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Fig. 5 Variations of surface temperature with microwave
exposure time

Table 3 Heating conditions of basalt after microwave

radiation
Heating Burst  Burst temperature/°C  Input
Power/ ;
W rate/ time/  Surface Interior ~ energy/
(°C-s™) s temperature temperature  kJ
2 1.65 200 342 405 400
4 1.98 120 253 340 360
6 3.58 47 188 245 235

The input energy equals input power multiply exposure time

4.2 Variation in P-wave velocity

The variations of normalized P-wave velocity
(Vo/Vy,) with exposure time of the basalt under
microwave radiation are shown in Fig. 6. It can be
seen that the P-wave velocity of basalt decreases
gradually with increasing time at three power
levels. Moreover, it clearly shows that the higher
the microwave power, the more degeneration of the
P-wave velocity. After microwave radiation, the
internal structure and material properties of basalt
underwent various changes, and a large number of
microcracks appeared in the basalt, which caused
complex reflection and scattering of the ultrasonic
waves in the rock matrix. Meanwhile, the
propagation velocity of ultrasonic wave in air is
much lower than that in solids. Therefore, the
P-wave velocity of basalt decreases.

Compared with the results of P-wave
velocities of the other four rocks [14,33,34], as
shown in Fig. 6, it is clearly illustrated that the
overall trend of V;, is basically consistent with that
of basalt. However, same heating
conditions, every type of rock has its unique

under the

response to microwave, which is mainly related to
the mineralogical compositions and structures of
the rocks. For example, after being irradiated at
2 kW for 60 s, the reduction of V}, in gabbro was
much higher than that of basalt. This is mainly
because the average contents of strong microwave
absorbers of gabbro and basalt are 31% (pyroxene
25%, K-feldspar 5%, biotite 1%) and 18.67%
(pyroxenel8.67%), respectively. In addition, it can
be seen that the heating rates of sandstone and
granite are similar, which can be attributed to the
close value of k" of minerals. Interestingly, the
P-wave velocity of the sandstone shows a fluctuant
trend, while the P-wave velocities of basalt and
granite decrease continuously. This can be
attributed to the combined effect of crack closure
induced by mineral
propagation induced by uneven deformation.

expansion and crack

1.0

09}

0.8}

0.7}

——2 kW, basalt
——4 KW, basalt} This study

Normalised P-wave velocity

L ——6 kW, basalt
05k ——2 kW, gabbro [33]
: ——2 kW, monzonite [34]
——3 kW, sandstone [14]
0.4r ——3 kW, granite [14]
0 60 120 180 240 300

Exposure time/s

Fig. 6 Variations of normalized P-wave velocity of basalt
heated with exposure time

We all know that the ultrasonic P-wave
velocity can indirectly indicate the degree of
weakening of the sample by microwave treatment.
According to elastic strain theory, a damage factor
(D) is defined to evaluate the overall damage degree
of the samples after microwave radiation [35]:

p=1-(v, 1%, ) (®)

where V), and ¥}, are the P-wave velocities of basalt
samples before and after microwave radiation,
respectively. The variations in thermal damage of
basalt and other four types of rocks with exposure
time are shown in Fig. 7. Overall, D increases
linearly with exposure time, and D is larger for
basalt samples after higher power-microwave
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radiation for equal exposure time. In addition, it can
be found that the variation of damage factor of all
rocks can be fitted by a linear equation. This
indicates that the generation and accumulation of
microwave-induced thermal damage within the rock
are relatively stable before the rock is completely
destroyed.

10 92 kW, basalt
*4 kW, basalt} This study
0.8+ o a6 kW, basalt
202 kW, gabbro [33]
) @ 2 kW, monzonite [34]
5 0.6 *3 kW, sandstone [14]
‘*ﬂ;ﬁ *3 kW, granite [14]
g 04t
<
a
0.2F
0 E

0 60 120 180 240 300
Exposure time/s
Fig. 7 Variations of thermal damage of basalt heated with
exposure time

4.3 Dynamic compressive properties and failure
patterns
4.3.1 Verification of dynamic stress equilibrium
For a successful dynamic compression test, the
stresses at the incident (In) and transmitted (Tr)
ends of the sample should be approximately equal
before failure, that is, the sample is in a state of
stress  equilibrium  during the deformation.
According to the SHPB test principles, the end
force of the sample can be obtained from the
test signals on the elastic bars. Figure 8 shows
the stress history of a typical dynamic compressive

100 |

=100

Stress/MPa

-200

—=— [pn

——Re
Tr
=300 ——In+Re
0 50 100 150 200 250

Time/ps
Fig. 8 Dynamic stress balance check for typical
compression test (Re—Reflected)

experiment, in which the sample reaches the state of
stress equilibrium. In this study, the dynamic stress
equilibrium state of all samples was strictly
verified.
4.3.2 Variation in dynamic properties

In all dynamic experiments, the impact
pressure is maintained at 0.93 MPa, which
corresponds to an incident velocity of 20 m/s.
Figure 9 shows the dynamic stress—strain curves
of basalt before and after microwave radiation. It
can be found that, after microwave radiation, the

i —=— (s
250 ——30s
——60s
200 L ——90s
00 ——120s
£ ——180s
= 150+
172}
g
“2 100+
504
0 0.004 0.008 0.012 0.016
Strain
250 - (b) —a— (s
——30s
——60s
200 ——90s
<
[}
g 150 -
@ 100}
50
0 0.004 0.008 0.012 0.016
Strain
250
200
[+
[aW
g 150
@ 100
50
0 0.004 0.008 0.012 0.016
Strain

Fig. 9 Stress—strain curves of basalt under impact
loading after microwave radiation: (a) 2 kW; (b) 4 kW; (c)
6 kW
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dynamic stress—strain curves of all samples can be
roughly divided into three stages: elastic, yield, and
failure stage. Under compressive stress waves, the
basalt directly entered the elastic stage without
closing effect owing to the high strain rate. When
the applied stress exceeded the yield strength, the
tensile microcracks initiated at the tip of the
original cracks along the loading direction, then
gradually propagated, expanded and coalesced until
the total failure of the sample [36]. Compared with
untreated samples, the elastic deformation stages of
microwave-treated basalt samples become shorter
and the elastic modulus generally becomes smaller.
Besides, both the yield strength and dynamic
compressive strength of treated samples decrease to
varying extents. After microwave radiation, the
cementation between particles in basalt was
degraded gradually, accordingly, the stability of the
rock skeleton declined due to the mismatch
deformation. This weakened the stiffness of the
basalt samples and reduced the impact stress
required to reach the yield stage.

Figure 10 further plots the variations of
dynamic compressive strength of basalt subjected to
different microwave power levels and exposure
time. At all microwave power levels, the strength of
samples decreases linearly with the increasing
exposure time. Microwave radiation at a higher
power level has more obvious advantages with
regard to the reduction of strength. After being
treated at 2 Kw for 180 s, the strength reduction
was approximately 29.49%, while at 4 kW for 90 s
and 6 kW for 30s, the strength reduction was
19.70% and 14.40%, respectively.

260

o]

o n —2 kW
= * —4kW
5, A —6kW
5

2 220t

=

g

S 200 y=243.67-1.17x y=243.76-0.4x
£ R=1 R?=0.998
S y=244.27-0.53x

‘g 180t R?=0.994

<

=]

>

A

160 L. . . . s
0 40 80 120 160 200
Exposure time/s

Fig. 10 Relationship between dynamic compressive
strength and exposure time of microwave-treated basalt

Compared with  basalt, the dynamic
mechanical properties of sandstone after microwave
treatment are less degraded. Specifically, After
being treated at 2 and 4 kW for 90 s, the dynamic
compressive strength of basalt decreased by 16%
and 20%, respectively. While the dynamic
compressive strength of sandstone was reduced by
8% and 17% after being treated at 3 kW and 5 kW
for 90 s, respectively [37]. Although a higher power
level is used, the dynamic compressive strength of
sandstone after microwave treatment is significantly
lower than that of basalt. This can be attributed to
the fact that the content of strong absorbers in basalt
(pyroxene 18.67%) is significantly greater than that
of sandstone (calcite 5.53%, hematite 4.73%).

4.3.3 Failure patterns of basalt in dynamic
compressive tests

In order to deeply understand the macroscopic
failure mechanism, the fracturing behaviors of
basalt during impact tests were captured by a
high-speed camera, as shown in Fig. 11. In general,
it can be seen that with the increase of exposure
time, the severer damage and smaller debris of the
basalt sample can be found, indicating that
microwave pre-treatment significantly promotes
the rock fragmentation. According to the failure
processes of basalt in dynamic compressive tests,
two typical final failure modes can be observed, as
shown in Fig. 12.

Type I: Axial splitting. Under compact loading,
basalt samples were split into a few fragments
along the axial direction of the sample, which can
be attributed to the tensile stress caused by the
Poisson effect [36]. This failure pattern can be
observed on untreated samples and samples treated
by microwave at lower power levels for shorter
exposure time. For untreated samples, the main
crack was composed of one or more parallel cracks
along the axial, which is a typical splitting failure
mode. For basalt samples subjected to microwave
radiation at lower power levels for shorter exposure
time (at 2 kW for 30—60 s and at 4 kW for 30 s), the
failure mode was similar to that of the untreated
basalt. The difference was that the main crack
presented a more tortuous path during the
propagation process, indicating that the final failure
of basalt was controlled by the initial microwave-
induced microcracks.

Type II: Crack propagation in the axial and
perpendicular to the axial direction. After the
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(b) 30s

120s

180 s

(©) 30s[p

60 s

(d)

Fig. 11 Failure processes of basalt in dynamic compressive tests captured by high-speed camera: (a) Untreated sample;
(b) 2 kW; (c) 4 kW; (d) 6 kW
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(@)

Tensile wave

(b)

Fig. 12 Typical failure patterns of basalt samples in dynamic compressive tests: (a) Type I: failure with axial splitting

cracks; (b) Type II: failure with cracks along axial and perpendicular to axial direction

prolonged exposure time, a large number of
microcracks generated and randomly distributed in
basalt samples. When the compressive stress wave
encounters the opened microcrack, it will be
reflected as a tensile wave on the wall surface,
which is equivalent to free surface reflection, as
shown in Fig. 12. Subsequently, the wave reflection
will continuously generate between the incident end
and the microcrack, causing a significant increase in
tensile stress [38]. The increasing stress intensifies
the crack propagation and coalescence, resulting in
macrocracks perpendicular to the axial direction.
Meanwhile, it is worth noting that the cracks
perpendicular to the axial direction occurred later
than the axial cracks. This is mainly because the
cracks first closed to a certain extent under the
impact force, and then expanded under the tensile
stress.

5 Discussion

5.1 Pore evolution characteristics of basalt

affected by microwave radiation

To investigate the effect of microwave
radiation on the microstructure damage of basalt,
nuclear magnetic resonance technology (NMR) was
utilized in this study. Figure 13 shows the 7>
spectrum of basalt before and after microwave
radiation. The abscissa of the 7> spectrum is the
transverse relaxation time, which is proportional to
the pore radius. The ordinate of the 7> spectrum
represents the relative content of hydrogen
nuclei in water-filled pores, which can reflect the
relative volume of pores with corresponding
pore size. Therefore, the distribution of the pore
radius of the sample can be obtained from the 7>

spectrum. We categorized the pores according to
T, values into micropores (7><5 ms), mesopores
(5 ms < 7> < 500 ms) and macropores (72> 500 ms).

As shown in Fig. 13(a), when the microwave
power is 2 kW, the pore distributions of samples
treated with different heating time are quite
different. Specifically, the majority of pores in the
original sample are micropores, followed by
mesopores. After being treated for 30 s, the content
of micropores in the basalt increased significantly,
whereas the content of mesopores did not change
much. This indicates that under the microwave
radiation within 30s, the new micropores have
begun to form in large numbers due to
heterogeneous deformation and loss of water and
volatile matters. As the exposure time further
increased to 60 and 90 s, there was no significant
increase in the content of micropores, but the
content of mesopores increased to varying degrees.
In this stage, the thermal stress increased enough to
promote the expansion of micropores to mesopores.
At the same time, new micropores were constantly
formed, so the content of micropores in this stage
did not change much. When the exposure time
reached 120 and 180 s, the content of mesopores
continued to increase, and the macropores appeared
on a large scale after 180s. On the contrary, the
content of micropores in basalt dropped sharply.
This indicated that the micropores in this stage
further expanded into larger ones on a larger scale,
and the expansion of micropores to mesopores and
macropores is the main reason for the decrease in
the content of micropores.

As shown in Fig. 13(b), after being treated by
microwave at 4 kW, the pore size distributions of
the basalt samples changed a lot. Specifically, after
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Fig. 13 NMR 7, spectrum distribution and pore size
distribution of basalt before and after microwave
radiation: (a) 2 kW; (b) 4 kW; (c) 6 kW

the content of
micropores increased dramatically, while that of
mesopores increased relatively slightly. In this
phase, the microwave can sufficiently promote the
generation and accumulation of micropores, and
can also support the expansion of micropores into
mesopores to a certain extent. Compared with the

30s of microwave radiation,

sample treated at 2kW, the expansion of
micropores is more obvious, which indicates that
under the same microwave exposure time, the
thermal stress caused by expansion mismatch at
higher microwave power is larger. As the exposure
time increased to 60 and 90s, the content of
mesopores increased sharply, while that of
micropores reduced significantly. In this stage, the
micropores gradually transformed into mesopores
and macropores.

In general, the evolution of pores in the basalt
under microwave radiation can be divided into two
stages. For a short period of microwave radiation,
the evolution of pores is dominated by the
generation and accumulation of micropores, while
for long-term microwave radiation, the evolution of
pores is dominated by the expansion of micropores
into mesopores and macropores. During the process
of microwave radiation, various kinds of water in
the basalt will be constantly dissociated. It is well
known that the absorbed water can escape at around
100 °C, the bound water can escape between 150
and 300 °C; and the crystal water can escape at
around 400 °C [39,40]. In the first stage, many new
micropores appeared and some micropores enlarged
into mesopores. Some volatile matters were heated
and then escaped from the pore matrix, causing the
formation of new pores. Meanwhile, the vapor
pressure and thermal stress caused by microwave
radiation promoted the initiation of pores and small
fractures. In the second stage, pores further
developed and began to connect adjacent pores
under the combined action of void pressure and
thermal stress.

5.2 Damage mechanism of basalt induced by

microwave radiation

The damage mechanism of basalt under
microwave radiation can be attributed to the
difference in mineral dielectric properties and
thermal expansion. According to the sensitivity to
microwave, the minerals in this basalt can be
divided into two categories: strong absorbers
(pyroxene) and weak absorbers (feldspar,
montmorillonite, quartz). Figure 14 shows a
schematic diagram of the damage mechanism of
basalt under microwave radiation.

The thermal expansion deformation of the
material is positively related to the temperature and
the thermal expansion coefficient of the material.
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When subjected to microwave radiation, the
microwave-heat conversion efficiency of strong
absorbers is much higher than that of weak
absorbers, which leads to a high heating rate and a
higher temperature of the strong absorber. For
basalt in this study, the content of pyroxene and
feldspar accounts for as much as 92.39%, and the
volume thermal expansion coefficients of the
former and the latter are 3.4/°C and 2.45/°C,
respectively [41,42]. Thus, it is reasonable to think
that the thermal expansion coefficient of strong
absorbers in basalt is much greater than that of
weak absorbers, and this expansion mismatch
further leads to thermal stress, known as the thermal
shock.

)" Temperature gradient

Fig. 14 Schematic diagram of damage mechanism of
basalt under microwave radiation ( %  represents
microwave sensitive mineral; Y¢ represents microwave

insensitive mineral)

LU et al [8] revealed that microwave-induced
microcracks mainly occurred along or through the
grains of weak absorbers. Meanwhile, according to
the investigation [19,43], when the brittle material
is subjected to thermal shock, the compressive
stresses are mainly generated in the area with higher
temperature, while the tensile stress zone is mainly
distributed in the area with lower temperature.
Therefore, it can be concluded that microcracks
caused by tensile stress are an important cause of
microwave-induced thermal damage. The tensile
stress (o¢) of brittle materials caused by thermal

shock can be calculated by the following
formulas [44]:
EaAT ,
= 9
Sl ©)
, 1
! (10)

Calf+b—ce’

Rh
p== (11)
where a and 4 are the thermal expansion coefficient
and thermal conductivity, respectively, 4 is the
contact heat transfer coefficient; R is the
characteristic heat transfer length; £ and u are the
elastic modulus and Poisson’s ratio; a, b, ¢, and d
are constants.

From Egs. (9)—(11), f§ is a monotonically
increasing function, and o; has a positive correlation
with & and AT [44]. The tensile stress caused by
thermal shock is mainly determined by mineral
properties, temperature difference and contact
thermal conductivity. After microwave radiation,
the temperature of strong absorbing minerals is
significantly higher than that of weak absorbing
minerals, and the higher the microwave power and
the longer the heating time, the greater the
temperature difference between strong absorbers
and weak absorbers. Meanwhile, the increased
temperature promotes the heat
transfer rate and thus increases the heat transfer
coefficient [45,46]. Under the combined effects of
two factors, the higher the
microwave power and the longer the heating time,
the greater the tensile stress caused by thermal
shock. In addition, the cohesion between the
mineral particles is generally much smaller than
that within the mineral particles. Therefore, when
the thermal stress exceeds the ultimate strength, the
transgranular and intergranular cracks generate
successively.

difference

the mentioned

5.3 Microwave applications in drilling

Today, advanced drilling methods based on
thermal and ablative effects utilize technologies
such as microwaves, lasers, plasma jets, flames, and
electric heaters [47]. In particular, the microwave
has been widely used for the processing of various
materials due to its high efficiency and
environmental friendliness.

The main technical principle of microwave
drilling is to concentrate microwave energy on a
small spot, called hot spot, where microwave
energy is dissipated into the rock in form of heat to
pre-degrade the rock. As illustrated in Fig. 15(a),
microwaves are generated by magnetrons and then
transmit to the hot spot through the waveguide and
antenna. After the material is softened, the drill bit
can be inserted into the work piece, and the diameter
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Fig. 15 Schematic diagram of microwave drilling equipment: (a) Equipment for fine processing of small diameter and
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shallow holes [48]; (b) Equipment for mining and geological drilling of larger diameter and medium-deep drill hole

of the hole is limited by the size of the antenna. In
2002, JERBY [48] first proposed a drilling method
that uses near-field microwave radiation to generate
localized hot spots, which can drill holes with a
diameter of 0.5 mm. For large-diameter and deep
holes mostly used in the mining and construction
industries, the antenna can be placed inside the drill
bit to achieve simultaneous operation of microwave
degradation and mechanical drilling. As shown in
Fig. 15(b), the device consists of three main
modules: a microwave heating unit to pre-weaken
the rock mass, a mechanical drilling rig unit to
achieve subsequent drilling, and a water jet unit to
remove cuttings and reduce operating temperature.
This device realizes a combination of mechanical,
thermal, and hydraulic power for rock breaking.

LESTER and KINGMAN [49] exposed
lead—zinc to microwave with a power of 15 kW for
only 1s. As a result, less than 55% of the original
strength remained. HARTLIEB and GRAFE [50]
found that the cutting force of granite dropped by
10% after 30 s in a 24 kW open-ended waveguide.
Actually, reasonable determination of microwave
power, frequency and exposure time is the key to
improving microwave efficiency. Moreover, the
economic performance of microwave-assisted rock
breaking has always been concerned by scholars.
KINGMAN et al [12,51,52] conducted electric
crushing experiments on ores before and after
microwave radiation to achieve the same degree of
crushing, founding that crushing the ores pretreated
by microwave can reduce energy consumption by
about 50%.

For further industrial applications of the
microwaves, it is necessary to meet the technical
requirements of microwave-assisted mechanical
equipment, including the design of microwave-
assisted drilling device, the control of electro-
magnetic radiation risks and the miniaturization of
equipment.

6 Conclusions

(1) The heating rates on the surface of basalt
samples under microwave at 2, 4 and 6 kW are 1.65,
1.98 and 3.58 °C/s, respectively. The ultrasonic
detection tests show that both increased power
levels and prolonged exposure time can cause
severer damage to the basalt.

(2) As the microwave power level and
exposure time increase, the dynamic compressive
strength of the treated basalt continues to decrease,
while the peak strain continues to increase. The
failure mode of the treated basalt under impact
stress gradually changes from an axial splitting to a
compound failure mode, which is attributed to the
combined effects of reflected tension waves and the
Poisson effect.

(3) With increasing microwave exposure time,
the P-wave velocity of microwave-treated basalt
decreases continuously. For a short period of
radiation, the formation and
accumulation of micropores dominate, while for a
long period of microwave radiation, the expansion
of micropores into mesopores and macropores
dominate.

microwave
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(4) The tensile stress caused by thermal shock
is an important reason for the generation and
expansion of microcracks in basalt under
microwave radiation. Increasing the microwave
power level and exposure time to enlarge the
temperature  difference  between
sensitive minerals and insensitive minerals can
effectively increase the amount of damage in basalt,
which can induce a severer degradation of basalt.

microwave
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