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Abstract

:

Macroscopic properties of sandstone are commonly attributed to the degradation of its microstructure during heating treatment processes. However, few previous studies have focused on comprehensive observations on how the microstructure of sandstone changes with temperature. In this study, a kind of sandstone containing quartz, albite, calcite, and laumontite (little), was collected from Linyi (Shandong Province, China) to observe the microstructure degradation changes with temperature by X-ray diffraction (XRD), Scanning electron microscopy (SEM) and thermo-gravimetric analyses (TGA). Firstly, 10 groups of sandstone samples were heated from 25 °C to 900 °C. Then, some core micro-parameters including lattice constant, full width at half maximum (FWHM), micro-strain, dislocation density, TGA curve changes and failure characteristic of the mineral were analyzed comprehensively. Finally, the underlying mechanism causing the microscopic thermal damage at different temperature intervals was also discussed. The results showed that: (1) quartz, the framework component of this sandstone, underwent an α- to β-phase change over the temperature range from 400 °C to 600 °C. This phenomenon caused the lattice constant, micro-strain, dislocation density and TGA curve to decrease sharply during this interval, leading to the microstructure deterioration of sandstone; (2) calcite underwent a decomposition reaction between 600 °C and 800 °C, and resulted in the XRD pattern peak, lattice constant, micro-strain and TGA curve dropping continuously. It destroyed further the internal microstructure of sandstone and produced numerous inter-granular cracks around quartz crystals; (3) further examination found that the decomposition reactions of minerals presented non-synchronized characteristics due to the different sensitivities of minerals to temperature, which led to thermal stress, thermal fracturing of minerals, and thermal reactions happening in different temperature intervals.
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1. Introduction


Recently, the demand for underground space resources is becoming more and more important, which includes underground space utilization, underground resources exploitation (e.g., geothermal energy, coal, shale gas, coal-bed methane, etc.). With the strong demand for these underground resources, underground engineering had gained great importance. For example, the deepest exploitation depth around the world has reach to 4800 m in South Africa [1]. In China there are dozens of deep mines with depths exceeding 1000 m [2]. An urgent issue for these Km level deep mines is the high temperature problem. As a matter of fact, exploitation of hot dry rocks for geothermal energy also faces the phenomenon of thermally induced damage of reservoir rocks due to elevated temperature dependence [3,4,5]. Rocks under high temperature or after high temperature treatment will display a decrease in their physical and mechanical properties, such as uniaxial compressive strength, wave velocity and elastic modulus and so on [6,7,8,9,10]. In essence, these changes of macroscopic properties are related with the degradation of the rock microstructure. It is necessary to understand the micromechanism of rock degradation to explain and predict the changes of macroscopic properties after a heating treatment.



X-ray diffraction (XRD) pattern analysis, as a modern test technique, has some unique advantages when studying rock microstructure. For example, it can reflect phase retrieval, quantitative, crystal structure, formation of new phase and domain size analyses [11,12]. Up to now, it has been widely used in material science to analyze the microstructure characteristics of rocks [13,14]. Many researchers, such as Holmboe and Vázquez [15,16], have used XRD to study how the mineral composition changes for rock and soil materials. Meanwhile, some new XRD approaches including high resolution X-ray computed tomography (HRXCT), submicrometer hyperspectral X-ray (SH-XRD) have also been adopted in the recent work [17,18]. The scanning electron microscopy (SEM) technique provides a visual method to observe the microstructure change processes of materials using electron beam to scan the sample. The grain size, crack, hole, and mineralogical morphology can be obtained directly by means of SEM images [19,20]. It has been broadly used to measure the thermal crack expansion process and the quantitative micro-crack density and extension changes with heat treatment [21,22,23]. Meanwhile, thermo-gravimetric analyses (TGA) is a conventional and appropriate method widely used in the study of rocks, and concrete materials to determine the weight changes with temperature. It also can observe visually mineral decompositions and reactions by the local curve peak [24,25]. Therefore, combinations of SEM and TGA methods are commonly adopted to observe the microstructure deterioration and the corresponding thermal reaction process of rocks during heating [26,27,28].



In this study, some microstructure parameters of sandstone, including lattice constant, full width at half maximum (FWHM), micro-strain, dislocation density, TGA curve changes, failure characteristics and crack length were comprehensively analyzed using XRD, TGA and SEM after different heating temperature treatments and the underlying mechanisms are also proposed to explain why the microstructure deterioration suffered from thermal damage can significantly influence the macroscopic strength decrease.




2. Samples and Experiment Methods


2.1. Samples Preparation


The samples were extracted by means of a sampling drill from fresh sandstone blocks obtained at Linyi City (Shandong Province, China). Then, according to the ISRM suggested method for determining the indirect tensile strength of rock materials [29], all sandstone samples were cut into flat cylinders of 50 mm in diameter and 25 mm in height, and sample ends were polished carefully by a grinding machine till the deviation ranges of the flatness and roughness were less than 0.5 mm and 0.05 mm, respectively.



XRD analysis (D8 Advance X-ray Diffractometer, Bruker Corporation, Karlsruhe, Germany) represented that the mineralogical components of this kind of sandstone are quartz, albite, calcite, and laumontite (little). In particular, the main grains (0.05–0.2 mm) of this sandstone were quartz and albite, which built the framework components of this kind of sandstone, while the matrix, composed of smaller mineral grains (<0.05 mm) with calcite, which occupied the interstitial spaces between the main grains.



In order to study the thermal damage process at different high temperatures, 10 groups with the same Φ50 × 25 mm cylinders of each sandstone sample were prepared for heating experiments. All the heating treatments were conducted in a high-temperature furnace (CTM-300A series muffle furnace, Coal Chemical Instrument Company, Chengdu, China). The heating process consisted of three steps:




	Step 1:

	
Ten group samples were heated to 10 target temperatures including 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C and 900 °C respectively with a ratio of +5 °C/min, according to similar previous works [30,31].




	Step 2:

	
30 min was set to maintain the temperature constant in order for the whole sample to achieve the default state after the target temperature was reached [30].




	Step 3:

	
After the heating treatment, the sample was cooled in the furnace to room temperature (about 25 °C) at a rate of −10 °C/min [32,33].










2.2. Experiment Schemes


Firstly, when all heated sandstone samples had cooled to room temperature (about 25 °C), some typical local areas of these samples were examined to observe the micro-structure deterioration and local failure by using a special SEM instrument (QuantaTM 250, FEI, Hillsboro, OR, USA). The tested samples were trimmed to less than 50 mm and the standard deviations were limited to ±1 mm before the spraying of resin. The polishing surface matrix of each sample was then observed with a magnification 500×. The scanning was performed at an accelerating voltage of 30 kV and working distance of 10–20 mm under vacuum conditions.



Secondly, X-ray tests were conducted using an XRD instrument (D8 Advance X-ray Diffractometer, Bruker Corporation, Karlsruhe, Germany). The XRD instrument has a wide range from a start position of 4° to the end of 80°, and a step size of 0.02°. It can perform a full range of tests to examine crystal structures of powder samples, crystallite size determination, microstrain analysis, residual stress analysis, and preferred orientation. Therefore, in our experiments it can determine lattice constants, FWHM, microstrains, and dislocation density. The sample was crushed to be powdery with the grain size less than 400 mesh. Each sample was observed and analyzed by the help of the software that came with the XRD instrument. The main parameters of the instrument and test condition are listed in Table 1.



Finally, the thermal gravimetric analysis (TGA) was performed to acquire the chemical, mechanical and resistance behaviors after heating treatment using a TGA analyzer (STA409C, Netzsch Co., Ltd., Selb, Germany). The records of weight loss with temperature can be obtained automatically with its data acquisition system. In our experiment, all powdered samples were placed in a platinum holder and the tests were carried out in an inert environment. Meanwhile, the temperature rate was controlled with 5°C/min in order to coincide with the heat treatment applied to the sandstones. The gas flow rate was set at 100 mL/min.





3. Results and Analysis


3.1. X-ray Diffraction (XRD) Pattern Results


The mineralogical composition of the sandstone is presented in Figure 1. The influence of temperature on minerals can be explored by observing the changes of lattice parameters and the reactions of mineral [31,34,35]. Based on the disappearance of peaks in the XRD patterns, two reactions happened:



(1) Calcite. A significant crystal surface peak (1 0   1 ¯   4) disappeared at the temperature of 900 °C. The decomposition of calcite has been studied broadly and a commonly accepted viewpoint is that calcite will react between 700 °C and 800 °C [36,37]. This (1 0   1 ¯   4) crystal peak became weaker at 800 °C and disappeared at 900 °C;



(2) Laumontite. Three visible crystal surface peaks (namely, (1 1 0), (2 0 0) and (1 3 0)) are observed to disappear when the temperature reached 500 °C. This can be explained as follows: laumontite should decompose in a temperature range of around 360–370 °C [38,39]. Because the three peaks tended to be weaker at 400 °C than the previous low temperature states it reveals that the decomposition of laumontite indeed happened but was not finished. We can find that a typical peak appears at 400 °C at about 10.3° due to the decomposition product of laumontite [40]. As the temperature increases, the intensity of this product peak firstly tends to display an increase from 400 °C to 600 °C, and then a decrease from 600 °C to 800 °C until it totally disappears at 900 °C.




3.2. Lattice Constant Results


Sandstone, as a typical sedimentary rock, is generally formed by sedimentation, compaction and digenesis. Therefore, the mineralogical composition of sandstone is determined dominantly by the original minerals of its mother rock. Once the crystal structure is formed, the lattice structure barely changes regardless of the subsequent geological evolution [41]. However, in this case, the lattice structure will undergo a great change after the mineral decomposition. Usually, the lattice constant, which is composed of the indexes a, b, c, α, β, γ, is a comprehensive parameter used to express the distance and angle among all of atoms in these minerals [41,42]. Herein, some typical lattice a, b and c constant indexes of quartz, albite and calcite can be obtained from the comparison between the software test results and the standard crystal diffraction pattern [43]. The detailed changes of a, b and c with temperature are presented in Figure 2.



It can be observed that the processes of expansion and rotation among mineral particles under changing temperatures caused significant changes in the lattice constants. According to previous work [23], the lattice constant a, b and c commonly increase during high temperature processes, but in this experiment, the lattice constants of quartz and albite remained at the same level regardless of the different temperatures. Moreover, the lattice constants of calcite even displayed some remarkable decreases in the range from 800 °C to 900 °C. A reasonable explanation could be that the decomposition of calcite destroyed the crystal structure and this resulted in a drastic decrease of parameter a [36]. However, the lattice constants of quartz and albite do not change even though the quartz has undergone a phase transition around 573 °C [44]. Therefore, it is concluded that the crystal structures of most minerals are not only commonly destroyed by high temperature conditions, but this also causes the lattice constants to change, but there always tends to be a significant decrease once the phenomenon of mineral decomposition happens.




3.3. Diffraction Widening Results


It is also notable that the XRD pattern diagrams are composed of most smooth lines and bits of leap peaks. In order to express the extent of the function given by the difference between the extreme peak points of two crystal lattices, the Rietveld-RIR method was adopted to analyse the quantitative parameters of the XRD patterns [45,46]. Firstly, a parameter, full width at half maximum (FWHM), is adopted to reflect its respective diffraction widening of these minerals by the software that came with the XRD instrument. The FWHM of each peak is usually influenced by the instrument, subgrain size and microstrain [47]. In this work, the diffraction widening caused by the instrument can be eliminated automatically by the XRD software. Thus, the influencing factors due to the sample itself can be analyzed in the next process. Figure 3 shows the FWHM of quartz, albite and laumontite at different temperatures.



As shown in Figure 3a, the FWHM of quartz changes significantly in the (1 1 0) and (2 0 0) directions, but remains the same in the (1 0 0) and (1 0 2) ones. Especially, the FWHM of quartz is relatively low in (1 1 0) at the temperature range from 400 °C to 700 °C, but increases in the (2 0 0) orientation from 700 °C to 900 °C. Meanwhile, the FWHM of albite displays a minor change, with only slight increases in the (0 0 1), (  2 ¯   0 1) and (1 1 1) directions as the temperature increases, as shown in Figure 3b. Relatively speaking, the FWHM of laumontite tends to increase slightly in the two points (1 1 0) and (1 3 0) as seen in Figure 3c. In general, the FWHM values of the quartz, albite and laumontite exhibit either no change or increases with increasing temperature. Therefore, the diffraction widening of the kind of sandstone samples possesses anisotropy characteristics during the heating treatment.



Furthermore, different from strain, microstrains reveals the strain in crystals caused by the stress inside the material due to inhomogeneous plastic deformation. The existence of micro-strain usually results in the widening of these XRD peaks. The micro-strain ε is given by [48]:


  ε =    β G f    4 tan θ    



(1)




wherein  β  denotes the integral breadth, the subscript G denotes the Gaussian components, the superscript  f  denotes the structurally broadened profile and θ is the Bragg angle of the diffraction peak.



Figure 4 shows the microstrain curves of quartz, calcite and albite. In the case that the minerals do not transform or decompose, the microstrain increases with increasing temperature and exhibits the so-called “memory” of the crystal form [49], i.e., it remains at the highest level even with decreasing temperature, but in other cases where the mineral transforms or decomposes, the microstrain decreases drastically, as demonstrated in quartz and calcite. It is well known that 573 °C is the phase transition temperature at which quartz transforms into β-quartz [50,51,52,53]. Therefore, the microstrain of quartz decreases drastically in the temperature range of 400–600 °C, which is an essential reason for the FWHM value decrease observed in Figure 3a. Calcite decomposes in the temperature range of 700–800 °C, under which the microstrain of calcite drops [36].




3.4. Dislocation Density Results


Dislocation density is defined as the total dislocation length per unit volume of material, which expresses the degree of crystal lattice distortion. Commonly, dislocation density is calculated by Williamson’s method [54]:


  ρ =   3   2 π   ⋅    〈   ε 2   〉    0.5      D b     



(2)




where,      〈   ε 2   〉    0.5     is the average micro-strain value, and b is the Burgess vector of dislocation.  D  is the average domain size of these XRD peaks, it can be calculated by the recommendation formula from Langford’s study [49] as:


  D   =    λ   β C f  ⋅ cos θ    



(3)




wherein,  λ  is the X-ray wave-length and  C  is the Cauchy component.



Figure 5 shows the dislocation density changes of quartz with increasing temperature. The dislocation density barely changes at low temperatures below 100 °C, while it shows a significant increase from 0.76 × 1014 m−2 at 100 °C to 2.1 × 1014 m−2 at 400 °C, which reflects the bonding strength of quartz crystals with other minerals generally decreases and leads to the plastic behavior of degraded sandstone. The sandstone samples gradually become fragile from plastic with the increase of temperature during this period. However, when the temperature increases beyond 400 °C, the dislocation density presents a remarkable drop from 2.1 × 1014 m−2 to 0.06 × 1014 m−2 until the heating temperature reaches 600 °C. The temperature interval is consistent with the phase transition zone of quartz from α- to β-form [50,51,52,53]. The phenomenon reveals that the phase transition of quartz can cause the dislocation density to decrease and lead to the hardness and strength of sandstone falling rapidly.




3.5. TGA Curve Analysis


The TGA curve variation was examined to observe the influence of temperature on mass loss during heating treatment (Figure 6). Three stages can be identified as the TGA curve changes:



Stage I: During the heating from room temperature to 400 °C, the mass loss can be attributed to the pore-water evaporation and hydration reactions. The absorbed water, bounded water, and a little mineral water existing in the voids or original defects would generally escape during this period [55]. According to Figure 6, free water would escape at around 80–200 °C (point A), and the TGA curve presents a remarkable decrease of about 4%. Meanwhile, the bounded water and structural water should escape between 200 °C and 400 °C. The loss of structural water of mineral would cause the loss of hydroxyl bonding (–OH), and led to the damage of the mineral lattice skeleton [56]. However, the amount of hydration product water loss (about 2%) is much less than the free water evaporation.



Stage II (400 °C to 750 °C): Carbonates and organic materials of sandstone are decomposed to oxides, carbon dioxide and water when the temperature exceeds 400 °C, and the resulting TGA curve shows a sharp decline of about 8%. Thermal decomposition reactions of minerals such as dolomite/ankerite, magnetite, illite and kaolinite would occur at the range of 500 °C to 600 °C [57]. Mackenzie [57] also found that the mass loss had a great decrease due to CO2 loss from the decomposition of calcium carbonate. Furthermore, quartz suffers a phase transformation from the α- to the β-form, which would result in a severe TGA curve decline of sandstone after the threshold temperature reaches about 600 °C (point B).



Stage III (above 750 °C): The TGA curve changed to show a slow decrease ratio of 1% after 750 °C (point C). It means the mass loss of sandstone does not undergo a continuous decrease although chemical reactions still occur.




3.6. Temperature-Dependent Failure Characteristics


In order to study the effects of microstructures on the fracture mechanism of the initial flaws of sandstone at different high temperatures, some typical SEM images of sandstone samples after different temperature treatment such as 25 °C, 200 °C, 400 °C, 600 °C, 800 °C were collected under a magnification of 500× (Figure 7). In addition, morphological sketches of the SEM images were obtained by using an image manipulation software named Pores and Cracks Analysis System (PCAS) [58]. The PCAS is a professional software used to quantify pore and crack systems in SEM images, and it can automatically identify various pores and cracks. The extracted sketches of cracks’ aggravation with temperature can be illustrated as seen in Figure 8.



Some change rules can be observed from Figure 7 and Figure 8: (1) the surfaces of minerals generally tend to become rough with rising temperature. The boundaries of mineral crystals are apparent and the adhesive behaviors among these particles seem to be good till to 200 °C. However, the surfaces then become bumpy and even cause the crystals to be broken. Many fragments stripped from the matrix begin to appear on the surface or the boundary around big crystals when the temperature exceeds 400 °C. The grain size changed to become small and fractures between particles are apparent till 800 °C. This means that a debonding process of mineral particles has happened as the temperature ranges from 400 °C to 800 °C; (2) The number of surface cracks tends to increase along with temperature increases and especially over 400 °C (Figure 8). Meanwhile, The cracks change not only in number but also in connectivity and length once the temperature reaches to 400 °C. The cracks connect each other mainly along with the boundaries of particles and as a result the crystals separate at the early stage (400 °C → 600 °C). All of these inter-granular fractures can be attributed to thermal stress differences among different kinds of minerals. However, more and more cracks appear throughout the internal crystal structure and this leads to an increasing matrix breakage with temperature. The phenomenon of microstructure deterioration seems to be more significant under the elevated temperature conditions beyond 600 °C. These trans-crystalline cracks result from thermal deformation of crystals, and their failure surfaces always appear to be relatively smooth. Essentially, their propagation mechanism represents mainly a shear rupture along the slip plane, which is much different from the inter-granular cracks occurring at the early heating stage below 600 °C.



In order to demonstrate the significant influence of the crack extension process on the microscopic strength, the total length of cracks developed in the SEM image surface as a function of temperature was calculated, while the peak strengths of sandstone samples were also tested at the same temperature points. Figure 9 exhibits the comparison results between the peak strength and the total length of cracks. There exists a good negative correlation for the both parameters with temperature. In other words, the peak strength tends to show a remarkable decrease during the stage of rapid generation of cracks. In particular, the decreasing amplitude of the peak strength is most obvious during the phase transition zone of quartz from α- to β-form ranging from 400 °C to 600 °C. However, the overall crack length seems to not increase rapidly in the range of 500 °C to 600 °C although the peak strength still drops quickly.





4. Discussion


It is obvious that sandstone samples undergo microstructure deterioration during the heating process from 25 °C to 900 °C. It is worthy to understand the background reasons why this microstructure deterioration can cause a strength decrease at elevated temperature, and it is also meaningful to control the hazards in high-temperature deep mines and exploit the geothermal energy of hot dry rocks. However, the background reasons causing the thermal damage at different temperature intervals are very different. In the further discussion, the underlying mechanism is analyzed based on the above microscopic experiments. In total, three reasons can be concluded for different temperature intervals based on the XRD, SEM and TGA experiments.




	(1)

	
Thermal stress. The mineral particles would undergo a volumetric expansion as the temperature rises [32,33]. Due to the volumetric change and anisotropic expansion or rotation characteristic of different minerals, the interface of particles would suffer thermal stress, which may cause a debonding failure when the stress exceeds the interface yield stress at certain temperature points. For the sandstone samples tested in this work, the threshold temperature can be regarded as 400 °C. We can observe the microstructure began to degenerate obviously at this temperature point no matter what parameters from XRD patterns, lattice constants, diffraction widening, microstrain, dislocation density, or even TGA curves and failure characteristics of SEM images are considered (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8). Meanwhile, Figure 9 also verifies the conclusion that the total length increase of cracks tends to be more remarkable when the temperature rises beyond the threshold 400 °C. Of course, during the early stage from 400 °C to 600 °C, the fractures can be classified as inter-granular splitting cracks. The influence of thermal stress in the periphery of crystals is well-explained by means of Griffith’s initial fracturing criterion [59]. Commonly, crack propagation deviates from the boundary of crystals, and then turns to the direction of the maximum of thermal stress rapidly, which causes the fracture surface to be rough for these Griffith’s cracks [60]. In addition, the evaporation process of free water, bounded water and structural water existing in the original defects (pores or voids) mainly occurs below the threshold temperature point 400 °C [61]. The water evaporation (seen in Figure 6), happened in the original defects, and provides enough deformation space and aggravates the thermal expansion of mineral particles to be persistent.




	(2)

	
Thermal fracturing of minerals. When the temperature exceeds the limit state of the internal thermal expansion stress for crystal fracture, mineral particles may suffer thermal fractures and this results in a stress redistribution, thus further causing the microstructure of crystals to be broken. According to Figure 7 and Figure 8, a significant increase is observed in both the number and the persistence of cracks after thermal treatment beyond 600 °C. Specially, more cracks break through the internal crystal structure and cause their sizes to decrease remarkably till the temperature rises up to 800 °C. The TGA curve changes also verify the conclusion that the Moss loss ratio is very large during the interval of 600 °C to 750 °C (Figure 6). These newly-produced cracks would destroy the original microfissure system located in the crystal, and cause the persistence of separate micro-cracks to increase, and then result in a more significant decomposition. Thus, the total number of transcrystalline cracks would be increasing faster as the temperature rises continuously. Besides, the shape of mineral crystals has an obvious influence on the thermal fracturing of minerals. Commonly, the maximum thermal stress is concentrated in the edges or corners of crystals, which leads to tip-cracks happening during the early stage [62]. For the same mineral particle under the same temperature conditions, the trans-crystalline cracks may happen sooner if the boundary of such a crystal seems to be more coarse. It can be observed in Figure 7d,e that the thermal fractures seemed to be more serious for the quartz crystals with more rough boundary surfaces. Similar viewpoints were also reported by some previous studies [62,63] where thermal fractures happened easier along the short axis direction of crystals, the dominant crystal orientation and singular interfaces of crystals.




	(3)

	
Thermal reaction. Some physical and chemical reactions of mineral particles also happen during the thermal treatment process. The most significant reaction of sandstone is the shift of quartz, the foundational mineral of sandstone in this study, from α- to β-condition during the phase change period [57,64]. This would cause some microphysical parameters such as lattice constants, diffraction widening, microstrains, and dislocation density to change significantly during this period (Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5), while also causing the microstructure to be more fragile and easier to fracture. The sharp breaking phenomenon of β-quartz is also observed according to the failure characteristics seen in the TGA curves and SEM images (Figure 6, Figure 7 and Figure 8). Meanwhile, in the high-temperatures range (>650 °C), β-quartz also presents a dominant slip and plastic softening appearance [65]. The characteristics of β-quartz makes many trans-crystalline cracks appear and causes the overall strength to fall quickly (Figure 9). The TGA curve change presents a sharpest decline at the range of 600 °C to 750 °C (Figure 6). Furthermore, some hard decomposed minerals such as calcite and albite would begin to compose and even melt under elevated temperature conditions beyond 600 °C. In addition, metallic bonds such as Al–O, Na–O, K–O, and Ca–O generally fracture when the temperature increases to 600 °C because of the influence of solid mineral expansion [61].









In general, the generation of cracks for sandstone is caused mainly by three factors—mineral crystal thermal expansion and rotation, quartz phase transition and mineral particle decomposition. However, these three phenomena don’t happen simultaneously during the thermal treatment process. More specifically, mineral crystal thermal expansion and rotation caused the generation of trans-crystalline cracks leads to the appearance of inter-particle cracks during the early stages below 600 °C. Then, quartz phase transition and mineral particle decomposition play an more significant role in the microstructure deterioration during the later heating stage from 600 °C to 900 °C. Amounts of trans-crystalline cracks appeared and this resulted in the microstructure being fractured and the strength to be very low. Detailed diagrams of microstructure development process of quartz crystals are illustrated in Figure 10.




5. Conclusions


The influences of temperature on the microstructure deterioration of sandstone were explored and analyzed using the XRD, SEM and TGA techniques. Changes of microparameters including lattice constant, FWHM, microstrains, dislocation density, TGA curve change, failure characteristics of the mineral particles were comprehensively observed. Some main conclusions can be presented according to these comprehensive measurements and our further discussion:




	(1)

	
According to the XRD patterns and lattice constant results, the influence of temperature on mineral crystals mainly affected the change of lattice parameters and the reactions and decomposition of minerals. Commonly, the disappearance and deviation of XRD peaks was related with the decomposition of minerals.




	(2)

	
According to our XRD analyses the diffraction widening and microstrain of sandstone present anisotropic characteristics due to the different sensitivity of minerals to temperature. Meanwhile, the phase transition of quartz from α- to β-form at about 573 °C is the core reason why the dislocation density decreases rapidly, which leads to the hardness and strength of sandstone decaying.




	(3)

	
Three stages can be classified based on the changes of the TGA curves: (1) Stage I is from room temperature to 400 °C, which is strongly related with the pore-water evaporation and hydration reaction; (2) Stage II is at the range of 400 °C to 750 °C, where a sharp decline ratio of mass loss occurs due to thermal decomposition reactions of the minerals, especially quartz; (3) Stage III is the range of above 750 °C. The curve displays a slow decrease although the decomposition is still continuous.




	(4)

	
According to the SEM images of sandstone and statistical results of crack lengths, the surfaces of minerals generally tended to be rough, and the number of surface cracks increased along with increasing temperature, especially above 400 °C. In addition, the cracks appearing in the period below 600 °C can be regarded as inter-granular fractures, which were attributed to thermal stress differences among minerals. Meanwhile, trans-crystalline cracks resulted from thermal deformation of crystal grains when the temperature exceeds 600 °C.




	(5)

	
Three reasons can be summarized to explain the microstructure deterioration of sandstone during the heating process from 25 °C to 900 °C, that is, thermal stress, thermal fracturing of minerals, and thermal reactions. All of these reasons lead to these phenomena of mineral crystal thermal expansion and rotation, quartz phase transition and mineral particle decomposition in different temperature intervals.
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Figure 1. X-ray diffraction (XRD) patterns with different heating temperatures from 25 °C to 900 °C. 
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Figure 2. Changes of lattice constants of quartz, albite and calcite from 25 °C to 900 °C. 
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Figure 3. The FWHM curves of crystal surface of (a) quartz; (b) albite; and (c) laumontite. 
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Figure 4. Microstrain curves as a function of temperature for quartz, calcite and albite. 
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Figure 5. Dislocation density of quartz as a function of temperature. 
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Figure 6. TGA curve changes of sandstone during heating treatment. 
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Figure 7. SEM images of sandstone samples after different temperature treatments. (a) 25 °C; (b) 200 °C; (c) 400 °C; (d) 600 °C; (e) 800 °C. 
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Figure 8. Morphological sketches of crack aggravation with temperature. (a) 25 °C; (b) 200 °C; (c) 400 °C; (d) 600 °C; (e) 800 °C. 
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Figure 9. Comparison results between the peak strength and the total length of cracks with temperature. 
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Figure 10. Diagrams of the microstructure development process of quartz crystals. 
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Table 1. The main parameters of the X-ray diffraction instrument and test condition.
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	Version
	Voltage and Current
	Anode
	Radius of Measuring Instrument
	DS
	SS



	D8 Advance
	40 kV, 30 mA
	Cu
	250 mm
	0.6 mm
	8 mm



	Filter
	Detector Opening
	Primary and Secondary Soller Slit
	Scanning Speed
	Sampling Interval
	



	Ni
	2.82°
	2.5°
	0.2 s/step
	0.01945°
	











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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