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Abstract: This study introduces a coupled electromagnetic—thermal-mechanical model to reveal the mechanisms of microcracking and
mineral melting of polymineralic rocks under microwave radiation. Experimental tests validate the rationality of the proposed model. Em-
bedding microscopic mineral sections into the granite model for simulation shows that uneven temperature gradients create distinct mol-
ten, porous, and nonmolten zones on the fracture surface. Moreover, the varying thermal expansion coefficients and Young’s moduli
among the minerals induce significant thermal stress at the mineral boundaries. Quartz and biotite with higher thermal expansion coeffi-
cients are subjected to compression, whereas plagioclase with smaller coefficients experiences tensile stress. In the molten zone, quartz
undergoes transgranular cracking due to the o—f3 phase transition. The local high temperatures also induce melting phase transitions in bi-
otite and feldspar. This numerical study provides new insights into the distribution of thermal stress and mineral phase changes in rocks

under microwave irradiation.
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1. Introduction

With the continuous development of deep mining, the ef-
fectiveness and environment-friendly characteristics of ex-
cavation operations in the deep underground are increasingly
in demand [1-3]. Microwave heating has emerged as a po-
tential solution in underground mining operations, assisting
in deep drilling [4-6], hard rock breaking [7—10], and grind-
ing [11-12]. Currently, two primary approaches are used for
microwave-assisted rock fragmentation. The first approach
uses microwave energy to melt rocks [4,13]. The second ap-
proach uses microwaves to weaken the rocks before employ-
ing mechanical tools, such as tunnel boring and drilling
machines, for excavation [9,14-16]. Rocks are composed of
minerals, which vary considerably in their microwave ab-
sorption ability, thermal properties, and mechanical charac-
teristics [17]. This diversity poses challenges in understand-
ing the mechanisms of microwave-induced melting or frac-
turing in rocks, thereby hindering potential industrial applic-
ations.

To gain a deeper understanding of the mechanisms under-
lying the effects of microwave heating on rock mass frag-
mentation, previous studies assessed the microwave absorp-
tion capabilities of many individual minerals. Chen et al. [18]
investigated 40 types of minerals and found that most metal
sulfides can be easily heated. Lu et al. [19] conducted a mi-
crowave treatment on 11 rock-forming minerals and ob-
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served that most of them had weak microwave absorption
capabilities. Furthermore, Zheng et al. [20] highlighted the
role of iron content in enhancing the microwave absorption
of minerals. Although the microwave absorption capabilities
of individual minerals are known, the interaction of mi-
crowaves with polymineralic rocks is still not well studied.
Microwaves heterogeneously heat the constituent minerals,
resulting in thermal gradients and subsequent microcracks
within the rock [13,21]. Consequently, the presence of strong
absorbers, the varied composition and properties of the min-
erals are both key factors in the formation of intergranular
and transgranular cracks during microwave heating [22].
However, observing thermal gradients and identifying mi-
crocracking within polymineralic rocks during microwave
heating in laboratory experiments is challenging. The reason
for this is the limitations of current measurement instruments
in capturing internal temperature and specimen deformation
details.

Numerical simulations offer valuable insights into the in-
teraction between microwave radiation and polymineralic
rocks or minerals [23-25]. For intact rocks, most numerical
studies have focused on macrofracturing in heterogeneous
rocks and microwave-induced damage to rock mass strength
[26-28]. For minerals, some modeling approaches are often
restricted to single or dual mineral simulations to reduce the
computational complexity caused by heterogeneity. For ex-
ample, Zheng and Sun [29] conducted electromagnetic simu-
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lations to determine the electric field strengths of individual
minerals. Cui et al. [30] provided a micromodel of two-min-
eral stacks and examined the thermal stress generated
between minerals with contrasting thermomechanical char-
acteristics. Li etal. [31] investigated the microscale
stress—strain variability in pegmatite using a digitized thin
section. Their findings revealed that the highest von Mises
stress was along the quartz—plagioclase interface. The above-
mentioned literature provides valuable insights into the nu-
merical modeling of the effects of microwave radiation and
rocks or minerals. However, the thermal response of the mi-
croscopic mineral assemblages within the rock has not been
well studied. The mechanism of mineral assemblage crack-
ing and melting behavior under microwave radiation is un-
clear and needs to be further explored.

To fill these gaps, this study aims to develop a model that
incorporates microscopic mineral assemblages in a rock spe-
cimen. For this purpose, microwave heating experiments
were initially conducted on granite specimens to gather data
on temperature rise, cracking, and melting characteristics.
The resulting cracked specimens were then analyzed using
scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM-EDX) to examine their microscopic
characteristics and obtain actual mineral assemblages. Based

(a) Mineral distribution

Fig. 1.

Table 1.
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on the obtained microscopic mineral assemblage, a compre-
hensive  electromagnetic—thermal-mechanical
model was developed and validated. Finally, a series of nu-
merical simulations were performed to investigate the
thermal response and evolution of thermal stress within and
between minerals.

numerical

2. Experimental
2.1. Sample preparation

The granite tested in this study was obtained from Quan-
zhou City, Fujian Province. Fig. 1 illustrates the type and
content of minerals in the granite, as determined using a po-
larizing microscope. The primary minerals in the granite slice
are plagioclase (P1), K-feldspar (K), quartz (Q), hornblende
(Hbl), and biotite (Bt). The granite exhibits a fine-grained
structure, with particle sizes in the range 0.05-0.5 mm. For
basic mechanical testing and microwave heating experi-
ments, cylindrical specimens, each with a diameter of 50 mm
and a height of 100 mm, were prepared. Table 1 details the
basic physical and mechanical properties of granite, includ-
ing its density (2770 kg/m?), Young’s modulus (44.7 GPa),
and Poisson’s ratio (0.22).

Other minerals
1vol%

Q 5v01%
lOvol%

Hbl
1 Ovol%

50V01%

K
24vol%

(b) Mineral content

(a) Optical microscopy image and (b) mineral content.

Physical and mechanical properties of tested granite

Density / (g-cm™) Uniaxial compressive strength / MPa

Young’s modulus / GPa Poisson’s ratio

2.77 203.36

44.70 0.22

2.2. Experimental procedure

To minimize the effect of moisture, a cylindrical granite
specimen was initially dried in an oven at 105°C for 48 h.
Subsequently, the specimen was heated using a multimode
microwave oven at a frequency of 2.45 GHz (Fig. 2). This
oven comprises a circular cavity, a noncontact infrared ther-
mometer, and four microwave sources, each delivering up to
2 kW of power. The specimen was placed on an 8 cm-high
mullite pad beneath the waveguide ports (Fig. 2). The
samples were heated at a power of 5.4 kW for 400 s, during

which the temperature at the center of each sample was mon-
itored using an infrared thermometer. After heating, the oven
door was opened, and the sample was allowed to cool to
room temperature for subsequent observation, including
SEM-EDX analysis.

2.3. Results of the microwave heating experiment

Fig. 3 illustrates the temperature—exposure time relation-
ship at the top of the granite specimen. Notably, the initial
phase (0-100 s) marks the period of increasing irradiation
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Fig. 2. Microwave heating system.
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Fig. 3. Temperature evolution of granite specimens with ex-

posure time under microwave treatment.

power, gradually adjusting to reach the target of 5.4 kW. Cur-
rently, the surface temperature of the granite reaches approx-
imately 118.6°C. Following the phase from 100 to 280 s, the
temperature exhibits a linear increase with the extended ex-
posure time. However, beyond 280 s, the temperature curve
shows a notable deviation due to the onset of cracking and
melting in the granite. Finally, the peak temperature is up to
582.5°C at 400 s.

Fig. 4(a) shows images of the fracture characteristics of
granite following microwave heating. On the surface of the
specimen, a circumferential crack appears in the upper part of
the granite, almost separating the specimen into two halves.
Additionally, an axial crack extends from the middle to the
upper part of the specimen. At the intersection of these axial
and circumferential cracks, the presence of black melt mater-
ial is noted. This observation leads to the conclusion that
granite breakage is primarily due to mineral melting and
macrocracks induced by high temperatures. Fig. 4(b) further
illustrates the presence of molten, porous, and nonmolten

Fig. 4. Fracture and molten images of granite after mi-
crowave irradiation: (a) thermal fracture and molten sub-
stance on the specimen surface and (b) molten, porous, and
nonmolten zones on the fracture surface.

Int. J. Miner. Metall. Mater., Vol. 31, No. 7, Jul. 2024
zones on the fracture surface.

3. Microstructural and numerical

model construction

analysis

This section aims to identify the micromorphology and
mineral composition of molten, porous, and nonmolten
zones, ultimately intending to construct an accurate micro-
scopic mineral model. Initially, SEM-EDX is employed to
observe these specific zones. The microscopic data thus ob-
tained are then used to develop the model in COMSOL.

3.1. Microstructural analysis of the microwave-heated
granite

3.1.1. Mineral morphology identification

As illustrated in Fig. 5(a), the entire fracture section of the
granite underwent electron microscopy after gold spraying.
During this analysis, three characteristic points were selected
to observe the microstructures across various zones of the
granite fracture surface. The SEM images in Fig. 5(b1)—(b3)
reveal that the molten zone surface appears smooth and
glossy; however, some scratches are visible at 50x magnific-
ation. These scratches may be caused by the movement of the
molten material or external wear during the cooling or
sampling process.

In the porous zone (Fig. 5(c1)—(c3)), debris, pores, and
pits are evident. Under microwave heating, gas generation
occurs within the specimen. However, because of the low
porosity of the granite specimen, gas diffusion is limited,
leading to the gradual formation of microbubbles in the melt.
As the temperature and steam pressure inside the specimen
increase, the rock debris breaks away, forming pits [32].
Thus, it is difficult to identify mineral boundaries that are
covered by flowing melt in the melting and porous zones. In
contrast, as shown in Fig. 5(d1)—(d3), multiple intergranular
and transgranular cracks are distributed in the nonmolten
zone. In this zone, the matrix maintains clear mineral bound-
aries and shapes.

3.1.2. Mineral composition identification

Polarizing microscopic observations reveal that granite
primarily comprises plagioclase, quartz, K-feldspar, biotite,
and hornblende. The chemical compositions of these miner-
als are (Ca,Na), ;(Mg,Fe,Al)s(Si,Al);0-(OH,F),, K(Mg,Fe);
AlSi;0,(F,0H),, KAISi;0;, SiO,, and NaAlSi;OzCaAl,
Si,05, respectively. The EDX imaging technique is used to
observe the distribution of chemical elements, which assists
in identifying the mineral composition. For instance, Fig. 6(a)
shows that chemical elements such as Si (31.78wt%), O
(38.58wt%), Al (15.22wt%), K (6.13wt%), Na (3.36wt%),
and Fe (3.17wt%) are uniformly distributed in the molten
zone. This indicates that quartz is the dominant mineral in
this zone, followed next by smaller quantities of feldspar and
biotite. As the internal temperature of granite increases,
quartz, feldspar, and biotite melt, flow, and concentrate,
eventually breaking through and flowing along the fracture
surface. Similarly, the porous zone of the granite mainly con-
sists of quartz and K-feldspar (Fig. 6(b)).
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points; (b1-b3) molten zone (Section 1); (c1—c3) porous zone (Section 2); (d1-d3) non-molten zone (Section 3).

Fig. 6(c) shows notable differences in the content and dis-
tribution of elements between the nonmolten zone and other
zones. In the EDX maps, biotite and hornblende can be dis-
tinguished from other minerals based on their iron (Fe) distri-
bution. Additionally, the overlapping areas of potassium (K)
and iron (Fe) suggest biotite, while the overlapping areas of
sodium (Na) and calcium (Ca) indicate the presence of pla-
gioclase. The EDX diagram shows that in addition to the ob-
vious intergranular cracks between various minerals, partial
transgranular cracks also exist inside quartz and plagioclase,
and layer separation phenomena occur in some layered bi-
otite minerals.

3.2. Geometric modeling of the numerical model

3.2.1. Geometric model construction

To accurately model the mineral microstructure, the fol-
lowing steps were taken:

(1) Image processing with imageJ: As illustrated in Fig.
7(a), the SEM-EDX images were first subjected to grayscale
correction and denoising to enhance their quality. Edge de-
tection was then applied to these images to extract mineral
boundaries and generate vector images with discrete geomet-
ries.

(2) Mineral assignment: each mineral in the thin sections
was identified based on the SEM-EDX image, and specific
parameters were assigned to them as listed in Table 2. The
molten and porous sections mainly consisted of quartz, bi-
otite, and feldspar. However, obtaining accurate mineral
morphology was challenging because the molten material
obscured the mineral boundaries. Therefore, the same SEM
images were used for various sections. We assumed that K-

feldspar replaced the corresponding position of hornblende
(Fig. 7(b)).

(3) Modeling with AutoCAD: as shown in Fig. 7(c), the
vector image depicting the mineral boundaries was imported
into AutoCAD. Within AutoCAD, the vector image was
transformed into rectangular thin sections, each measuring
1.30 mm in length, 1.30 mm in width, and 0.1 mm in thick-
ness. Three such sections representing the melting, porous,
and nonmelting zones were then incorporated into the gran-
ite model. The dimensions of the microwave oven and the
specimen in the model were also made consistent with those
used in the experiment.

(4) Simulation with COMSOL software: The entire geo-
metric model was imported into COMSOL multiphysics for
microwave heating simulation. In this simulation, specific as-
sumptions and boundary conditions were set to simplify the
model: 1) All materials, including granite and minerals, were
considered to be continuous and isotropic. 2) Rectangular
ports were excited by transverse electromagnetic waves, and
port boundary conditions were applied at the entrance of the
waveguide (Fig. 7(d)). 3) The cavity walls and waveguide
walls were perfect conductors, with any heat and deforma-
tion occurring only in the granite region. 4) Impedance
boundary conditions were set for the cavity walls, insulation
conditions for the granite surface, and a mechanical bound-
ary condition at the bottom of the specimen.

(5) Grid Partitioning: As depicted in Fig. 8, a grid genera-
tion method was established to ensure the convergence and
accuracy of the model, considering the significant size differ-
ences between the mineral sections, specimens, and mi-
crowave ovens. For micromineral sections, a free triangular
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Fig. 6. EDX images of the granite specimen: (a) molten zone; (b) porous zone; (c) nonmolten zone.

mesh was created along the mineral surface, with a minim-
um mesh unit size of 0.025 mm. Subsequently, a sweeping
mesh was applied to the mineral sections along their thick-
ness (Fig. 8(c)). For the oven and granite specimens, a free
tetrahedral grid was used, with a maximum unit size of <0.2
times the wavelength. The resulting mesh quality after seg-
mentation was 0.66, ensuring the reliability of the model.
3.2.2. Governing equations

The mathematical representation for the coupled electro-
magnetic—-thermal-mechanical process of rock during mi-
crowave radiation is as follows:

(1) Electromagnetic excitation.

The electromagnetic field in a microwave cavity is de-
scribed by Maxwell’s equations [24]:

VXM;‘(VxE)—kg(sr—ﬁ)Ezo (1
weEy

g=¢&-j&" 2)
w=2nf 3)

where y; and &, are the relative permeability and permit-
tivity of the specimen, respectively. &; can be determined by
the dielectric constant &’ and dielectric loss factor £”. &, and
ko are the permittivity and wave velocity of the free space,
respectively. E is the electric field intensity, o is the con-
ductivity, and w is the angular frequency. j is v—1, and f
is the input frequency.

After granite is applied to electromagnetic waves, a por-
tion of the electromagnetic energy is converted into heat be-
cause of its dielectric loss [23].

Q. = %Re(J-E+ij‘H) “)

where Q. represents the electromagnetic power loss; Re de-
notes the real part of the relative primitively of materials; and
J, B, and H are the current density, magnetic flux density,
and magnetic field intensity, respectively.

(2) Thermal transfer and phase change.

Transient heat transfer equations can describe the temper-
ature distribution in the specimen, with the heat source
provided by the electromagnetic field loss [23] as follows:
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Fig. 7. Processes of building the geometric model.
Table 2. Material properties in the model were obtained from the literature [20,22,28-29,31,33]
Specific Heat Thermal Youne’s
. Volume Relative Dielectric Loss heat . expansion  Poisson’s g Density /
Material . . . conductivity / . . modulus / A
ratio / % permeability constant factor capacity / (Wom LK) coefficient / ratio GPa (grem™)
Jkg K™ (10°K™)

Plagioclase 50 1.00 6.07 0.039 650.0 2.00 3.70 0.35 70.0 2.63
K-feldspar 24 1.00 5.61 0.118 730.0 2.34 7.50 0.29 60.0 2.62
Quartz 10 1.00 4.72 0.014 731.0 4.94 12.10 0.17 80.0 2.65
Hornblende 10 1.00 14.45 0.324 710.0 2.85 6.50 0.15 61.6 3.24
Biotite 5 1.00 7.48 0.456 770.0 3.14 12.10 0.20 20.0 3.05
Granite 1.00 6.67 0.104 682.8 2.50 6.12 0.22 447 2.77

Note: In addition to Poisson’s ratio, density, and elastic modulus, the thermophysical parameters and dielectric constant of granite are all
calculated from the volume percentage of the main minerals in Fig. 1(b) [31].

oT
PCy—5 - +PColhians - VT + V- (KVT) = Qe + Quca

(&)

where C,, p, and k are the specific heat capacity, mass dens-

ity, and thermal conductivity of the specimen, respectively.

Uyans denotes the velocity vector of translational motion, and

Oreq 1s the thermoelastic damping. 7 and ¢ are temperature

and time, respectively.

At high temperatures, some minerals undergo phase
changes, such as the a—f phase transition of quartz and the
melting phase change of biotite and feldspar. The properties
of the phase change materials can be specified according to
the apparent heat capacity formula [34]:

Cp,eff = glcp,l + 92Cp,2 +L,0 (

16,-6,

o)sor

260,+06,

Q)



1518

(a) 0

5
oy

{ . T
R
§ 7 *
K AR A0000
(BN o T‘ 1;5' 5

200 mm

Int. J. Miner. Metall. Mater., Vol. 31, No. 7, Jul. 2024

20

Fig. 8. Grid partitioning method: (a) mesh division of the furnace; (b) mesh division of the specimen; (c) mesh division of thin sec-

tions.
kefe = 01k; + 62k, (7
6,+6,=1 (8)

where C, .1, Cp.1, and Cp,are the specific heat capacities of
minerals before and after the phase change, respectively.
Similarly, k. is the effective thermal conductivity. Besides,
ki, ky, 0, and 6, are the thermal conductivity and volume
fraction of the mineral before and after the phase transition,
respectively; L;_,, is the latent heat of the phase change.

(3) Thermal expansion.

The thermally induced strain due to temperature changes
within the material is assumed to be the result of isotropic ex-
pansion and is given by [31]:

Er = Q(T - Tref) (9)
where &7 is the thermal strain, « is the coefficient of thermal
expansion, and T is the strain reference temperature.

4. Numerical simulation results
4.1. Simulation of temperature distribution

4.1.1. Temperature distribution within rock

In Fig. 9, simulation results are compared with the experi-
mental data obtained from the infrared thermometer gun. The
power adjustment period is not considered during the simula-
tion; therefore, the initial temperature is set at 118.6°C. The
graph indicates that the simulated temperature in the top cen-
ter of the specimen closely corresponds with experimental
data.
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Fig. 9. Comparison of the temperature simulation results with
the experimental data.

Fig. 10 compares the photo of granite and a snapshot of
the numerical simulation results after 300 s of 5.4 kW mi-
crowave radiation. The simulation results indicate that tem-
peratures exceeding 1000°C are concentrated in the center of
the granite specimen, which is the primary reason for its
melting. Meanwhile, significant temperature differences
within the specimen can induce macrocracks. In Fig. 10(b),
the area of high-temperature concentration on the simulated
fracture surface is consistent with the melting area on the
fracture surface. These observations are critical for compre-
hending the melting position of granite when subjected to mi-
crowave heating, as well as the mechanism behind macro-

T/°C

800
780
760
740
720
700
680

660

Fig. 10. Experiment photos and temperature field simulation of granite after 300 s of microwave radiation: (a) granite surface;

(b) fracture surface.
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scopic crack formation in granite.
4.1.2. Temperature distribution on mineral sections

To enhance the understanding of the thermal characterist-
ics of the granite sample, Table 3 displays the temperature
distribution across each section during various heating dura-
tions (0, 100, and 300 s). Initially, the biotite temperature is
notably higher than that of other minerals, which can be at-

tributed to its superior dielectric properties. Both the melting
zone (Section 1) and the porous zone (Section 2) exhibit a
similar temperature distribution because of their similar min-
eral compositions. In the nonmolten zone (Section 3), in ad-
dition to biotite, the presence of hornblende also contributes
to a high-temperature concentration because of its high loss
coefficient.

Table 3. Temperature distribution in thin sections after 300 s of microwave radiation

Time /s Molten zone Porous zone Nonmolten zone
T/°C
0 119
T/°C
340
100 339
338
T/°C
749
748
747
300

743

As microwave radiation exposure time increases, the tem-
perature profile evolves, which is influenced by the thermal
conductivities of each mineral and electromagnetic field dis-
tribution. In the melting zone, the high thermal conductivity
of quartz leads to the highest temperature. Eventually, a peak
temperature of 802°C is reached within the quartz at 300 s.
Because of spatial differences, the porous zone maintains a
lower temperature than the melting zone. In the nonmelting
zone, the temperature distribution is unique. Influenced by
the temperature gradient in the surrounding area of the sec-
tion (Table 3), the high temperature is predominantly con-
centrated on the lower left side rather than on the quartz.

4.2. Simulation of the thermal stress

The microwave heating experiment was followed by SEM
imaging, which revealed a high number of transgranular and
intergranular cracks in the unmolten section. To gain insight
into the crack initiation mechanism, the stress distribution
within the microscopic mineral sections was calculated.
4.2.1. Von Mises stress in minerals sections

The von Mises stress, a scalar that considers the effects of
all stress components, can be used to analyze the stress distri-

bution in microscopic minerals. As depicted in Fig. 11, the
von Mises stress distribution in Section 3 is uneven after
300 s of microwave irradiation. Quartz exhibits the highest
stress values, followed by plagioclase, biotite, and horn-
blende, according to the Mises stress distribution on the 4-4’,
B-B', and C-C'lines. Notably, the stress value between quartz
and plagioclase reached up to 340 MPa, indicating signific-
ant stress at the mineral boundaries (Fig. 11(d)).

Fig. 12 presents a comparison of the von Mises stress dis-
tribution in the nonmelting, porous, and melting zones after
300 s of microwave heating. In the porous and melting zones,
minerals experience higher von Mises stress due to increased
temperature distribution after heating. Compared with pla-
gioclase, K-feldspar is subjected to higher von Mises stress
because of its high coefficient of thermal expansion. Addi-
tionally, the stress significantly increases at the boundaries
between minerals.

4.2.2. Thermal stress in minerals

To differentiate the stress types in each mineral, Fig. 13
shows the stress component o, of the nonmmolten zone
(Section 3) after 300 s of microwave radiation. Quartz and bi-
otite are mainly subjected to compressive stress, while pla-
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gioclase and hornblende mainly experience tensile stress.
As Fig. 13(b) illustrates, quartz undergoes a compressive
stress of 130 MPa. Because of its larger coefficient of thermal

Stress / MPa
100

expansion and higher elastic modulus, quartz is more prone
to thermal expansion when subjected to microwave heating.
However, this expansion is constrained by adjacent minerals,
resulting in maximum compressive stress. Biotite, which also
possesses a significant coefficient of thermal expansion, ex-
periences compression from neighboring minerals. In con-
trast to quartz, biotite possesses a lower elastic modulus, in-
dicating a reduced capacity for deformation. As a result, bi-
otite experiences less compression under similar conditions.
After 300 s of heating, plagioclase with a lower thermal ex-
pansion coefficient is subjected to a tensile stress of 60 MPa,
which exceeds its tensile strength and causes transgranular
cracks. Hornblende undergoes only small tensile stress be-
cause the surrounding plagioclase and biotite exert negligible
reactive forces on it. Considering the behavior observed in
these minerals, it is evident that thermal stress plays a critical
role in their microstructural integrity. When the thermal
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Fig. 13. Stress distribution in the nonmolten zone: (a) o,, distribution in Section 3; (b) c,, distribution in the minerals.



X.L. Su et al., Numerical simulation of microwave-induced cracking and melting of granite based on mineral ...

stress exceeds the tensile strength of minerals such as plagio-
clase and hornblende, transgranular cracks can occur.

Fig. 14 demonstrates that in the melting zone, quartz, K-
feldspar, and biotite are subjected to compressive thermal
stress whereas plagioclase is subjected to tensile stress. Be-
cause of the higher temperatures in the molten zone, the
tensile thermal stress in plagioclase reaches 80 MPa, which is
significantly higher than the tensile strength of plagioclase.
Therefore, plagioclase in the melting zone is more prone to
tensile failure, resulting in transgranular cracks.

4.2.3. Thermal stress in mineral boundaries

Fig. 11 shows the significant Mises stress distribution
along mineral boundaries, where thermal stress is the primary
cause of intergranular cracks. Because of the uneven shapes
and physical properties of the minerals, stress distribution at
the boundaries is more complex. Illustrating this, Fig. 15(a)
displays the principal stress lines along the boundary of the
unmelted section. The stress perpendicular to the boundaries
between quartz and other minerals is mainly a negative third
principal stress, indicating compression at these boundaries.
In contrast, the stress perpendicular to the boundaries
between plagioclase and other minerals is mainly the first
principal stress, which has a positive direction and represents
tensile stress at the boundaries. Meanwhile, the principal
stress perpendicular to the boundaries of hornblende and bi-
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Fig. 14. Variations in o, of minerals in the molten zone with
the heating time.
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otite is also a negative third principal stress, although its
magnitude is significantly smaller than that at the quartz
boundary.

After 300 s of microwave radiation, tensile stresses of 98,
156, and 161 MPa are generated at the boundaries between
plagioclase and hornblende, plagioclase and quartz,and pla-
gioclase and biotite, respectively. When the boundary stress
surpasses the bond strength between minerals, tensile inter-
granular cracks may form around plagioclase, as depicted in
Fig. 15(b). Notably, significant compressive stress is ob-
served around quartz, with the quartz—plagioclase boundary
experiencing the highest compressive stress. This is attrib-
uted to the much higher thermal expansion coefficient of
quartz than that of plagioclase. Additionally, despite the sim-
ilarity in expansion coefficients between biotite and quartz,
the difference in elastic moduli of biotite and quartz can lead
to compressive stress near 160 MPa at their interface.

4.3. Simulation of mineral phase changes

Quartz is a mineral known for its extraordinary hardness,
high compressive strength, and resistance to penetration.
However, when exposed to high temperatures, the o—f phase
transformation of quartz can lead to the generation of trans-
granular cracks [7,35]. Fig. 16(a) illustrates the phase trans-
ition process of quartz in the molten, porous, and nonmolten
zones. In the melting zone, the temperature within quartz
reaches the o—f quartz transition point (573°C) as the radi-
ation time increases, changing the volume fraction of o-
quartz from 1 to 0. Subsequently, the porous zone also
reaches the phase transition temperature at approximately
220 s. In nonmolten areas, o-quartz transforms into B-quartz
at 250 s, resulting in transgranular cracks.

According to the SEM-EDX results shown in Fig. 6(a)
and (b), the melted material predominantly consists of mol-
ten biotite, quartz, and feldspar. In the numerical simulation
that employs the phase change equation, the melting process
of biotite is observed. As depicted in Fig. 16(b), biotite un-
dergoes a melting phase transition only in the molten and
porous zones. When subjected to a microwave field, biotite

[ —%- Boundary between plagioclase and hornblende (Bol)

o Boundary between plagioclase and quartz (Bo2)
=~ Boundary between plagioclase and biotite (Bo3)

Boundary between biotite and hornblende (Bo4) =g

Boundary between quartz and biotite (Bo5) - 5
Boundary between quartz and plagioclase (Bo6)
L L L L L
0 60 120 180 240 300
Time /s

Fig. 15. Distribution of principal stress on the boundary of minerals in the nonmolten zone (Section 3): (a) Principal stress distribu-
tion in the boundary after 300 s of microwave heating; (b) variations in the principal stress value at mineralogical boundaries with

the heating time.
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heats up to 700°C [36], transitioning from a solid to a liquid
state. This finding highlights the importance of considering
the melting point of biotite in microwave mineral treatment
processes to avoid excessive melting.

Under standard atmospheric pressure, plagioclase with a
high albite content starts to melt at 850°C [37], and K-feld-
spar and quartz require over 1200°C to melt [36]. However,
the numerical model shows a maximum temperature of only
802°C in the melting zone, which is below the melting
threshold for plagioclase. This discrepancy is mainly due to
the model not accounting for water evaporation. Both capil-
lary water and hydrated minerals are strong microwave ab-
sorbers. When exposed to microwave radiation, capillary wa-
ter rapidly heats up and transfers heat to adjacent minerals.
Consequently, the local temperature inside the specimen
likely reaches 850°C, which is sufficient to melt some pla-
gioclase. Moreover, water evaporation in the granite speci-
men rapidly increases the vapor pressure [32,38], which
lowers the melting temperatures of quartz and feldspar
[34-35] and facilitates their melting [39—40]. Under these
conditions, the melting temperature of plagioclase can even
fall below 800°C [36], leading to the melting phase trans-
formation of some feldspars.

5. Discussion

The modeling approach adopted in this study innovat-
ively embedded microscopic mineral sections into granite be-
fore performing the electromagnetic—thermal-mechanical
coupled simulations. To make the model more convincing,
the cavity dimensions of the microwave oven and the posi-
tions of the embedded micromineral sections were closely
matched to those in the laboratory experiments. This allowed
for direct observation of the temperature and thermal stress
distribution within the microscopic mineral sections under
microwave heating.

Compared with laboratory experiments, numerical simu-
lations revealed temperature gradients within the specimen.
These simulations also showed temperature variations across
microscopic mineral sections in various locations that tradi-
tional sensors could not detect. Furthermore, this study ex-
plored the melting process of granite specimens in mi-
crowaves by simulating the mineral phase transitions. The

microscopic mineral sections in the high-temperature zone
experienced the earliest biotite phase transition. This phe-
nomenon was consistent with the melting observed in the
laboratory. Therefore, the strategy of positioning mineral sec-
tions in varied locations not only demonstrated the selective
heating characteristic of microwaves but also aided in pin-
pointing where melting will occur inside the specimen. Al-
though high-power microwave equipment can heat rocks to a
molten state, its substantial energy consumption cannot be ig-
nored. In applications of microwave-assisted rock fragment-
ation or grinding where complete melting of rocks is undesir-
able [6,36,41], this model can effectively predict the onset
and location of melting. Consequently, this model aids in op-
timizing microwave parameters to minimize energy con-
sumption.

Unlike previous studies on single minerals or two-mineral
combinations [20], this research approach more comprehens-
ively revealed the fracture mechanisms within microscopic
mineral combinations under microwave heating. The find-
ings of this study suggest that differences in mineral thermal
expansion coefficients predominantly cause thermal stress at
mineral boundaries, such as those between quartz and plagio-
clase and between plagioclase and biotite [31,35]. Mean-
while, the difference in the Young’s modulus of minerals is
also the reason for the high thermal stress at the boundary,
such as those between quartz and biotite. However, previous
studies have rarely emphasized this factor. The reason for the
formation of intergranular cracks in plagioclase is that it un-
derwent the highest tensile stress. In quartz, the combination
of high thermal stress and the o—f3 phase transformation led to
the formation of intergranular cracks. The method proposed
in this study not only demonstrated the complex fracture
mechanism of micromineral combinations under microwave
action but also provided a powerful modeling method for fu-
ture research. This method can be applied to various types of
polymineralic rocks to further explore and verify the effects
of microwave heating.

However, based on our current model, the limitations of
finite element methods in accurately describing the fracture
of microcracks make it difficult to visualize the fracture pro-
cess of thermal cracks. Future research efforts will focus on
integrating damage factors or applying phase-field fracture
methods to improve fracture visualization in mineral sec-
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tions. These advancements are expected to provide further in-
sights into transgranular and intergranular fractures.

6. Conclusions

The temperature distribution and cracking mechanism of
granite under microwave radiation were investigated through
experimental tests and numerical simulations. The main con-
clusions are as follows:

(1) Both the experiments and simulations showed that
granite samples heated in a 5.4 kW multimode cavity for 300
s reached nearly 600°C at the surface center. Selective heat-
ing of microwaves caused high local temperatures inside the
granite, leading to cracking and melting.

(2) In the mineral sections, significant von Mises stresses
were noted on the surfaces and boundaries of quartz, primar-
ily due to its higher thermal expansion and elastic modulus.
Under microwave conditions, quartz and biotite exhibit sig-
nificant thermal expansion, resulting in considerable com-
pressive stress.

(3) Integrating SEM-EDX analysis with numerical simu-
lations revealed that plagioclase and its boundaries were
prone to developing intergranular and transgranular cracks
when subjected to tensile forces.

(4) By embedding microscopic mineral sections, quartz is
observed underwent o—f3 phase transitions, resulting in trans-
granular cracks. In the molten and porous zones, biotite ex-
perienced melting phase transitions.
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