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Highlights: 

1. Grain size and mineralogical composition of pre-heated granites significantly influence their 

tensile microcracking behavior and mode I fracture toughness; 

2. In contrast to fine-grained granites, coarse-grained granites exhibit a pronounced brittle-ductile 

transition in the temperature range of 400 °C to 600 °C; 

3. The tortuosity of fracture paths varies with grain size and temperature, with notable variations 

observed in both coarse- and medium-grained samples after high temperature treatment. 
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Abstract: 

The tensile microcracking behavior of granites, significantly influenced by temperature, is crucial 

in high temperature geological and engineering applications such as geothermal energy system and 

nuclear waste disposal. This study investigates the impact of grain size and mineralogical composition 

on the mechanical properties and microcracking behavior of pre-heated granites and underlying 

mechanisms through a comprehensive comparative analysis. Utilizing three-point semi-circular 

bending tests, three distinct granite types differing in grain size and mineralogical composition were 

subjected to varying temperature treatments ranging from 25 °C to 1000 °C. Detailed thin-section 

analyses were conducted to examine the morphologies of post-failure specimens, elucidating the 

underlying mechanisms governing microcracking behavior. Results indicate that granites with larger 

average grain sizes and heterogeneous grain size distributions exhibit heightened sensitivity to 

thermal treatment, manifesting in increased thermal crack density. Fracture surface topographies vary 

with mineralogical composition and treatment temperature, with distinct patterns such as conchoidal 

fracture and lamellar tearing crack observed at different temperature ranges. Grain size and mineral 

composition significantly influence load-displacement curves and mode I fracture toughness, with a 

notable brittle-ductile transition observed in coarse-grained granites between 400 °C and 600 °C. 

Fracture toughness decreases with increasing temperature and grain size. Furthermore, grain size 

impacts the tortuosity of fracture paths under mode I loading, particularly pronounced in coarse- and 

medium-grained granites. In medium-grained granites, the tortuosity and width of fracture paths 

increase with treatment temperature, whereas the effect of temperature on the tortuosity of fracture 

paths in fine-grained granites is negligible. 

Keywords: Granite; Semi-circular bending test; High temperature; Tensile microcracking behavior; 

Grain size; Mineralogical composition. 
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1. Introduction 

The comprehension of tensile cracking behavior in rocks holds paramount importance for various 

engineering applications, including the construction of rock slopes (Gao et al. 2017), tunnel 

excavation projects (Zhu et al. 2022), and the production of geothermal energy (Feng et al. 2020). 

Particularly in Enhanced Geothermal Systems (EGS), hydraulic fracturing to generate fracture 

networks is a critical process for augmenting the productivity of geothermal reservoirs (Olasolo et al. 

2016). This necessitates a thorough investigation into the initiation and propagation mechanisms of 

fractures induced by hydraulic fracturing to improve energy recovery. Additionally, granite, as a 

quintessential crystalline rock, plays a pivotal role in numerous scientific and engineering domains. 

It is predominantly present in hot dry rock reservoirs (Breede et al. 2013) and serves as the host rock 

in nuclear waste disposal systems (Zuo et al. 2017). Temperature within hot dry rock reservoirs ranges 

from 150 °C to 500 °C at depths of 5~6 km (Gallup 2009), while temperatures in nuclear waste 

disposal sites may exceed these values owing to the heat released during the decay process of high-

level radioactive waste (Gibb 2000; Zuo et al. 2017). The cracking behavior of rock is intricately 

linked to its thermal environment (Zuo et al. 2017; Hu et al. 2023a). Consequently, an in-depth 

understanding of cracking behavior of granites under elevated temperatures is instrumental in 

assessing the safety and enhancing the efficiency of rock engineering projects.  

Fracture mechanics identify three primary modes of fracturing: (a) mode I (opening mode), 

characterized by purely tensile stresses acting perpendicular to the crack propagation direction 

without any relative slip between the crack faces; (b) mode II (in-plane shear mode), where the stress 

field around the crack plane exhibits antisymmetric; and (c) mode III, encompasses both tensile and 

shear stresses. Considering the inherently low tensile strength of rock materials, exploring the crack 

propagation in rocks under mode I loading conditions constitutes a fundamental issue (Zhang 2002). 

A number of experimental studies have investigated the cracking behavior of granite under mode I 

loading (Yu et al. 2018; Wong et al. 2019; Guo and Wong 2020; Alneasan and Behnia 2021; Braunagel 

and Griffith 2022; Guo and Zhao 2022; Alneasan and Alzo’ubi 2023), focusing on the variations in 

macroscopic mechanical properties and cracking behavior, including fracture toughness, crack tip 

velocity, and the evolution of fracture process zone. 

Granite is inherently heterogeneous, comprising various mineral grains and microstructures that 
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significantly influence its response to mechanical loading. The micro-mechanisms dictating the 

cracking behavior of granite under load have been categorized into three different groups (Mo et al. 

2023): (a) mineral grain effect (e.g., grain shape and grain size); (b) microstructural effect (e.g., 

cleavage and grain boundary); and (c) combinations of (a) and (b). These factors govern the 

mechanical properties of fractures, such as toughness and failure mode (brittle or ductile), as well as 

fracture morphology, including fracture path and roughness. Previous studies indicate that the mineral 

heterogeneity caused local tensile stress concentration and thereby influencing the cracking behavior 

and mechanical properties of rocks (Lan et al. 2010). Specifically, mineral cleavage significantly 

impacts the fracture path and its roughness (Mo et al. 2023). Parameters such as rupture speed, 

fracture toughness and fracture path tortuosity of granite under mode I loading are closely related to 

its grain size and mineralogical composition (Sabri et al. 2016; Alneasan and Behnia 2021; 

Aghababaei et al. 2024). Investigations into the impact of grain size on the fracture toughness and 

tensile strength of granite reveals a general decrease in fracture toughness with increasing grain size 

(Yu et al. 2018). However, other findings suggest that granite with a medium grain size of 3 mm 

exhibits optimal fracture toughness (Sabri et al. 2016). This apparent contradiction highlights that 

fracture toughness may increase with larger grain sizes (Aghababaei et al. 2024). These variations 

underscore the complexity of the role played by other microstructural features, such as mineralogical 

composition and grain shape (Alneasan and Behnia 2021).  

Granite typically comprises minerals such as quartz, K-feldspar, plagioclase, and biotite. 

Nanoindentation tests reveal that quartz has the highest average fracture toughness (5.34 MPa·m1/2), 

followed by K-feldspar (4.83 MPa·m1/2), plagioclase (2.70 MPa·m1/2), and biotite (2.41 MPa·m1/2) 

(Liu et al. 2023). Consequently, granite with a higher quartz content is expected to exhibit greater 

fracture toughness compared to granite predominantly composed of plagioclase. Numerous studies 

have qualitatively and quantitatively indicated that mineral grain and microstructural effects 

significantly influence the mechanical behavior of granite (Hu et al. 2020, 2023b; Alneasan and 

Behnia 2021; Mo et al. 2023). However, the relationship between the cracking behavior and 

microstructural characteristics of granite remains inadequately understood despite some progress. 

Significant advancements have been made in understanding the cracking processes and 

fundamental mechanisms in granite at room temperature. However, high temperatures introduce 

additional complexity to these phenomena. For example, mineral grain size critically affects the 
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uniaxial and triaxial compressive strengths (Shao et al. 2014; Kang et al. 2021; Wong et al. 2023; Yin 

et al. 2021) and Brazilian tensile strength (Zhao et al. 2018) of rocks after high temperature treatment. 

Similarly, mineral grain and microstructural effects significantly impact the fracture toughness of 

rocks after high temperature treatment (Mahanta et al. 2016; Peng et al. 2020; Alneasan et al. 2022). 

This phenomenon is closely related to the mineral composition of granite and the differential thermal 

expansion of its mineral grains. The different thermal expansion coefficients among mineral grains 

lead to a heterogeneous distribution of thermal stresses (Feng et al. 2021; Hu et al. 2023b), which 

changes the microstructure and thus the macroscopic mechanical properties of granite. This suggests 

that the thermomechanical behavior of granite is intricately linked to its mineralogical characteristics, 

including grain size, shape, and composition.  

At high temperature, rock may experience a series of microstructural changes, such as crystal 

expansion (Wong and Brace 1979), microcrack generation and propagation (Kranz 1983), hot melting 

(Heuze 1983), and phase transformation (Glover et al. 1995). Consequently, the microstructural 

characteristics of granite (e.g., mineral composition and grain size) directly affect the degree of 

thermal cracking and further affect the cracking behavior and mechanical properties of granite at high 

temperature. Under mode I loading, the fracture path is influenced by grain size and mineralogy; 

smaller grain sizes reduce fracture path width and tortuosity, resulting in straighter fracture paths 

(Alneasan and Behnia 2021). The mineral clustering and mineral composition also play a critical role 

in the fracture path of rocks under mode I loading (Zhang et al. 2019; Guo and Zhao 2022). Therefore, 

a comprehensive analysis of grain-scale fracture paths in granite with diverse textural characteristics 

at elevated temperatures is essential.  

However, most existing studies focus on the analysis of grain-scale fracture paths in rocks at 

room temperature under mode I loading (Alneasan and Behnia 2021; Guo and Zhao 2022; Braunagel 

and Griffith 2022; Aghababaei et al. 2024), or limit their scope to a single rock type with same grain 

size and mineral composition (Kataoka et al. 2015; Zhang et al. 2019). Furthermore, the 

characteristics of thermally induced microcracks (e.g., density and orientation) of different granite 

types have been seldom explored. To address this research gap, a comprehensive experimental 

investigation was conducted to study the tensile microcracking behavior of three types of semi-

circular bending (SCB) granite samples after different temperature treatments (including 25 °C, 

200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C, respectively). The effect of grain size and mineralogical 
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composition on fracture toughness, fracture path, tortuosity and fracture width of granite after high 

temperature treatment were investigated. To elucidate the reasons for the variations in mechanical 

properties observed across three granite types from a microscopic standpoint, microscopic analyses 

were performed on thin-section samples. 

2. Materials and Methods 

Granite, an igneous rock resulting from magma condensation, is extensively found in the upper 

crust of earth. Its significant strength and minimal permeability (Wang et al. 2018) make it an 

important reservoir material for geothermal system, which reach temperatures up to 650 °C (Wu et 

al. 2019), and an important rock type for nuclear self-storage, which reach temperatures up to 1300 °C 

(Gibb 2000; Ranjith et al. 2012; Shao et al. 2014). The notable strength of granite is crucial in defining 

its brittle behavior, thereby making it a subject of interest for various studies investigating the 

temperature-dependent cracking processes. 

2.1. Mineralogical composition 

The samples used in this work were collected from Shandong Peninsula in China (Fig. 1a). The 

Shandong Peninsula, located in the eastern North China Craton, is divided by the central Tan-Lu Fault 

Zone into Luxi and Jiaodong terranes (Yang et al. 2021). Two representative types of rocks were 

sampled from the Luxi terrane, and one type of rock was sampled from the Jiaodong terrane near 

Wulian-Yantai Fault (Fig. 1b). Thin sections (Fig. 2) were prepared to analyze the grain size, through 

image analysis such as grain boundary maps using ImageJ software (https://imagej.net/). By grain 

size grading, the granite samples were divided into three types: coarse-grained (CG) granite (Fig. 2a), 

medium-grained (MG) granite (Fig. 2b), and fine-grained (FG) granite (Fig. 2c). 

The mineral content of the samples was determined using the X-ray diffractometer (Table 1). The 

three rock types exhibit nearly identical mineralogical compositions but differ significantly in terms 

of mineral percentages and grain sizes. As shown in Table 1, Feldspar (including microcline and albite) 

is a fundamental component in all three rock types and is anticipated to significantly influence their 

cracking and mechanical behaviors. The quartz content varies notably among the three granites, with 

CG samples (20.1%) and MG samples (9.6%) having substantially higher quartz percentages than FG 

samples (3.9%). Therefore, quartz emerges as a critical mineral in CG samples and MG samples. 
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Despite the quartz content disqualifying MG samples and FG samples from being classified as granite 

according to the International Union of Geological Sciences (IUGS) criteria (Le Maitre et al. 2005), 

the similarity in mineral compositions and the complexities of geological nomenclature warrant their 

designation as granite in this investigation. 

 

Fig. 1 Schematic geological maps of the study areas with sample localities. a geographical position 

of the study area in China; b geological sketch map of Shandong Peninsula (after Yang et al. 2021). 

Note: green points in (b) show location of three studied granites. 

 

Fig. 2 Thin section of three types granites. a coarse-grained granite (CG); b medium-grained granite 

(MG); c fine-grained granite (FG). Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: 

albite. 

Table 1 Mineralogical composition of the three rock types at room temperature 

 

2.2. Grain size distribution 

Grain size is a crucial important microscopic characteristic of rocks, affecting the short-term and 

long-term strength (Peng et al. 2017; Atapour and Mortazavi 2018; Hu et al. 2023c), hydraulic 

fracturing properties (Huang et al. 2019), and associated microcrack behavior of rocks. In general, 

each of rock samples has a unique grain size distribution. Based on the digital microscopic images of 

thin sections (e.g., Fig. 2), the grain size distributions of the three types of granites were analyzed and 

are presented in Fig. 3. The average grain sizes of the CG, MG, and FG granite samples were 

approximately 3.67, 1.74, and 0.18 mm, respectively. The grain size distributions generally follow 

the lognormal distribution (red curves in Figs. 3a~3c), which is similar to Hong Kong granite (Guo 

and Wong 2020).  

Figure 3d highlights the heterogeneity in grain size distribution, revealing that the CG samples 

exhibit a more heterogeneous distribution, while FG samples display a more homogeneous 

distribution. Presently, several metrics exist for the quantitative assessment of grain size heterogeneity. 

However, due to the complexity of this characteristic, these metrics often do not capture its full extent 

(Peng et al. 2017; Kang et al. 2021; Hu et al. 2023b). Therefore, this study adopts a qualitative rather 
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than a quantitative description of grain size heterogeneity. 

 

Fig. 3 Grain size distribution of three granite samples. a CG; b MG; c FG; d cumulative grain size 

distributions of samples. The red curves in (a), (b) and (c) represent the log-normal fitting curves of 

the grain size distribution. SD: standard deviation. 

2.3. Specimen preparation 

The SCB specimen (Fig. 4a) is widely used to assess mode I fracture toughness of brittle materials 

due to its straightforward specimen preparation process (Kuruppu and Chong 2012; Kuruppu et al. 

2014). The SCB specimen geometry used in this study aligns with the specifications detailed by Guo 

and Wong (2020). To prepare the specimen, a rock core with a radius of 42 mm and a thickness of 

33.6 mm was bisected along its diameter to create two semi-discs. A straight notch, measuring 21 mm 

in length and 0.7 mm in width, was then introduced perpendicular to the cut, originating from the 

center of the disc. The SCB specimens of CG, MG, and FG granite specimens are shown in Figs. 4b, 

4c, and 4d, respectively. 

The specimens were subjected to thermal treatment in a muffle furnace capable of reaching a 

maximum temperature of 1200 °C, as illustrated in Fig. 4e. They were progressively heated to 

predetermined temperatures (200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C, respectively) at a 

controlled rate of 5 °C per minute. Each target temperature was maintained for 4 hours to ensure 

thorough heating. After heating, the specimens were allowed to cool at the same controlled rate. 

 

Fig. 4 Experimental study. a geometry of semi-circular bend specimen; b CG specimen; c MG 

specimen; d FG specimen; e muffle furnace; f Leica DM750P polarization microscopy; g LJ-16 ion 

sputtering instrument; h Thermo Scientific Scios 2 scanning electron microscopy; i universal testing 

machine; j detailed position of SCB specimen. 

2.4. Microscopic examination 

The Leica DM750P polarization microscopy (Fig. 4f) was used to study the microcrack 

distribution of specimens after high temperature treatment. For the purpose of polarization analysis, 

the specimens were prepared as coin-shaped discs, each 10 mm in diameter and 0.5 mm thick, and 
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underwent the identical thermal procedures as the SCB specimens across various temperatures. 

Similar to the polarizing microscopy technique, the scanning electron microscope (SEM) has been 

widely used in laboratory tests to assess thermal damage in rocks. To enhance its electrical 

conductivity for SEM observation, the specimen surfaces were coated with gold powder using an ion 

sputtering device (Fig. 4g). The Thermo Scientific Scios 2 (Fig. 4h) was then utilized to examine the 

fracture surfaces of specimens subjected to high temperature treatments. The specimens prepared for 

SEM analysis were coin-shaped, with a diameter of 2.5 mm and a height of 0.5 mm, and treated by 

exactly the same procedures as that of the SCB and thin-section specimens in different temperatures. 

To elucidate the differences in mechanical properties among the three types of granites at a 

microscopic level, microscopic observations were performed on thin-section samples containing 

macrocracks from the failed SCB specimens using polarization microscopy (Fig. 4f). The preparation 

of these thin-section samples followed the method described by Guo and Zhao (2022). Initially, the 

failed specimens (Fig. 5a) were glued with epoxy at room temperature for 48 hours. A cuboidal 

segment, encapsulating the macrocrack and measuring approximately 25 mm in length, 2.5 mm in 

width, and 5 mm in thickness, was then excised from the core of the failed specimen (Fig. 5b). The 

region of interest in this work was the narrow area containing the macrocrack (Fig. 5c). Subsequently, 

standard thin-section samples with 0.03 mm thickness were prepared from the cuboid samples (Fig. 

5d). These thin-section samples containing macrocrack were examined using Leica DM750P 

polarization microscopy (Fig. 4f). 

 

Fig. 5 Preparation procedures of the thin-section samples containing the macroscopic fracture. a 

failed sample under mode I loading; b position of thin-section sample; c region of interest; d thin-

section sample for polarizing microscopy observation. 

2.5. Semi-circular bending (SCB) test 

This study focuses on investigating the impact of high temperature treatment and rock 

microstructure on fracture toughness and cracking behavior under mode I loading. The SCB 

specimens were subjected to static loading, where specimens underwent symmetric three-point 

bending with a span distance of 50 mm (Fig. 4a) until failure occurred. The mode I fracture toughness 

(KIC) of the samples was subsequently determined based on the peak load (Pmax) and the geometric 
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parameters of the SCB specimens, as outlined by Kuruppu et al. (2014): 

max

2IC
P aK Y

RB
π′=              (1)

( ) ( )( ) ( )( ) 21.297 9.516 0.47 16.457 1.071 34.401Y S R S R S Rβ β′ = − + − + + +     (2) 

where a is the length of notch, R is the radius of samples, B is the thickness of samples, S is the half 

span distance, β=a/R, and Y ′  is the critical stress intensity factor. 

 In this work, the SCB tests were carried out using a universal testing machine (Fig. 4i) in the 

displacement control mode at the rate of 0.02 mm/min. The loading system comprises a loading and 

measurement device connected to a PC, with the SCB sample positioned on two support rollers (Fig. 

4j). Testing concluded upon detection of a notable decrease in axial force, indicating failure of the 

SCB specimens. 

3. Results 

3.1. Macroscopic and microscopic characteristics after high temperature treatment 

3.1.1. Macroscopic surface characteristics 

Figure 6 shows the SCB samples after high temperature treatment (including 25 °C, 200 °C, 

400 °C, 600 °C, 800 °C, and 1000 °C). The surface color and appearance of three types of samples 

change progressively with increasing temperature. For example, the surface colors of the CG samples 

(Fig. 6a) transitions from black-gray to reddish-gray up to 400 °C, turning white-gray beyond 600 °C. 

Similar changes in surface color are observed in the MG (Fig. 6b) and FG (Fig. 6c) samples, albeit 

with slight variations. In these samples, the color shifts from black-gray to reddish-brown, notably 

accentuated after exposure to 1000 °C. These variations in color among granite types are partly 

attributable to their respective mineralogical compositions (see Table 1). A consistent observation 

across all samples is the alteration of dark minerals like biotite and hornblende, changing from black 

to golden-brown, a phenomenon supported by earlier studies (Vazquez et al. 2021). 

A notable observation is the development of visible macro-scale thermal cracks (indicated by red 

lines in Fig. 6a) in CG granite specimens exposed to elevated temperatures of 600 °C, 800 °C, and 

1000 °C. With increasing temperature, both the frequency and size of these thermal cracks become 
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more pronounced. Notably, at 1000 °C, the CG specimen experienced macro-scale structural failure 

(highlighted by a blue box in Fig. 6a), resulting in complete loss of load-bearing capacity. However, 

such damage was not observed on the surfaces of all MG (Fig. 6b) and FG (Fig. 6c) samples. 

Despite their mineralogical similarities, this discrepancy suggests that granites with larger 

average grain sizes and more heterogeneous grain size distributions (as shown in Fig. 3) are more 

susceptible to thermal treatments. Differences in mineral types during heating induce thermal stress 

imbalances due to differential thermal expansion. Larger variations in grain size among neighboring 

mineral grains result in significantly higher unbalanced tensile thermal stresses, facilitating the 

initiation of microcracks more readily. This phenomenon is supported by experimental findings (Shao 

et al. 2014; Kumari et al. 2019; Kang et al. 2021) and theoretical models (Feng et al. 2021). 

Consequently, CG granite specimens, characterized by larger average grain sizes and more 

heterogeneous grain size distributions, are more prone to developing visible macro-scale thermal 

cracks. These thermal cracks in CG granite specimens lead to a substantially higher volumetric 

expansion compared to FG and MG granite specimens. Furthermore, the occurrence of visible macro-

scale thermal cracks in CG granite specimens results in the generation of significant powder and clasts 

from the surface (Fig. 6a), phenomena rarely observed in FG and MG granite specimens (Figs. 6b 

and 6c). Additionally, high temperature treatment induces the release of structural or bonded water, 

as well as the recrystallization and decomposition of minerals (Wong et al. 2020), contributing to 

variations in rock mass following high temperature exposure (Sun et al. 2017; Wong et al. 2020). 

These factors make the mass of CG granite specimens more variable compared to FG and MG granite 

specimens (Kang et al. 2021). 

 

Fig. 6 Appearance of three types of granite specimens after high temperature treatment. a CG 

specimens; b MG specimens; c FG specimens. 

3.1.2. Microscopic crack characteristics 

Optical microscopy analysis revealed the microstructural heterogeneity of three rock types, as 

shown in Fig. 2. Grain boundaries in CG and MG specimens are clearly visible in optical images, 

whereas those in FG specimens are less distinct due to their smaller grain sizes (Fig. 3). After high-

temperature treatment, rock materials exhibiting significant heterogeneity developed numerous 
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thermally induced microcracks, consistent with findings from previous laboratory tests (Nasseri et al. 

2007; Griffiths et al. 2017; Yang et al. 2017; Feng et al. 2020; Zhou et al. 2020; Chen et al. 2022). 

Notably, changes in rock physical and mechanical properties are associated with these thermally 

induced microcracks. Detailed examination of post-treatment microstructures aids in understanding 

the microscale mechanisms responsible for thermal damage in rocks. However, previous studies have 

primarily focused on the same type of rocks and ignored the effects of mineralogical composition and 

grain size (Griffiths et al. 2017; Sha et al. 2020; Chen et al. 2022). This study employs optical 

microscopy under plane-polarized light to examine three distinct rock types after exposure to high 

temperatures. The investigation focuses on two categories of microcracks at grain-scale identified by 

Guéguen and Boutéca (2004): (a) grain boundary (GB) cracks, which propagate along grain 

boundaries, and (b) intra-grain (IG) cracks, which traverse through mineral grains themselves. 

 To characterize the thermal microcracks qualitatively and quantitatively in the three types of 

granite studied, microscopic analysis was conducted on thin-sections prepared from the thermally 

treated granite samples using an optical microscope. Fig. 7 shows representative thin-section images 

of the three types of granite after high temperature treatment, revealing notable changes in mineral 

grains and associated microcracking behavior due to thermal processes. Variations in mineralogical 

composition and grain size distribution contribute significantly to differing microcracking behavior. 

Generally, an increase in thermal microcracks is observed as the treated temperature increases 

gradually from room temperature to 1000 °C. Untreated specimens (25 °C) exhibit minimal pre-

existing microcracks, with mineral grains appearing tightly bonded and maintaining relatively intact 

mineral morphology (Figs. 7a, 7g, and 7m). For example, quartz (Qtz) and microcline (Mcc) in Figs. 

7a and 7g exhibit complete structures with minimal internal microcracks. Maintaining complete 

mineral morphology and well-defined boundaries between minerals are critical for enhancing rock 

mechanical properties. However, thermal stress induced by high temperature causes irreversible 

damage to the rock microstructure. At 200 °C (e.g., Fig. 7b) and 400 °C (e.g., Fig. 7c), there is a 

progressive increase in microcrack density, with heat expansion induced microcracks causing mineral 

separation, either along mineral boundaries (Fig. 7h) or within the minerals themselves (Fig. 7b). This 

phenomenon is considered a significant factor contributing to increased permeability in granite (Feng 

et al. 2021). 

Upon further heating to 600 °C (e.g., Fig. 7d) and 800 °C (e.g., Fig. 7e), a profusion of 
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microcracks becomes apparent, significantly changing mineral morphology, which becomes almost 

segmented by a complex network of thermally induced cracks. Another noteworthy observation is the 

pronounced widening of these microcracks, which is consistent with previous experimental results 

(Homand-Etienne and Houpert 1989; Nasseri et al. 2007; Chen et al. 2022). Numerous thermal 

microcracks are observed in the specimens heated to 1000 °C (e.g., Fig. 7f), fostering crack 

interaction and coalescence. This results in a notable increase in crack density and aperture width 

compared to those observed at 800 °C. Consequently, mineral morphology undergoes substantial 

disruption, fracturing into numerous smaller segments. 

The formation of thermally induced microcracks due to temperature variation is predominantly 

attributed to the thermal expansion of minerals, as demonstrated in previous studies (Wong et al. 2020; 

Zhou et al. 2020). Variations in thermal expansion coefficients among different minerals lead to the 

disruption of original bonds between mineral grains, resulting in the initiation of GB cracks. For 

example, the thermal expansion coefficient of α-quartz is 24.3×10-6 1/K, which is 8.1 times greater 

than biotite (3.0×10-6 1/K) (Fei 2005). These discrepancies in thermal expansion coefficients at the 

same temperature cause volume changes in the minerals, creating mismatches and ultimately inducing 

GB cracks (Fig. 7i). Furthermore, substantial disparities in thermal expansion coefficients are 

observed not only among different types of minerals (Fei 2005) but also within a single mineral 

species. For example, biotite exhibits different thermal expansion coefficients along the a-, b-, and c-

axis (Chon et al. 2003; Fei 2005; Zhou et al. 2020), potentially leading to the development of IG 

cracks. In addition to thermal expansion, variations in the strength and deformation characteristics 

within the same mineral (Lamberson and Ramesh 2015; Hu et al. 2020) affect the capacity of minerals 

to endure thermal stress across different locations. This results in the irregular initiation and growth 

of cracks, propagating along the paths requiring the least energy, as confirmed by optical images (Fig. 

7). 

 

Fig. 7 The representative thin-section images of the three types of granites after high temperature 

treatment. Red arrows indicate grain-boundary (GB) cracks and pure blue arrows indicate intra-grain 

(IG) cracks. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: albite. 

Variations among different granite types arise from microstructural features that influence the 

formation of thermally induced cracks. CG samples have larger average grain sizes and more 
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heterogeneous grain size distributions, leading to greater thermal stress from temperature changes 

(Feng et al. 2021). Consequently, CG samples subjected to high temperature treatments exhibit a more 

extensive network of thermally induced cracks and greater fragmentation of mineral blocks (Figs. 

7b~7f). This correlates with the increased presence of visible macro-scale thermal cracks on CG 

sample surfaces (Fig. 6). Conversely, the more homogenous grain size distribution in FG samples 

results in a more even distribution of thermal stress, thereby reducing the propensity for thermal crack 

formation. Additionally, mineralogical composition influences the crack development inside rocks. 

For example, quartz volume expansion is about four times higher than that of feldspars (Siegesmund 

et al. 2008), suggesting that quartz-rich rocks may achieve a denser structure and higher strength 

through thermal expansion (Wong et al. 2020). However, the three rock types studied in this work are 

feldspar-rich. The anisotropy of thermal expansion appears to be intrinsic to the tetrahedral 

framework topology of all feldspars (Tribaudino et al. 2010). Despite this, the complex interplay 

between mineralogical composition and thermal expansion complicates the precise delineation of this 

relationship. It was determined that in the three types of rocks studied, grain size has a greater impact 

on the thermal microcracking behavior (e.g., crack density and propagation path) than mineralogical 

composition. 

To quantitatively characterize the thermal microcracks, their density and orientation were 

determined using optical images analyzed with ImageJ software. Linear crack density is defined as 

the ratio of the total length of microcracks to the area of the examined region. It has been widely used 

to geometrically characterize the crack density and associated microcrack damage inside the rock 

specimens (Rong et al. 2018; Hu et al. 2023b). For each temperature, five representative optical 

images were taken at the same scale factor, and statistics of crack density and orientation were 

generated. In this work, the linear crack density is the average density of five optical images, while 

the orientation statistics are the aggregate. Each examined region (the area of optical image) is 6.93 

mm2 as shown in Fig. 7. Table 2 and Fig. 8 show the statistical results for the linear crack density of 

three types of rocks and the orientation distribution of microcracks in CG samples. The orientation of 

microcrack is defined by the angle between the horizontal direction and microcrack direction in a 

clockwise direction (0°~180°) and taking 10° as the angle interval. 

Table 2 The linear thermal crack density of three types of rocks after treatment at different 

temperatures 
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Fig. 8 The orientation distribution of thermally induced cracks within CG samples. 

The results for three types of rocks CG, MG, and FG show that as the applied temperature 

increases from 25 °C to 1000 °C, the linear crack density increases continuously (Table 2). 

Specifically, the linear crack density in the CG sample rises from 0.37 mm/mm² at 25 °C to 4.34 

mm/mm² at 1000 °C, marking an approximate increase by a factor of 11.73 compared to the initial 

state. These findings are consistent with previous experiments (Nasseri et al. 2007; Griffiths et al. 

2017). However, as the average grain size decreases and the mineralogical composition changes, this 

ratio decreases to 9.52 in MG samples and 6.02 in FG samples. These results underscore the 

significant impact of grain size and mineralogical composition on crack density variation in granite. 

In summary, granites with larger average grain sizes and more heterogeneous grain size distributions 

exhibit heightened sensitivity to thermal treatments. Consequently, under identical thermal conditions, 

FG samples exhibit a reduced density of thermally induced cracks. 

Since the orientation distribution statistics of thermally induced cracks within the three types of 

rocks are similar, Fig. 8 shows the experimental results for CG samples. At lower temperature (e.g., 

25 °C~400 °C), microcracks exhibit preferred orientations, mainly concentrated at 0°~30° and 

130°~150° at room temperature. However, as the temperature increases, the number of thermally 

induced microcracks gradually increases (Table 2), reducing the prevalence of these preferred 

orientations. Microcracks tend to exhibit a uniform distribution under elevated thermal loading, 

typically ranging from 600 °C to 1000 °C, aligning well with findings from earlier studies (Feng et 

al. 2020; Chen et al. 2022; Hu et al. 2023b). 

 In summary, the development of visible thermal macro-scale cracks and microcracks correlates 

with alterations in the internal microstructure of rocks, influenced by both grain size and 

mineralogical composition. It is important to note that the analyses of microcracks and macrocracks 

do not pertain to identical samples or microscopic locations within the same granite sample. 

Consequently, the selection of the study area may impact the observed data to some extent (Table 2 

and Fig. 8). Despite these considerations, the macroscopic and microscopic analyses conducted in 

this study offer valuable insights into the influence of grain size and mineralogical composition on 

the microstructural changes in rocks subjected to high temperature treatments. 
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3.1.3. Fracture surface topography after high temperature treatment 

To examine the changes in microstructure attributed to high-temperature exposure, SEM analysis 

was conducted on three types of granite samples subjected to heat treatment across a range of 

temperatures from 25 °C to 1000 °C. Fig. 9 shows the representative fracture surface topography of 

the three types of granites and the variations in topographic micrographs with mineralogical 

composition and temperature. The fracture surface topography of quartz is primarily characterized by 

step pattern (Fig. 9a) and river line pattern (Fig. 9b), both resulting from the shear failure of mineral 

grains (Ma et al. 2020). This is attributed to material separation along a series of crystal planes of 

varying heights rather than a singular plane, leading to stepped fractures (Yang et al. 2022). 

Additionally, typical conchoidal fracture in quartz were also observed corresponded to cleavage shear 

fracturing (Fig. 9c). Factors related to the mineral cleavage fracturing include bond density, elastic 

modulus, free surface energy, and fracture toughness of the crystallographic planes in dependence on 

grain size and crystallographic orientation (Armstrong 2015; Brückner et al. 2024). This study 

showcases one type of surface topographies of cleavage fracturing induced by thermal stress.  

As the temperature increases, more diverse fracture surface topographies appear. At 400 °C, the 

fracture surface topography was still dominated by brittle fractures such as cleavage step (Fig. 9d), 

with a small number of dimple (Fig. 9e). Dimple pattern formed by the micropore aggregation fracture 

was observed in the MG sample after high temperature treatment at 400 °C (Fig. 9d). This 

phenomenon was also confirmed in previous experiments (Zhou et al. 2020; Gao et al. 2023). Stress 

concentrators around the tips of micro-cavities, such as dimple patterns, become a primary 

mechanism dominating the cracking behavior of thermal treated granite (Zhou et al. 2020). At 600 °C, 

there is a notable increase in the quantity of thermally induced cracks, accompanied by the formation 

of numerous crack branches (Fig. 9f). This shows that the volumetric damaged zone progressively 

increases with thermal damage, due to higher networking between the damaged grain boundaries and 

the IG cracks (Nasseri et al. 2007). Higher temperature promotes more heterogeneous thermal stress 

distribution within the samples, resulting in more potential propagation paths for thermal induced 

cracks. These complex stress distributions induce stress concentrations near the tips of microcracks, 

leading to nearly vertical crack branching (Fig. 9f).  
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At 800 °C, the number of single minerals formed by the disintegration and segregation of 

complete minerals due to thermally induced cracks increases significantly. Lamellar tearing fractures 

occur due to the tearing of feldspar (microcline and albite) or biotite which had the lamellar structure 

(Fig. 9g). Feldspar and mica minerals in granite are rich in cleavage planes. Under high temperature, 

heterogeneously distributed thermal stress causes extensive crack development between layers. 

Lamellar tearing fracture is typical phenomenon caused by tensile failure aggregation (Li et al. 2022). 

The tensile failure also included IG cracks (Fig. 9h) and scaly fracture (Fig. 9i), represented by 

generally smooth cleavage cracks (Mo et al. 2023). At 1000 °C, thermal induced cracks further 

propagation and coalescence, eventually forming larger crack networks (Fig. 9j). These networks are 

generally composed by GB cracks and IG cracks. For example, Fig. 9k shows two IG cracks 

connected by a GB crack. Due to the massive initiation of random microcracks, such connection can 

easily occur in those samples subjected to 1000 °C. Additionally, there is a clear sign of melting on 

the mineral grain surface, contributing to the thermal damage of samples (Fig. 9l). This was also 

observed in microphotographs from previous studies on high temperature treated granite (Sun et al. 

2019). 

In summary, the above analysis indicates that grain size exerts minimal influence on the fracture 

surface topography. This may be attributed to the relatively small scale (~50 µm) of the examined 

fracture surface topography, which is smaller than the minimum average grain size observed across 

the three types of samples (0.18 mm). Consequently, the impact of grain size on fracture surface 

morphology is considered negligible in this context. However, due to the mineral complexity of rocks, 

the fracture surface topography of mineral grains at different temperatures may appear random and 

only of qualitative significance. It is evident that temperature and mineralogical composition have a 

greater influence than grain size on the fracture surface topography. For example, at lower 

temperatures (e.g., 25~200 °C), brittle shear fracture is prone to occur within quartz (e.g., Fig. 9c). 

Conversely, at higher temperatures (e.g., 800~1000 °C), tensile fracture seems more likely to occur 

within feldspars (e.g., Fig. 9g). The rocks examined in this work are classified as feldspar-rich (Table 

1). However, the quartz content in the CG samples is still as high as 20.1%. Thus, the substantial 

presence of hard and brittle quartz in CG samples may facilitate the initiation of thermally induced 

microcracks following high temperature treatment, potentially enabling the earlier development of 

visible macro-scale thermal cracks compared to the other two rock types (Fig. 6). 



19 
 

 

Fig. 9 Scanning electron microscope micrographs of fracture surface topography of granites under 

different temperatures. a step pattern; b river line pattern; c conchoidal fracture of quartz; d cleavage 

step; e dimple pattern; f crack branching; g lamellar tearing crack; h IG crack parallel to cleavage 

plane; i scaly fracture; j crack network; k two IG cracks connected by a GB crack; l mineral melting 

after 1000 °C treatment. Note: The areas shown were chosen independently of the evolution of the 

fracture process, and do not necessarily correspond to a specific failure pattern. 

3.2. Mechanical behavior 

Figure 10 presents the load-displacement curves and corresponding mechanical properties of 

three types of granite samples varying in grain size and mineralogical composition at different 

temperatures (25 °C~1000 °C). The behavior of load-displacement curves is significantly influenced 

by the temperature of samples treatment. At lower temperatures (e.g., 25 °C to 400 °C), the curves 

exhibit a distinct brittle failure characterized by a sudden drop in load post-peak, indicative of rock 

burst phenomena observed audibly during SCB tests. Conversely, as temperatures rise into the range 

of 600 °C to 1000 °C, a transition to ductile failure becomes prominent. This brittle-ductile transition 

in the granite agrees well with previous works (Chen et al. 2012; Xu et al. 2018; Kang et al. 2021). 

After undergoing high temperature treatment at 1000 °C (Fig. 6a), the CG sample experienced failure, 

thereby precluding subsequent SCB testing and resulting in the unavailability of its load-displacement 

curve. Significant variations are observed in the load-displacement curves of granite samples treated 

at high temperatures. Post high temperature treatment, the curves of the CG sample exhibit the most 

pronounced changes, making it challenging to distinguish between the pre-peak elastic phase and the 

post-peak stage in curves at higher temperatures (e.g., 600 °C and 800 °C shown in Fig. 10a). In 

contrast, the FG sample treated at 1000 °C still displayed brittle characteristics in its curve (Fig. 10c). 

These findings underscore the substantial influence of both grain size and mineralogical composition 

on the load-displacement behavior of granite under mode I loading following exposure to high 

temperatures. 

Figures 10d, 10e, and 10f show the peak load, generalized stiffness (the slope of load-

displacement curve), and fracture toughness of three types of granites, respectively. As the 

temperature increases, there is a noticeable weakening in the mechanical properties of all granite 
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samples, including generalized stiffness and fracture toughness. Moreover, the changes in generalized 

stiffness and fracture toughness with temperature follow power function trends (as shown in Figs. 

10e and 10f). The fracture toughness values for CG samples at room temperature and various high 

temperature are lower compared to the values of MG and FG samples (Fig. 10f). For example, at 

600 °C, the fracture toughness for CG, MG, and FG samples decreases by 96.4%, 88.8%, and 75.0%, 

respectively, from their values at 25 °C. Further increases in treatment temperature led to additional 

reductions in fracture toughness. At 1000 °C, the fracture toughness decreases to zero for CG sample, 

0.09 MPa·m1/2 for MG sample, and 0.46 MPa·m1/2 for FG sample. The primary reason for this 

reduction in fracture toughness is attributed to microcracks generated by thermal damage, leading to 

a compromised tensile stress resistance. This phenomenon suggests a decline in the capacity of rock 

materials to withstand fractures as temperature increases. The interpretation of these results is 

supported by microscopic examination of the microcracks within the specimens, utilizing both 

polarization microscopy (Fig. 7) and SEM analysis (Fig. 9), aligning with findings from previous 

works (Akdag et al. 2020; Kang et al. 2021; Feng et al. 2021; Wang et al. 2024). Importantly, the 

observed variation in fracture toughness among CG samples across all examined temperature levels 

underscores that granites with larger average grain sizes and more heterogeneous distributions are 

particularly susceptible to changes in fracture toughness following exposure to high temperatures. 

 

Fig. 10 Mechanical behavior of three types of pre-heated granites. Load-displacement curves of a CG 

samples, b MG samples, and c FG samples under different temperatures; d peak load, e generalized 

stiffness, and f fracture toughness of samples after high temperature treatment. 

In addition to grain size, the mineralogical composition is recognized as a significant factor 

influencing the rock fracture toughness after high temperature treatment. For example, crystal 

transformation and mineral decomposition of aggregates can substantially affect the fracture 

toughness and microcracking behavior of granite. As shown in Table 1, the quartz contents in the 

three types of rocks are 20.1% (CG), 9.6% (MG), and 3.9% (FG), respectively. Under normal pressure 

conditions, trigonal quartz, also known as α-quartz or low quartz, undergoes a phase transition to 

hexagonal β-quartz (high quartz) at 573 °C. Subsequent heating results in the transformation of SiO2 

to hexagonal β-tridymite at 870 °C and further to cubic β-cristobalite at 1470 °C (Glover et al. 1995; 

Wenk and Bulakh 2004). During the temperature range studied (25~1000 °C), both the initial and 
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secondary phase transition of quartz maybe occurred. Consequently, the fracture toughness of the CG 

sample, which has the highest quartz content, exhibits a notable decline upon reaching 600 °C. 

Specifically, the fracture toughness of the CG samples decreases from 0.69 MPa·m1/2 at 400 °C to 

0.05 MPa·m1/2 at 600 °C, representing a 92.7% reduction. The crystal transformation of quartz is 

considered an important factor leading to the deterioration of the mechanical properties of granite 

after high temperature treatment (Tufail et al. 2017; Kang et al. 2021; Zhang et al. 2021; Khan and 

Sajid 2023). Additionally, it is established that low and high albite phases remain stable below 650 °C 

and 725 °C, respectively, under low pressure conditions (Brown 1989). The MG and FG samples, 

characterized by lower quartz and higher albite contents, demonstrate greater stability at high 

temperatures, consistent with observed variations in mechanical properties (Fig. 10). Through the 

presented experimental findings and analyses, it becomes evident that grain size and mineralogical 

composition primarily dictate the mechanical behavior of granites subjected to high temperature 

conditions. Among the examined rock types, CG samples exhibit the most significant deterioration, 

attributed chiefly to the development of internal cracks, alongside the crystallographic transformation 

of quartz at high temperatures (e.g., 600 °C to 1000 °C). 

The parameter of crack density serves as a crucial internal variable in micromechanics-based 

damage models (Shao and Rudnicki 2000; Rong et al. 2018; Hu et al. 2023d). Analyzing the 

relationship between crack density and the mechanical properties of rocks is crucial. It helps in 

understanding the process of thermal damage evolution observed in laboratory tests. Furthermore, it 

assists in developing a reliable method to estimate the mechanical properties of rocks subjected to 

high temperature treatments. The dependence of the normalized fracture toughness on treatment 

temperature and linear crack density (Table 2) was examined using 18 experimental datasets in this 

work (Fig. 11a). And the best-fitting formulation is derived: 

Nor 4 7 2 2 4 2
IC

Nor
IC( ) IC(rt ) IC

1.25 1.95 10 0.71 8.08 10 0.13 3.03 10 0.97

T

K T T T R
K K K

ρ ρ ρ− − − = − × − + × + − × =
 = ×

 (3) 

where Nor
ICK is the normalized fracture toughness of the granite; T is the treatment temperature (range 

25~1000 °C); ρ is the linear crack density (range 0.31~4.34 mm/mm2); KIC(T), KIC(rt) is the fracture 

toughness of granite sample at the temperature T and room temperature, respectively. The coefficient 

of determination (R²) for Eq. (3) is 0.97, underscoring the robustness of the proposed estimation 
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equation. Consequently, this enables the prediction of granite fracture toughness at various elevated 

temperatures using Eq. (3), leveraging fracture toughness data acquired at room temperature and 

linear crack density determined using optical images under these elevated thermal conditions. 

 

Fig. 11 The relationship between crack density and rock fracture toughness under different 

temperatures. a dependence of normalized fracture toughness of the granite samples on treatment 

temperature and linear crack density; b evolution of the fracture toughness with linear crack density. 

A theoretical relationship exists between crack density and rock fracture toughness (Nasseri et al. 

2007). A significant reduction in fracture toughness with increasing crack density is forecasted by 

their model. The experimental results of this work are consistent with the theoretical model of Nasseri 

et al. (2007) and its experimental results for chevron cracked notched Brazilian disc (CCNBD) 

samples of Westerly granite (Fig. 11b). Both sets of experimental data indicate that fracture toughness 

is expected to decrease by at least 50% for crack densities exceedingly approximately 1.0 mm/mm², 

highlighting a marked reduction in rock resistance to crack propagation beyond this threshold. This 

understanding is crucial in engineering support systems for deep underground rock structures. 

Notably, the sensitivity of fracture toughness to crack density appears more pronounced in SCB tests 

compared to CCNBD assessments. Power function fittings to the experimental data (Fig. 11b) 

demonstrate a steep decline in fracture toughness with increasing crack density in SCB tests, whereas 

CCNBD tests show a more gradual decrease. For example, when the crack density is greater than 6.0 

mm/mm2, the fracture toughness measured by SCB samples has dropped to zero, whereas that of 

CCNBD samples remains around 0.43 MPa·m1/2. This difference may partly arise from different 

methodologies employed in measuring rock fracture toughness. For example, mode I fracture 

toughness of Kowloon granite measured by SCB test is much lower (56.5% lower) than the result 

obtained by cracked chevron notched semi-circular bend (CCNSCB) (Wong et al. 2019). Despite 

these methodological variances in fracture toughness assessment, both the results of this work and 

those of Nasseri et al. (2007) support the strong correlation between fracture toughness and crack 

density. Furthermore, this study reveals that the observed degradation in fracture toughness post-

heating predominantly stems from an increase in crack density due to thermal stress. The CG samples, 

characterized by their heterogeneous grain size distribution and quartz-rich composition, exhibit 

heightened vulnerability to this weakening effect. 
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3.3. Fracture path analysis after mode I loading based on thin-section petrography 

Rocks consist of mineral grains of varying size and type. The growth of fracture paths occurs 

along these mineral grains, resulting in IG cracks, or between the boundaries of these grains, leading 

to GB cracks. Consequently, the fracture paths are non-linear, and analyzing them provides valuable 

insights into how microstructure influences microcracking behavior. To trace the fracture paths, a 

series of thin-section samples was prepared using the technique illustrated in Fig. 5, followed by the 

acquisition and merging of multiple optical images under a microscope. 

3.3.1. Fracture paths analysis of granite samples at room temperature 

Analysis of the fracture path for CG, MG and FG samples at room temperature is shown in Fig. 

12. Comparing Figs. 12a, 12b, and 12c reveals significant differences influenced by grain size and 

type. Among the samples studied, the CG sample exhibits the most tortuous fracture path (Fig. 12a), 

while the FG sample shows a relatively straighter path (Fig. 12c). The larger average grain size in the 

CG sample (Fig. 3) results in fewer minerals adjacent to the fracture path, predominantly composed 

of albite (Ab) and quartz (Qtz) with large sizes. Particularly, albite in the CG sample exerts a 

significant influence on its fracture path. As can be seen from Fig. 12a, the fracture path traverses two 

albite minerals with large size, with IG cracks formed thereby largely controlling the macroscopic 

fracture direction. Conversely, the fracture path of FG sample intersects a greater number of minerals 

(Fig. 12c), leading to a smoother macroscopic fracture boundary. 

 

Fig. 12 Fracture path analysis for the CG, MG and FG samples at room temperature. Fracture path of 

a CG sample, b MG sample and c FG sample under mode I loading; d crack path through a biotite 

grain; e grain debris in CG sample; f fracture changes from step pattern to straight-line pattern due to 

mineralogical composition; g crack branching in MG sample between microcline and albite; h crack 

branching in FG sample inside albite. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: 

albite. 

In addition to the variations in fracture path tortuosity, the dominant types of microcracks (GB 

crack or IG crack) among the three types of samples at room temperature are different. IG cracks 

prevail in the CG and MG samples, whereas GB cracks are more prominent in the FG sample. This 

observation suggests an increasing proportion of IG cracks with larger grain sizes, consistent with 
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findings in granite and hornfels by Alneasan and Behnia (2021). Mechanically, under mode I loading 

conditions, fractures are inclined to advance in a direct line from the notch tip towards the load 

application point, following the path of maximal tangential stress (Wei et al. 2017). This path imposes 

a specific propagation route for the fracture. Along this route, the fracture faces resistance from the 

bond strength between mineral grains as it traverses their interfaces, or from the intrinsic strength of 

the mineral grains themselves. If the advancing fracture encounters a large grain while progressing 

towards the loading point, it will deflect around the grain to stay within the stress field. In these cases, 

the specific grain type becomes inconsequential, as the primary determinant is adherence to the 

predetermined stress-induced pathway. For example, in the CG sample, cracks penetrate albite 

minerals to maintain the stress path (see Fig. 12a), aligning with mechanical principles. Similarly, in 

the MG sample, the fracture passed through quartz, albite and microcline multiple times, generating 

numerous IG cracks (Fig. 12b). Furthermore, when fractures encounter large grains, less energy is 

required to cleave the grain itself compared to rupturing bonds along grain boundaries (Alneasan and 

Behnia 2021). Fracture propagation through grain boundaries occurs when these boundaries align 

with mechanical principles, as depicted in Fig. 12c. Smaller average grain sizes and more 

homogeneous grain size distributions result in grain boundaries offering more pathways that are in 

agreement with mechanical considerations. In this study, the CG and MG samples have average grain 

sizes 20.39 and 9.67 times larger than those of the FG samples, respectively. The microstructure with 

homogeneous grain size distribution and a smaller average grain size in the FG samples provides a 

rich grain boundary network for crack propagation (Fig. 12c). Thus, when the path of maximum 

tangential stress aligns with a grain boundary, it facilitates propagation of fractures between grains. 

Figure 12d shows the details of fracture passing through a biotite in the CG sample, revealing 

two distinct fracture paths. Firstly, the upper fracture passes through the biotite. Influenced by 

maximum tangential stress, the fracture path changes from parallel to the cleavage and then deflects 

almost perpendicular to the cleavage. Previous research has demonstrated that fracture propagation 

perpendicular to grain orientation results in greater roughness compared to parallel propagation along 

the grain axis (Nasseri et al. 2010). This seems to be consistent with the experimental observations in 

this work. Secondly, the lower fracture encounters the boundary between biotite and albite, aligned 

with the applied load direction, and proceeds through it. Two fractures split the biotite grain into 

several unequal segments, then merge into one main fracture and continue to expand forward to 
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remain in the stress path (Fig. 12d). Fig. 12e displays the formation of grain debris resulting from 

fracture propagation, significantly contributing to the increase in fracture surface roughness. Fig. 12f 

exhibits two distinct microscopic fracture morphologies resulting from intricate interactions between 

minerals and fractures: a step pattern perpendicular to the cleavage plane and a straight-line pattern. 

Clearly, the step pattern displays rougher surfaces with irregular jagged shapes compared to the 

smoother straight-line pattern. Furthermore, Fig. 12f highlights the crack deflection phenomenon, a 

response to tensile stress under mode I loading conditions, showcasing the complex nature of fracture 

mechanics in rock materials. 

Previous studies have indicated that the bonding strength and fracture toughness at grain 

boundaries typically exhibit lower values compared to the tensile strength of individual mineral grains, 

such as quartz (Savanick and Johnson 1974). Furthermore, owing to the varied mechanical properties 

inherent in grain boundaries (Liu et al. 2023; Hu et al. 2024), mineral grains within crystalline rocks 

demonstrate considerably greater resistance to damage than the grain boundaries (Peng et al. 2023). 

Therefore, it seems that GB cracks are more likely to initiate than IG cracks. However, in SCB tests, 

due to the special specimen geometry and loading method, there is a predetermined path for crack 

propagation. This setup can reverse the trend, making IG cracks more likely to initiate (Wong et al. 

2019). The experimental results of this work show that the grain size also has an impact on the number 

of two types of cracks, with a decrease in grain size correlating with an increase in IG crack formation. 

Another important phenomenon in the fracture propagation process is crack branching, which has 

also been focused on in previous studies (Zhuang et al. 2022; Mo et al. 2023; Aghababaei et al. 2024; 

Hu et al. 2024). Crack branching often results in rough surfaces (Figs. 12g and 12h). 

3.3.2. Fracture paths analysis of granite samples after high temperature treatment 

Figure 13 shows the fracture paths of MG and FG samples after high temperature treatment. 

Comparative analysis reveals distinct differences in fracture path tortuosity between MG samples at 

various temperatures (Figs. 13a and 13b). Specifically, as the treatment temperature rises from 400 °C 

to 800 °C, there is a marked increase in the tortuosity of MG sample fracture paths, attributed to 

thermally induced microcracks at elevated temperatures (Fig. 13c). These microcracks offers 

additional pathways for fracture propagation from the notch tip, promoting crack branching and 

thereby augmenting fracture path tortuosity. Fig. 13b illustrates that subsequent to initiation from the 
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notch tip, the fracture undergoes significant angular deviation, crossing the boundary between albite 

and microcline to form a GB crack. This phenomenon is linked to the previously discussed adaptation 

of stress path to fracture path. 

Conversely, the tortuosity of fracture paths in FG samples under high temperature conditions 

exhibits minimal variation (Figs. 13d and 13e), with negligible differences in fracture tortuosity 

observed. The high temperature treatment notably increases the number of broken mineral grains (Fig. 

13g), leading to significant mineral loss visible in the optical image of FG samples (Fig. 13e). This is 

evident when comparing the minerals on either side of the fracture in Fig. 13f, where the types and 

shapes of minerals do not correspond along the fracture path. Experimental findings suggest that the 

influence of temperature on the fracture path is notably more substantial in rocks characterized by 

larger average grain sizes and more heterogeneous grain size distributions. Conversely, in rocks with 

smaller or more homogeneous grain sizes, the impact of temperature on the fracture path appears to 

be minimal. 

 

Fig. 13 Fracture path analysis for the MG and FG samples after high temperature treatment. Fracture 

path of MG sample at a 400 °C and b 800 °C; c the fracture splits the microcline grain into two 

unequal parts, and there are many thermally induced microcracks distributed around the main 

macroscopic fracture; fracture path of FG sample at d 400 °C and e 800 °C; f grain missing; g a 

broken hornblende grain in FG sample. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, 

Ab: albite. 

To quantitatively investigate the effect of temperature on rock fracture paths, detailed analyses 

of MG samples at 25 °C, 400 °C, and 800 °C were conducted using ImageJ software (Fig. 14). This 

analysis included measurements of fracture width, actual fracture length, and nominal fracture length. 

Due to the inherent heterogeneity of rocks, which includes variations in both microstructural and 

mechanical property, a consistent discrepancy between actual and nominal fracture lengths was found. 

Tortuosity, defined as the square of the ratio between the nominal and actual length of the fracture 

path (Akhavan and Rajabipour 2012), has been widely utilized in previous studies to analyze the 

microcracking behavior of SCB samples (Alneasan and Behnia 2021; Aghababaei et al. 2024). 

Fracture width was measured at intervals of 1.0 mm along the fracture path, and the average width 

was subsequently calculated. The average width is an important parameter in studying the 
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permeability of the rocks. Many previous results show that high temperature treatment will increase 

the permeability of rocks (Feng et al. 2021; Kang et al. 2021). As shown in Fig. 14, the average width 

of fracture path increases with the increases of treatment temperature. The average widths of fracture 

path for MG samples at 25 °C, 400 °C and 800 °C are 0.282 mm, 0.385 mm and 0.755 mm, 

respectively. After being treated at 800 °C, the fracture width of the MG sample is 2.68 times higher 

than the measured value at room temperature. The tortuosity value of the fracture path of MG samples 

at 25 °C, 400 °C and 800 °C was computed and summarized in Table 3. Based on the definition of 

this characteristic, an increase in tortuosity leads to a closer alignment between the actual and nominal 

lengths, resulting in a straighter fracture path. Table 3 further illustrates a reduction in fracture path 

tortuosity in MG samples with increasing treatment temperature, along with an inverse relationship 

between tortuosity and fracture path width. 

 

Fig. 14 Fracture path width of MG samples at a 25 °C, b 400 °C and c 800 °C. The value marked in 

the figures is the fracture path width of the current section with mm unit. When mineral loss occurs, 

the section is invalid. It is worth noting that the fracture width in pre-heated SCB samples was directly 

measured from the middle sections, as depicted in Fig. 5. 

Table 3 The tortuosity of MG samples at different temperatures 

 

From the comprehensive quantitative and qualitative analysis conducted above, it is evident that 

the influence of temperature on microcracking behavior intensifies with increasing grain size. 

Specifically, in coarse-grained rocks (e.g., CG samples in this work), the distribution of thermal stress 

becomes more heterogeneous with rising temperatures, resulting in a more significant accumulation 

of thermally induced microcracks (Fig. 7). During mode I loading, the interaction between 

microcracks induced by thermal stress and tensile stress contributes to the formation of a more 

tortuous fracture path. Additionally, the fracturing of mineral grains contributes to a rougher, zig-zag 

appearance along the fracture edges. In contrast, fine-grained rocks (e.g., FG samples in this work) 

exhibit a more homogeneous thermal stress distribution, resulting in fewer thermally induced 

microcracks. The smaller average grain size and more homogeneous grain size distribution in these 

rocks reduce the likelihood of macroscopic fractures intersecting with thermally induced cracks 

during propagation, resulting in fracture paths that align more closely with the direction of applied 
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stress. Consequently, the fracture edges in such cases are smoother, as shown in Fig. 13d. However, 

at very high treatment temperatures, minerals within fine-grained rocks tend to fragment into smaller 

particles under mode I loading conditions, creating visible voids in mineral presence within optical 

images (Fig. 13e), indicating a significant impact of high temperatures on rock integrity. 

4. Discussion 

4.1. The effect of grain-scale heterogeneity on tensile microcracking behavior 

The grain-scale heterogeneity of the rock materials can significantly influence the distribution of 

thermal stress during heating, resulting in varying thermally induced microcrack distributions and 

ultimately different tensile cracking behavior under mode I loading. Grain size and mineralogical 

composition, key sources of grain-scale heterogeneity, have been shown in previous studies to affect 

the microcracking behavior of rocks under various loading conditions (Li et al. 2018; Peng et al. 2017, 

2018; Zhang et al. 2018; Du et al. 2022; Hu et al. 2020, 2023b, 2023c, 2024; Inga et al. 2023; 

Petružálek et al. 2023; Yan et al. 2023). However, when rocks are subjected to high temperatures, 

these cracking behaviors may change due to the influence of the grain-scale heterogeneity (Kahraman 

et al. 2020; Feng et al. 2021; Yin et al. 2021; Hu et al. 2023b; Khan and Sajid 2023). For example, 

increasing temperatures have been observed to induce significant mineral instability, manifesting as 

thermally induced fractures, expansion of pre-existing cracks, carbonate mineral decomposition, and 

grain boundary separation (Wong et al. 2020; Khan and Sajid 2023). Nevertheless, the influence of 

grain size and mineralogical composition on the tensile microcracking behavior of rocks following 

high temperature treatment remains insufficiently investigated. 

This study examined three varieties of pre-heated granites with distinct grain sizes and 

mineralogical compositions under mode I loading. The results indicate an inverse relationship 

between mode I fracture toughness and both grain size and temperature. Conversely, linear crack 

density shows a direct correlation with both grain size and temperature. Analysis of fracture paths 

reveals that a decrease in grain size leads to reduced tortuosity and a straighter path. Larger grain 

sizes result in fracture paths influenced by stronger and larger minerals (Fig. 13b). As the temperature 

increases, the fracture path in medium-grained rocks becomes more tortuous and wider (Fig. 14). 

Therefore, thermally induced cracks contribute to increased tortuosity in samples with larger grain 
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sizes (e.g., MG and CG samples). However, as grain size decreases, the effect of temperature on the 

fracture path appears negligible. For example, the average grain size of FG samples in this work is 

0.18 mm, and the tortuosity of the fracture path in FG samples after high temperature treatment at 

400 °C and 800 °C is almost identical (Fig. 13). Nonetheless, in FG samples treated at 800 °C, mineral 

fragmentation occurs, leading to potential mineral loss during thin-section sample preparation (Fig. 

13e).  

The influence of grain size on fracture paths surpasses that of mineralogical composition across 

varying high temperatures, aligning with previous experimental results conducted at room 

temperature (Jiang et al. 2017; Alneasan and Behnia 2021; Aghababaei et al. 2024). This phenomenon 

is attributed to grain size or its heterogeneity. In fine-grained rocks, such as FG samples, the 

mineralogical composition can be disregarded. However, in medium-grained and coarse-grained 

rocks, such as the MG and CG samples in this work, which are characterized by larger average grain 

sizes and more heterogeneous grain size distributions, mineralogical composition significantly affects 

fracture paths and can even directly alter their course (see Fig. 13b). This insight is crucial for thermo-

mechanical modeling of granite, suggesting that both grain size and mineralogical composition should 

be integrated into numerical models for more accurate simulations. Neglecting these factors could 

lead to an underestimation of the effect of temperature on the tensile cracking behavior of rocks. 

4.2. Implications 

For practice applicability, experimental results indicate that grain size and mineralogical 

composition significantly affect the cracking behavior of rocks after high temperature treatment. The 

density of thermally induced cracks increases with grain-scale heterogeneity, such as larger average 

grain size and more heterogeneous grain size distribution. This finding underscores the importance 

of site selection for deep geothermal reservoirs at the field scale. Thermal cracking is more severe in 

coarse-grained rocks than in fine-grained ones, making coarse-grained granite more suitable for deep 

geothermal reservoir siting, as it facilitates the extraction of geothermal energy (Feng et al. 2021; Yin 

et al. 2021). Thermal cracking enhances reservoir permeability, facilitating heat exchange and 

transport crucial for geothermal exploitation. Consequently, the presence of coarse-grained granite 

constitutes a favorable geological base for geothermal energy utilization. Mineralogical composition 

influences fracture paths in medium-grained and coarse-grained rocks, shaping fracture network 
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distribution. Laboratory-scale mineralogical analysis can assess geothermal reservoir permeability 

preliminarily. 

 Moreover, the investigation indicates that grain size and mineralogical composition influence the 

fracture toughness of rocks at elevated temperatures, with grain size demonstrating a more 

pronounced effect. Previous studies have confirmed that grain size significantly affects rock fracture 

toughness at room temperatures (Alneasan and Behnia 2021; Aghababaei et al. 2024). Consequently, 

for deep rock engineering projects that require long-distance support design, more refined and 

detailed structural support design seems to be necessary. For example, in scenarios such as the depth 

of approximately 4 km for high-temperature deep disposals (Gibb et al. 2008), the surrounding rock 

type transitions progressively from fine-grained to coarse-grained, accompanied by a corresponding 

rise in temperature. This gradual thermal escalation diminishes the fracture toughness of the 

surrounding rock, necessitating progressively reinforced tunnel support with increasing depth.  

Neglecting the influence of grain size could lead to an overestimation of fracture toughness, 

potentially resulting in inadequate support design. 

4.3. Limitations 

In this work, 2D microscopic observation by polarization microscopy and SEM was employed 

to capture the microcracking behavior of three types of granite specimens with quasi-static mode I 

loading conditions. However, the cracking behavior of rocks may be influenced by the more complex 

loading conditions and geological factors in the field (Funatsu et al. 2014; Yao et al. 2020; Ma et al. 

2022; Alneasan and Alzo’ubi 2023). Future work could extend the present study to other loading 

conditions, such as mode I loading with confining pressure and fatigue loading, in order to gain deeper 

insights into the complex relationship between grain-scale heterogeneity, loading conditions, 

temperature and cracking behavior. 

The present study focuses on examining the mechanical behavior of granite subjected to high 

temperatures, followed by cooling at the same heating rate. Prior works has demonstrated that the 

cooling rate (e.g., slow cooling, water cooling, and liquid nitrogen cooling) significantly impacts the 

mechanical properties and microstructure of pre-heated rocks (Sha et al. 2020; Zhu et al. 2020; Shao 

et al. 2022; Srinivasan et al. 2022). For example, liquid nitrogen cooling induces stronger thermal 

shock in pre-heated rocks compared to water cooling and slow cooling, resulting in the most severe 
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damage to the rock microstructure (Sha et al. 2020). Future studies should therefore extend the current 

research by investigating different cooling conditions, including water cooling and liquid nitrogen 

cooling, to achieve a more comprehensive understanding of the tensile microcracking behavior of 

granite. 

Visualizing microcrack initiation, propagation, and coalescence within rocks during heating or 

cooling remains challenging with current experimental techniques. Given the limitations of laboratory 

work, numerical simulation serves as a crucial supplementary method to validate experimental results 

and investigate the microcracking behavior of rocks (Peng et al. 2018; Huang et al. 2019; Saksala 

2021; Hu et al. 2023b). Numerical simulations also enable precise quantitative studies of the 

relationship between microstructure and mechanical properties of pre-heated rocks. Existing studies 

have predominantly focused on the fracture processes of rocks under compressive loading (Peng et 

al. 2017; Hu et al. 2023b) or have overlooked the impact of temperature (Zhang et al. 2023). Few 

numerical studies, however, have explored the effect of microstructure on the microcrack behavior of 

pre-heated rocks under mode I loading. Furthermore, the low cost and high efficiency of numerical 

simulations make them a viable method for determining the optimal coupling conditions (stress and 

temperature) for crack propagation. Consequently, it is essential to investigate the tensile 

microcracking behavior of granites after high temperature treatment using numerical methods such 

as the discrete element method (DEM) or the combined finite-discrete element method (FDEM). 

Furthermore, Mo et al. (2023) emphasized the importance of integrating both the fracture 

toughness of mineral grains and grain boundaries to accurately predict the microcrack behavior of 

granite. Their study revealed that the deflection angle (the angle between the direction of propagated 

crack and mineral cleavage) and the fracture toughness ratio (between grain boundary and mineral 

grain) determine whether microcracks deflect or penetrate (Chen et al. 2019; Mo et al. 2023). 

Incorporating these insights into future analyses will advance our comprehension of the factors 

influencing fracture path selection at grain-scale during crack propagation. 

An empirical formulation (Eq. (3)) has been proposed to predict the mode I fracture toughness 

of granite subjected to different temperature treatments, explicitly considering measured linear crack 

density. The effectiveness of this empirical formulation was demonstrated through its strong 

correlation with experimental results (R2=0.97). This simplified approach allows for the estimation 

of mode I fracture toughness in high temperature environments using basic experimental 
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measurements conducted at room temperature. The empirically-derived formulation offers guidance 

for site selection, design, and construction of deep geological repositories. However, in-situ 

geological conditions are considerably more complex than the well-controlled stress conditions in 

laboratory tests. Therefore, further refinement of the proposed empirical formula through additional 

laboratory and field data is essential. 

5. Conclusions 

The influence of grain size and mineralogical composition on the thermally induced cracks, 

fracture surface topography, fracture toughness, and fracture path among three types of granites 

subjected to high temperature treatment were investigated. The following conclusions are drawn: 

(1) Granites with larger average grain sizes and more heterogeneous grain size distributions are 

more sensitive to thermal treatment. Specifically, coarse-grained granites are more likely to initiate 

visible macro-scale thermal cracks after high-temperature treatment. The linear thermal crack density 

increases with both temperature and grain size. 

(2) Fracture surface topographies vary with mineralogical composition and treatment 

temperature. At lower temperatures (e.g., 25~200 °C), brittle shear fractures are prone to occur within 

quartz (e.g., conchoidal fracture). At higher temperatures (e.g., 800~1000 °C), tensile fractures are 

more likely to occur within feldspars (e.g., lamellar tearing crack). Furthermore, as temperature 

increases, more diverse fracture surface topographies appear, such as dimple and crack branching. 

(3) Mode I fracture toughness of granites decreases with increasing temperature and grain size. 

The brittle-ductile transition is more evident in coarse-grained granites at 400 °C~600 °C, whereas 

fine-grained granites exhibit brittle characteristics even after treatment at 1000 °C. An empirical 

formulation (Eq. (3)) was proposed to predict the mode I fracture toughness of pre-heated granite by 

explicitly considering the linear crack density. 

(4) At room temperature, granites with larger average grain sizes and more heterogeneous grain 

size distributions have more tortuous fracture paths and more intra-grain cracks under mode I loading. 

In granites with smaller average grain sizes and more homogeneous grain size distributions, longer 

grain boundaries provide more path options consistent with the stress path between the notch tip and 

the applied loading point. In medium-grained granites, the tortuosity and width of fracture paths 
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increase with treatment temperature. However, the effect of temperature on the tortuosity of fracture 

paths in fine-grained granites is negligible. 
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Fig. 1 Schematic geological maps of the study areas with sample localities. a geographical position 

of the study area in China; b geological sketch map of Shandong Peninsula (after Yang et al. 2021). 

Note: green points in (b) show location of three studied granites. 
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Fig. 2 Thin section of three types granites. a coarse-grained granite (CG); b medium-grained granite 

(MG); c fine-grained granite (FG). Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: 

albite. 
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Fig. 3 Grain size distribution of three granite samples. a CG; b MG; c FG; d cumulative grain size 

distributions of samples. The red curves in (a), (b) and (c) represent the log-normal fitting curves of 

the grain size distribution. SD: standard deviation. 
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Fig. 4 Experimental study. a geometry of semi-circular bend specimen; b CG specimen; c MG 

specimen; d FG specimen; e muffle furnace; f Leica DM750P polarization microscopy; g LJ-16 ion 

sputtering instrument; h Thermo Scientific Scios 2 scanning electron microscopy; i universal testing 

machine; j detailed position of SCB specimen. 
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Fig. 5 Preparation procedures of the thin-section samples containing the macroscopic fracture. a 

failed sample under mode I loading; b position of thin-section sample; c region of interest; d thin-

section sample for polarizing microscopy observation. 
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Fig. 6 Appearance of three types of granite specimens after high temperature treatment. a CG 

specimens; b MG specimens; c FG specimens. 
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Fig. 7 The representative thin-section images of the three types of granites after high temperature 
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treatment. Red arrows indicate grain-boundary (GB) cracks and pure blue arrows indicate intra-grain 

(IG) cracks. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: albite. 

  



53 
 

 

Fig. 8 The orientation distribution of thermally induced cracks within CG samples. 
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Fig. 9 Scanning electron microscope micrographs of fracture surface topography of granites under 

different temperatures. a step pattern; b river line pattern; c conchoidal fracture of quartz; d cleavage 

step; e dimple pattern; f crack branching; g lamellar tearing crack; h IG crack parallel to cleavage 

plane; i scaly fracture; j crack network; k two IG cracks connected by a GB crack; l mineral melting 

after 1000 °C treatment. Note: The areas shown were chosen independently of the evolution of the 

fracture process, and do not necessarily correspond to a specific failure pattern. 
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Fig. 10 Mechanical behavior of three types of pre-heated granites. Load-displacement curves of a CG 

samples, b MG samples, and c FG samples under different temperatures; d peak load, e generalized 

stiffness, and f fracture toughness of samples after high temperature treatment. 
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Fig. 11 The relationship between crack density and rock fracture toughness under different 

temperatures. a dependence of normalized fracture toughness of the granite samples on treatment 

temperature and linear crack density; b evolution of the fracture toughness with linear crack density. 
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Fig. 12 Fracture path analysis for the CG, MG and FG samples at room temperature. Fracture path of 

a CG sample, b MG sample and c FG sample under mode I loading; d crack path through a biotite 

grain; e grain debris in CG sample; f fracture changes from step pattern to straight-line pattern due to 

mineralogical composition; g crack branching in MG sample between microcline and albite; h crack 

branching in FG sample inside albite. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab: 

albite. 
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Fig. 13 Fracture path analysis for the MG and FG samples after high temperature treatment. Fracture 

path of MG sample at a 400 °C and b 800 °C; c the fracture splits the microcline grain into two 

unequal parts, and there are many thermally induced microcracks distributed around the main 

macroscopic fracture; fracture path of FG sample at d 400 °C and e 800 °C; f grain missing; g a 

broken hornblende grain in FG sample. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, 

Ab: albite. 
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Fig. 14 Fracture path width of MG samples at a 25 °C, b 400 °C and c 800 °C. The value marked in 

the figures is the fracture path width of the current section with mm unit. When mineral loss occurs, 

the section is invalid. It is worth noting that the fracture width in pre-heated SCB samples was directly 

measured from the middle sections, as depicted in Fig. 5. 
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Table 1 Mineralogical composition of the three rock types at room temperature 

Rock type Quartz (%) 
Feldspar (%) 

Biotite (%) Hornblende (%) Chlorite (%) 
Albite Microcline 

CG 20.1 36.1 29.8 5.4 4.8 3.8 

MG 9.6 30.8 52.9 5.2 0 1.5 

FG 3.9 83.4 3.3 7.9 1.5 0 
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Table 2 The linear thermal crack density of three types of rocks after treatment at different 

temperatures 

Rock type 
Linear crack density (mm/mm2) 

25 °C 200 °C 400 °C 600 °C 800 °C 1000 °C 

CG 0.37 1.07 1.53 2.13 2.93 4.34 

MG 0.31 0.92 1.28 2.08 2.65 2.95 

FG 0.42 0.87 1.02 1.67 2.12 2.53 

 

  



62 
 

Table 3 The tortuosity of MG samples at different temperatures 

Temperature (°C) Nominal length (mm) Actual length (mm) Tortuosity Average width (mm) 

25 17.130 17.808 0.925 0.282 

400 17.839 19.329 0.852 0.385 

800 18.431 21.782 0.716 0.755 
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