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ABSTRACT. The effects of high temperature induced by microwave radiation
on the schistosity structural rock were investigated. A 1.45 kW commercial
microwave system was employed to irradiate specimens to a designed ciagion: He, L. Gu, V., Hu, G., Chen, Y.,
temperature (300 — 800 °C) for 15 minutes. Cracking and local melting initially ~Zeng, J. Structural failure process of
di he bioti ich 500 °C. M s o he datk schistosity rock under mictowave radiation at

appeared in the biotite enrichment area at . Macro-cracks in the dark o, emperatures, Fratura ed Integrica
area were parallel to the schistosity trend, owing to the weak connection in a  Strutturale, 50 (2019) 649-657.
direction perpendicular to the schistosity plane. The composition of the rock  geceived: 17.072019
did not significantly change before and after microwave radiation. The Accepted: 11.09.2019

. . . . - . . Published: 01.10.2019
diffraction peak intensity of the biotite decreased with temperature increase,
owing to melting. The average peak stress decreased significantly with Copyright: © 2019 This is an open access
o o It i luded th he hioh el db article under the terms of the CC-BY 4.0,
increasing temperature. It is concluded that the high temperature induced by e, permits unrestricted use, distribution,

microwave radiation promotes hard rock breakage and the schistosity —and reproduction in any medium, provided the
P : original author and source are credited.
structure of rock significantly affects the cracking pattern.
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INTRODUCTION

ncreasing the efficiency of hard rock breakage is a common issue in mining, tunnelling, and nuclear waste disposal [1-

3]. Traditional hard rock breakage methods (such as mechanical excavation and blasting), are problematic because they

consume much energy, are expensive, and contribute to pollution. Considering the characteristics of rapid volumetric
heating, selective heating, and instantaneous control, microwave radiation is considered as a potential method for rock
comminution processes.
Since Maurer [4] suggested the usage of microwaves for rock breakage in the 1960s, many studies have demonstrated that
microwave radiation could effectively reduce the mechanical performance of rocks [5-7]. Minerals can absorb microwave
energy and convert it into heat energy. The dielectric properties of minerals determine the capacity for absorbing and
converting microwaves [8,9]. Lu et al. [7] suggested that the microwave susceptibility of rock-forming minerals could be
linked to the content of ferrum. Therefore, temperature gradients would be produced in the irradiated rock, reducing the
strength of the rock by yielding micro- and macro-cracks [10-12]. The water content, the size and location of grains, can
affect the initiation and propagation of cracks [13,14]. Also, the microwave radiation conditions, including the microwave
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power level, the distance to rock, and the radiation time, were also shown to affect the intensity and distribution of
temperature [12,15]. In addition to experiments, many researchers used numerical simulations to understand the failure
processes in a rock exposed to microwave radiation. Whittles et al. [16] studied the influence of electric field strength on a
two-phase rock under microwave radiation, and found that both the highest temperature and the highest temperature
gradient occurred during the microwave-absorbing phase. Subsequently, other researchers [17,18] also showed that cracks
originate around mineral crystals. Further, they found that microwave power, radiation time, and the ratio of the absorption
phase to the transparent phase also affect the rock destruction results. In addition, the anisotropy, the dimensions and
shapes of minerals affect the cracking of rock under microwave radiation [19-22].

Although significant research was done on this topic, there are only a few studies that address the effect of mineral
distribution on rock structural failure under microwave radiation, such as schistosity. The schistosity structure of rock has
been demonstrated to significantly affect the fracture patterns under mechanical loadings [23,24]. In addition, the failure of
rock under microwave radiation (such as cracking and melting) was generally considered to reflect cumulative thermal
damage, and failure was considered to occur gradually with increasing temperature [25-27]. Therefore, for a better
understanding of the effect of microwave treatment on rocks, a study that addresses the effect of mineral distribution on
the failure processes at high temperatures is necessary.

This paper study focuses on investigating the response of schistosity structural rock to increasing temperature induced by
microwave radiation. After microwave radiation, the microstructure, mineral composition, crystallisation changes, and
mechanical performance were analysed to explain the failure mechanism in the schistosity structural rock under microwave
radiation.

MATERIALS AND METHODS

Materials

he granite was obtained from the Qingyuan region of Liaoning province of China and it showed a clear schistosity

structure. As shown in Fig. 1a, the rock block could be divided into dark and pale layers. The petrographic

microscopic image of granite was prepared for observation using a polarising microscope (LABORLUX12 pol,
Leitz). The petrographic thin section (Fig. 1b) shows that the Qingyuan granite has a medium-fine grain structure and is
mainly composed of 65% feldspar, 22% quartz, and 11.5% biotite. In addition, most minerals exist in different degrees of
alteration, such as feldspar as sericite. X-ray fluorescence (XRF, PANalytical B.V. Axios) was used to further determine the
chemical compositions of the dark and pale areas, respectively, and the results are listed in Tab. 1. Tab. 1 shows that femic
minerals (such as biotite) are mainly distributed in the dark area, while the light area is mainly composed of feldspar and
quartz.

Dark area

Light area

Figure 1: Appearance picture (a) and petrographic microscopy image (b) of virgin granite. (Pl-plagioclase; Mc-microcline; Qtz-quartz;
Bt-biotite; Mag- magnetite).

Oxide .
Coia: / u/i.o/o SIOZ A1203 NaZO I(zo F€203 CaO MgO
Dark area 65.61 16.89 2.33 3.12 5.70 3.41 1.42
Pale area 78.61 10.79 1.68 6.00 0.22 1.74 0.07

Table 1: Chemical composition of rock.
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Experimental procedures

Microwave radiation experiments were performed in a commercial microwave muffle furnace (HAMilab-M1500),
operating at a frequency of 2.45 GHz, as shown in Fig. 2. According to the set temperature curve, the microwave system
can automatically adjust and continuously output power in the 0.2—1.4kW range. The cavity was equipped with an infrared
thermometer to measure the surface temperatures of the analysed specimen. Therefore, the temperatures described below
refer to the surface temperatures of the analysed samples. It should be noted that according to the principle of microwave
heating, the temperature inside the samples is higher than the surface.

Considering the dimensions of the microwave cavity, the granite block was processed into cube-shaped samples (side length,
2.5 cm) and dried at 105 °C, until obtaining constant weight blocks. Rocks with no visible macro-cracks in six surfaces were
selected as test specimens. Each set contained two specimens and only one was heated during each test. To avoid the high
loss rate of heat, the specimens were placed into the cavity of alumina for thermal insulation. The temperature curve was
set with the rate of increase of 10-20 °C per minute and was maintained for 15 minutes after reaching the 6 designated
temperatures (300—800 °C with steps of 100 °C), following which the specimens were cooled to room temperature naturally
in the microwave device.

Microwave source

Furnace wall —1>+ .
/ ~ | Microwave

Alumina > S ¥ Cavity
Infrared 5
S == _ .
Thermometer ﬁ ‘ Specimen

Figure 2: Schematic of the mictrowave muffle furnace.

Characterisation

The thermal analysis was performed using a thermal analyser device (SDT Q 600, TA) to obtain the thermo-physical
properties of the analysed granite. Thermogravimetric and differential scanning calorimetry (TG-DSC) was performed at
temperatures ranging from room temperature (25 °C) to 800 °C in air atmosphere, and the heating rate was 10 °C/min. The
microstructure analysis of the microwave-irradiated specimens was performed using a scanning electron microscope (SEM,
EM5000, KYKY). Before and after the exposure to microwave radiation, X-ray diffraction (XRD) patterns of the analysed
samples were obtained using an XRD analyser (X’Per PRO, PANalytical) to determine the changes in the composition and
crystallisation. Operating conditions were: Cu Ka radiation (A = 1.54184 Ay, power 2.2 kW, scanning speed 15°/min, 20
ranging from 3° to 80°. Uniaxial compressive strength (UCS) was tested to evaluate the overall trend in the damage vatiation
in microwave-irradiated specimens, using a compression testing device (TYE-300) at the loading speed of 0.3 kN/s.

RESULTS

Thermal analysis
ig. 3 shows the results of the TG-DSC measurements on Qingyuan granite. A slight weight loss was detected in the
F 25-500 °C range; this was attributed to the mineral dehydration or water evaporation [28,29]. Above 600 °C, a
significant reduction of mass was associated with the process of dehydroxylation of biotite [30]. Above 700 °C, the
weight of the sample was almost unchanged. Furthermore, the cutrve of the heat flow exhibited an endothermic peak at 573
°C owing to the « to § phase transition in quartz [9].

Appearance and microtopography

Fig. 4 shows the microwave-irradiated specimens. The colour of granite became shallower with increasing temperature,
which was attributed to the irreversible dehydration of Fe-rich minerals [31]. It can be seen in Figs. 4a and 4b that the granite
specimen exhibited no appreciable change of appearance below 400 °C. Above 500 °C, cracking and melting were observed
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in the dark area. The cracking could be attributed to the thermal stress while the local melting was caused by high
temperature for the biotite enrichment. A clear fracture zone, parallel to the trend of schistosity, and a spot of solidified
magma were observed in the dark area at 600 °C. In addition, micro-cracks appeared on the surface of the light colour area.
Almost all of the fracture zone of the dark area was filled with solidified magma at 700 °C. Furthermore, the fractutre area
was pushed away by the magma, as shown in Fig. 4e. When the temperature reached 800 °C, the centre of the specimen
formed a big cavity owing to the melting and flow of minerals. Many micro-cracks were observed on the surface of the light
area, while macro-cracks and melting occurred mainly in the dark areas at 800 °C. Therefore, it can be concluded that the
dark area dominantly determines the structural failure of Qingyuan granite.
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Figure 3: TG and DSC curves for pristine granite.

300 °C

Figure 4: Appearance of specimens at different temperatures after microwave radiation.

Fig. 5 shows the microtopography of the analysed specimens at different temperatures after microwave radiation. As shown
in Figs. 5a and 5b, with increasing temperature, the dimensions and the number of cracks increase. Also, two different types
of cracks are observed in Fig. 5c. It is clear that there are small cracks on the left and right sides of minerals. Meanwhile, a
larger-size crack can be seen at the junction between the two minerals. This demonstrates that the damage is more severe
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at the mineral junction area than within minerals. At 800 °C, the surface of the molten area appeared as a smooth glass
surface while the bulk contained numerous pores and cracks.

Figure 5: Microtopography of granite specimens at different temperatures after microwave radiation.
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Figure 6: Powder XRD patterns of granite samples at different temperatures.

XRD analysis

Fig. 6 shows the powder XRD patterns obtained from specimens before and after microwave radiation. It can be seen that
there is no distinct change in the mineral composition; however, the crystal structure of minerals changed somewhat. The
diffraction peak of quartz at 20 = 26.5° was slightly shifted toward smaller angles with increasing temperature, which also
appeared for biotite at 20 = 8.5°. These trends suggest that temperature elevation induces unit cell swelling. No significant
shift in the feldspar diffraction peak was observed in the XRD patterns. In addition, the diffraction peak of biotite near 20
= 8.5° decreased for temperatures above 500 °C and almost disappeared at 800 °C. This demonstrates that the content and
crystallisation extent of biotite decrease with increasing temperature, owing to melting. Because melting mainly occurred in
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the dark area, these results demonstrate that biotite is distributed in the dark area. This is consistent with the conclusions of
XRF.

Mechanical performance

The average peak stress of the specimens before and after microwave radiation obtained from the UCS test is shown in Fig.
7. The strength decreases significantly from 122.41 MPa (25 °C) to 45.49 MPa (600 °C), which is 37% of the virgin granite
value. In addition, the samples’ strength at 700 °C and 800 “C could not be tested, and the strength was considered small,
depending on the damage. It can be deduced from Fig. 7 that the strength exhibits a relatively slow decline below 500 °C.
This could be attributed to the damage of the mineral crystal for losing the crystal water and structural water, which is
consistent with the results of TG-DSC [28,29]. Howevet, a sharp reduction was observed above 500 °C, which was mainly
owing to the schistosity cracking and internal melting in the dark area. Furthermore, the structural changes in the granite
caused by the quartz phase transition at 573 °C [9] and the thermal expansion mismatch between different minerals [32]
also contributed to a reduction in the curve.
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Figure 7: Average peak stress of the analysed specimens, before and after microwave radiation.

DiscussioN

he structural failure mechanism of microwave-irradiated Qingyuan granite was summarised, and the schematic

diagram is shown in Fig. 8. Combined with the above analysis, the structure of the dark area was considered the

main reason behind the structural failure of microwave-irradiated Qingyuan granite.
Qingyuan granite exhibits an obvious schistosity structure. According to the results in Section 2.1, most of biotite is
distributed in the dark area, while the light area is mainly composed of feldspar and quartz. Such distribution of minerals
induced rapid heating of the dark area upon exposure to microwave radiation. Lu ¢f 4/ [7] demonstrated that a 2.5-fold
volumetric expansion of biotite occurred after microwave radiation, and stress was concentrated at the boundary of the
biotite crystal [32]. Ali ¢f al. [19] considered that cracks are mostly radially oriented tensile cracks that developed from the
absorbent mineral boundary (such as biotite). The colour of granite became shallower with increasing temperature, which
was attributed to the irreversible dehydration of Fe-rich minerals [31], which would also induce cracking. Therefore, cracking
initially appeared around the microwave-absorbing phase in the dark area.
Furthermore, it could be observed and inferred from Figs. 4d to 4f that most of the macro-cracks in the dark area were
patallel to the schistosity trend above 600 °C. This could be also attributed to the schistosity structure. Microwave radiation
would weaken the connection among minerals within granite [33]. Considering that schistosity is a compressive structural
plane, the authors inferred that the mineral connection in the direction perpendicular to the schistosity plane is relatively
weak. Therefore, micro-cracks would develop preferentially in the direction parallel to the schistosity trend and converge
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into a major crack. In the light area, owing to the relatively high presence of quartz and feldspar, the quartz phase transition
at 573 °C and the thermal expansion between different minerals would cause micro-cracks. On the other hand, when most
of the minerals in the dark area reached the melting point, the magma would overflow out of these major cracks, which
could even push away the adjacent light area (Figs. 4d and 4f). With temperature continuously increasing, a big cavity is
formed in the specimen bulk, owing to the melting and flow of minerals, which also accelerates structural disintegration.

4l 4

Virgin <400 °C 500 °C 600 °C & 700 °C
B park area T Cincia
[] Light area B Magma

Volume <« - Tendency
expansion/contraction

. Microwave absorption
phase(biotite, magnetite)

800 °C

Figure 8: Schematic of the failure process of schistosity structural granite under microwave radiation.

CONCLUSIONS

Specimens wete heated to different temperatures (300, 400, 500, 600, 700, and 800 °C) and kept for 15 minutes.

Cracking at the cubic edge and local melting at 500 °C were owing to the thermal stress and biotite enrichment,
respectively. Above 600 °C, most of the macro-cracks in the datk area were parallel to the schistosity trend, owing to the
weak connection in the direction perpendicular to the schistosity plane. The diffraction peak intensity of biotite decreased
and even disappeared with increasing temperature, owing to the melting in the biotite-rich area. The average peak stress of
the specimens significantly declined from 122.41 MPa (25 °C) to 45.49 MPa (800 °C), and the strength was almost
completely lost at 700 °C and above. It was concluded that microwave radiation can effectively destroy rocks by generating
high temperatures. The granite samples were destroyed owing to the confluence of multiple factors, such as differences in
the thermal expansion properties of minerals, loss of water, phase transformation of quartz, and hot melting. In addition,
the schistosity structure of rock significantly affected the cracking pattern.

T he effects of microwave radiation-induced high temperature on schistosity structural granite were investigated.
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