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Abstract

:

Interfacial reaction between quartz and potassium silicate glass was studied at both 900 °C and 1000 °C. The results showed that no phase transformation was observed for the pure quartz at 900 °C or 1000 °C. Instead, for quartz particles in K2O-SiO2 glass, the transformation from quartz to cristobalite occurred at the quartz/glass interface at first, and then the cristobalite crystals transformed into tridymite. The tridymite formed at the interface between particles and glass became the site of heterogeneous nucleation, which induces plenty of tridymite precipitation in potassium silicate glass. The influential mechanism of firing temperature and size of quartz particles on transformation rate was discussed.
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1. Introduction


Silica is one of the most abundant species on the earth’s crust. This polycrystalline mineral has entered several rock compositions, which makes it the most common compound on the earth. However, silica is a substance with various polymorphs, namely quartz, cristobalite and tridymite [1,2,3]. As a result, with the variation of mole temperature and pressure, phase transformation often occurs, which most likely affects the deformation, thermoelastic and strength properties of rocks at different depths [4,5,6].


  quartz  ↔  870   ° C   tridymite  ↔  1470   ° C   cristobalite  



(1)







In fact, the phase transformation of silica has stimulated a long history of experimental and theoretical investigations. At the beginning of last century, Finner [7] used Na2WO4 as a flux, and assuming that it would act as a catalyst, determined the following stability relations among quartz, cristobalite and tridymite.



According to Fenner’s results, the reversible phase transitions of quartz to tridymite and tridymite to cristobalite occur at 870 °C and 1470 °C, respectively. This classical study on the stability relationship among three polymorphs of silica is considered as the foundation of silicate system for nearly half a century. However, this relationship was repeatedly challenged by many researchers, especially in the 1950s. Buerger [8] first suggested that the tridymite, which possesses more open structure than quartz, actually requires the presence of impurities, such as sodium and potassium, for stability. In 1956, Flörke et al. [9] removed the impurities, such as Na, Ca, and Al, in synthetic tridymite by method of electrolysis and found that the tridymite turned into quartz below 1050 °C and cristobalite above 1050 °C. Moreover, they contended [10,11] that tridymite is a real phase in SiO2 system only when impurities, such as foreign ions exist. Tuttle and England [12] demonstrated that formation of tridymite occurs in the presence of impurities except water. However, in a parallel study, Hill and Roy [13] prepared tridymite using only pure H2O or D2O as a flux. Holmquist [14] systemically studied the transformation of quartz and found tridymite could not form without the presence of alkali oxide. In addition, cristobalite formed first as an intermediate phase during the conversion from quartz to tridymite with the presence of an alkali oxide.



At the end of last century, Hand and Stevens [15,16] restudied the transformation of quartz by XRD and thermal analysis and reported that a flux or mineralizer, such as sodium carbonate or potassium carbonate, is required for tridymite formation and even in this case cristobalite is produced before any tridymite is observed. Nowadays, although there are some reports about the formation of tridymite without the presence of mineralizer, it is generally accepted that tridymite exists only if a small amount of impurities, such as alkali oxides, is present [17,18].



Silica is often used as filler for enamel, glass-ceramics and potassium silicate coatings. In these coatings, alkali metal flux, such as K2O, is often added to assist the coating sintering at relatively low temperature. In the presence of these fluxes, the phase transition mechanism of silica crystal is still unclear, but of crucial importance is the phase transition of silica to the high temperature service behavior of these coatings. For example, the volume change caused by the transformation of quartz to tridymite may cause the coating to fail to expand. However, the microstructure evolution along with this phase transformation is still unclear. The morphology of each polymorph of silica is absent in the open literature. Therefore, it is necessary to study the microstructure evolution of silica phase transition, and to the clarify growth mechanism of tridymite and cristobalite in the phase transition process.



In this work, aqueous solution of potassium silicate was used as the mineralizer. Interaction between quartz and potassium silicate glass after exposing at 900 °C and 1000 °C for different time periods was studied by scanning electron microscope (SEM). Special attention was focused on comparing and discussing the microstructure evolution of quartz during high temperature exposure.




2. Experimental Procedure


The aqueous solution of 40 wt.% potassium silicate (Dayang Chemical Plant, Dalian, China) was used as the source of potassium silicate glass, the ratio of the SiO2 to K2O in the solution is about 3:1. The content of impurities in the solution: Fe < 0.03 wt.%, S < 0.03 wt.%, p < 0.03 wt.%. Two kinds of quartz powders of different size were used, shown in Figure 1. The diameter of the coarser quartz powders is 10–40 μm (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). The finer powders were 1~10 μm in size, which were prepared by ball milling the coarser quartz powders in an agate mortar. The quartz powders are analytical reagent, the composition of the quartz powder is shown in the Table 1.



The process to prepare the specimen is as follows: (1) quartz powder is added into potassium silicate aqueous solution, and slurry is formed by ball milling (the weight ratio of quartz to aqueous solution in the slurry is about 1:2); (2) dumping the dispersed slurry into a die made by polytetrafluoroethylene (PTFE) and solidifying in air at room temperature for 72 h; (3) baking the solidified specimens in an oven for 24 h at 70 °C, 12 h at 120 °C and then 12 h at 260 °C to eliminate the water in the specimens.



The high temperature exposure of the above specimens was conducted in muffle furnace, whose temperature has been elevated to 900 °C or 1000 °C. In order to investigate the effect of potassium silicate on the phase transformation of quartz, pure coarser quartz powders were also fired at 900 °C and 1000 °C. After exposure at high temperature for a certain time, the specimens were taken out of the furnace and cooled down to room temperature in air.



Each exposed specimen was cut into two parts, one was ground and polished to observe the microstructure by SEM (FEI INSPECT F 50, FEI, Hillsboro, Oregon, USA) with an EDS (OXFORD X-Max, Oxford Instruments, Oxford, UK). And the other part was milled into powders by mortar, and then analyzed by X-ray diffraction (Panalytical X’ Pert PRO, Cu Ka radiation at 40 KV, PA Analytical, Almelo, The Netherlands). The step-scanning mode was used with a step size of 0.02°.




3. Results


3.1. Phase Evolution of Quartz and Potassium Silicate Glass at 1000 °C


The XRD patterns for the quartz powders during exposure at 1000 °C are shown in Figure 2. It can be noted that quartz is the only phase observed in the XRD patterns even after exposure for 96 h, which means no transformation occurring for pure quartz powder. Similar results were reported by Stevens [19], where they found quartz is a relatively stable phase in the pure silica system at 1000 °C. XRD pattern for the potassium silicate after holding at 1000 °C for 96 h is shown in Figure 3. Broad peak appearing around 20–30° could be well indexed to the existence of amorphous phase. Except for this broad peak, no other obvious peaks were found, indicating the good stability of potassium silicate glass at this temperature.




3.2. Phase and Microstructure Evolution of the Coarse Quartz-Potassium Silicate Glass Composites at 1000 °C and 900 °C


The XRD patterns of the coarse quartz-potassium silicate glass composite during exposure at 1000 °C and the relationship between the relative content of each phase (analyzed by XRD data) and exposure time are shown in Figure 4. With the extension of exposing time, the diffraction peaks of quartz became weaker gradually and totally disappeared after 96 h. The peaks of cristobalite were observed after exposing for 3 h and became stronger in the following 2 h. However, the cristobalite started to diminish after exposing for 10 h and no peaks of cristobalite could be observed after 48 h. In comparison, the peaks of tridymite appeared after exposing for 5 h and their intensity kept increasing. When the exposure time extended up to 96 h, tridymite was the only crystal in the specimen.



Figure 5 shows the back scattered electron images of the coarser quartz-potassium silicate glass composite during exposure at 1000 °C for different times. Three phases with different contrast were observed in the Figure 5a,b. According to the EDS analysis, the phase A is composed of 63 at.% O, 27 at.% Si and 10 at.% K, so it should be the potassium silicate glass, which is transformed by the aqueous solution of potassium silicate. Phase B and C are composed of 66 at.% O and 33 at.% Si, which corresponds to either quartz or cristobalite as indicated by the XRD patterns. As the density of quartz (2.65 g/cm3) is higher than that of cristobalite (2.34 g/cm3) [20], the morphology of quartz should be higher in brightness and contrast. Therefore, it is safe to induce that the higher brightness phase C is quartz and phase B is cristobalite.



For the amplified image in Figure 5b, it should be noted that cristobalite mainly surrounds the glass/quartz interface, especially for the small quartz particle. With the extension of exposing time, the area of cristobalite expands while the area of quartz shrinks, which means parts of quartz particles have transformed into cristobalite already after exposure at 1000 °C for 5 h. However, residual quartz can still be observed at the center of cristobalite. Additionally, rod-shaped crystallites connecting to the cristobalite particles are observed (Figure 5d), which displays the composition of silica. Moreover, tridymite is a new phase after exposing for 5 h according to XRD patterns. Therefore, these rod-shaped crystallites must be tridymite. The size and number of rod-shaped crystallites grow in the following exposure (Figure 5e,f), which proves tridymite again as the intensity also becomes stronger in the XRD patterns. It should be noted that tridymite was also present in the large area continuous glass phase, in which there were no quartz particles, as indicated by the arrow in Figure 5f. This meant that not all of tridymite was transformed from the original quartz particles, and many of them were precipitated from the glass. At the same time, most of the tridymite precipitated from the glass phase was connected with the transformed quartz particles at one end.



When exposing lasts for 24 h (Figure 6a,b), the crystalline in the specimen was mainly rod-shaped tridymite, indicating most quartz particles have completed their transformation. The magnified image shows that the core-hull structure, corresponding to the residual quartz and cristobalite, still exists after exposing for 24 h (Figure 6b). In addition, the amount of tridymite precipitated from the glass increased. For the specimens exposed for 96 h, all quartz particles had completely transformed into dense and dispersed tridymite.



In comparison with quartz powder and glass, the existence of potassium silicate glass promotes the phase transformation from quartz to cristobalite and tridymite. In turn, the phase transformation of quartz also stimulated the precipitation of tridymite from glass. The microstructure evolution of quartz during exposing shows that phase transformation firstly occurs at the quartz/glass interface, and then the cristobalite transformed into tridymite with the presence of K2O. Therefore, the metastable cristobalite acts as an intermediate phase during the transformation from quartz to tridymite, which is in agreement with the proposal of Holmquist [14].




3.3. Phase and Microstructure Evolution of the Coarse Quartz-Potassium Silicate Glass Composite at 900 °C


The XRD patterns of coarse quartz-potassium silicate glass composite during exposure at 900 °C and the relationship between the relative content of each phase (analyzed by XRD data) and exposure time are shown in Figure 7. Similarly, the intensity of diffraction peaks of quartz decreases gradually. Weak diffraction peaks of cristobalite appear after exposing for 24 h. They become stronger after 240 h and then weaker gradually. The peaks of tridymite appear after 120 h and their intensity increases gradually. Tridymite is the exclusive phase until the exposing continued to 1440 h. Comparing the phase evolution at 1000 °C, phase transformation at 900 °C is much slower.



The back-scattered electron images of coarse quartz-potassium silicate glass composite during exposure at 900 °C are shown in the Figure 8 and Figure 9. Even though trace amount of cristobalite has been detected in the XRD patterns after firing for 24 h, one can distinguish them hardly from the quartz particles in the back-scattered electron images (Figure 8a,b). After exposing for 120 h, thread-like tridymite can be observed (Figure 8c,d) and its amount increased in the following exposure. The high magnification image shows that the large quartz particles are still surrounded by cristobalite (Figure 8f). It is more obvious that part of the tridymite precipitates from the glass rather than directly transforms from quartz at this temperature. Compared with tridymite formed at 1000 °C, the tridymite formed at 900 °C is much thinner and longer.



With the extension of exposure, tridymite becomes the main crystalline phase, as shown in Figure 9. Only a little residual quartz particle presents, and it is surrounded by tridymite. Quartz totally disappears after exposing for 1440 h and only rod-shaped tridymite can be observed in the specimen. However, compared with the tridymite after exposure for 480 h, tridymite after 1440 h is thicker, which means the tridymite grains grow up after the accomplishment of the phase transformation.




3.4. Phase Evolution of the Fine Quartz-Potassium Silicate Glass Composite at 1000 °C and 900 °C


In order to study the effect of particle size on the phase transformation, the transformation of fine quartz-potassium silicate glass composite was studied. The XRD patterns during exposure at 1000 °C and 900 °C and the relationship between the relative content of each phase (analyzed by XRD data) and exposure time are shown in Figure 10 and Figure 11, respectively. Tridymite appears after exposing for 3 h, which is earlier than that of coarse quartz. Moreover, the peaks of quartz and cristobalite disappear much earlier. The phase evolution during 900 °C shows that phase transformation from quartz to tridymite completes after exposing for 500 h. These results indicate that the transformation of the small quartz particles is faster than the large quartz particles.





4. Discussion


4.1. Phase Transformation of Quartz-Potassium Silicate Glass Composite


The schematic illustration of phase transformation of quartz-potassium silicate glass composite is shown in Figure 12. The phase transition of composites will be discussed in the following two aspects:



4.1.1. The Existence of Glass Favors Phase Transition of Quartz


For quartz, there is no phase transition when it is kept in air at 900 or 1000 °C for a long period of time, which is consistent with other reports [21]. However, when it is mixed with potassium silicate glass, as shown in the broken line diagrams in Figure 4, Figure 7, Figure 10 and Figure 11, obvious phase transition occurs: quartz particles first transform into cristobalite, and then into tridymite. Cristobalite is preferentially formed at the interface between quartz and glass, forming a cristobalite@quartz core-shell structure, and then cristobalite constantly phagocytes quartz inward until quartz completely disappears. At the same time, cristobalite, as a metastable phase, will further transform into tridymite, which is almost synchronous with the transformation of quartz. This can be proved by the obvious increase of cristobalite content in the line diagrams in Figure 4, Figure 7 and Figure 10 in the early stage, followed by a sharp decrease of cristobalite content, accompanied by the significant increase of tridymite content.



The phase transformation of quartz particles is mainly affected by K+ ions in glass. For SiO2, potassium oxide is a powerful mineralizer, which reacts with silica to activate the crystal lattice, thus enhancing the reaction ability and promoting the solid state reaction of quartz to cristobalite. Cristobalite appears after exposure for a certain time, which confirms further the mineralization that the cristobalite is not a stable phase in the pure silica system [19,22]. It is similar to the result of Fenner’s [1], where Na2WO4 was used as the flux. But they regarded that the flux only acts as catalyst. According to the results in the current study, the impurity also stabilizes the tridymite with open structure.



There are two reasons why quartz first transforms into cristobalite, and then into tridymite: 1. From the point of view of crystal structure, when quartz transforms into cristobalite, it only needs to change the bond angle to complete the phase transformation [23]. However, when quartz transforms into tridymite, it is more difficult to change the bond angle and rotate the [SiO4] tetrahedron around the axis at the same time than to change the bond angle only. 2. Tridymite is not a pure SiO2, in which alkali metal is needed to coordinate. The K+ ions in potassium silicate glass diffuse slowly into the second phase particles, which gives time for quartz to transform into cristobalite. However, driving by chemical potential gradient, K+ ions will continuously invade into the particles, and eventually all quartz/cristobalite will be transformed into tridymite.




4.1.2. The Phase Transformation of Quartz Promotes the Precipitation of Tridymite in Glass


Glass promotes the phase transformation of quartz, and the products of quartz phase transformation also favor the precipitation of tridymite in glass. The modulus of potassium silicate aqueous solution used in the experiment is as high as 3:1. The high content of [SiO4] tetrahedron and a large amount of K+ ions provide precursors for the precipitation of tridymite. However, without crystal seeds, it is difficult to uniformly nucleate and precipitate crystals by relying on the concentration fluctuation and structure fluctuation of glass itself. This is also the reason why the pure potassium silicate glass does not precipitate tridymite when it is kept at 1000 °C for a long time. However, the quartz particles added as the second phase are transformed into tridymite under the action of K+ ions, and become the core of nonuniform nucleation. The silica in the region close to the second phase particles in the glass will be rearranged preferentially according to the structure of tridymite, so that the tridymite in the glass grows continuously. This is also proven by the fact that one end of most tridymite are attached to the second phase particles.





4.2. The Effect of Temperature on the Phase Transformation of Quartz-Potassium Silicate Glass Composite


Phase transformation of quartz with presence of in potassium silicate glass at 1000 °C is faster than that at 900 °C, which agrees with the conclusion proposed by Pagliari [24]. This lies in the promotion effect of high temperature. Moreover, once a layer of cristobalite has formed at the glass/quartz interface, the K2O has to diffuse through the cristobalite layer and then induce the transformation of quartz, so the diffusion of K2O becomes the key step of transformation. The higher the temperature, the higher the diffusion rate. Therefore, increasing the firing temperature can accelerate the transformation.



It is widely accepted that highly ordered cristobalite only form at higher temperatures while disordered cristobalite forms in the lower temperature range where tridymite is stable [13,22]. The cristobalite crystallites forms at 900 °C and 1000 °C in this study, which is much lower than the stable temperature of crystallites reported in the literature. Therefore, the obtained cristobalite may be disordered and probably contain K+ ions but a further investigation is needed.




4.3. Size Effect of Quartz Particles on the Phase Transformation


Interestingly, the phase transformation for the fine size quartz particle is faster. The combination of the results of XRD reveals there are two reasons that should be accounted for. Firstly, the small quartz particles can supply larger glass/quartz interface area because of their higher specific surface area than the larger quartz particles. It means larger interface area can be offered by the finer particle to provide more reaction interface area at the initial stage [25]. Therefore, a higher density of cristobalite or tridymite nuclei forms at the same time, and thus improves the transformation rate. Secondly, large quartz particle is inclined to form a core-hull structure (residual quartz surrounded by the metastable cristobalite or dense dispersed tridymite). The surrounding cristobalite or tridymite hindered the diffusion of K+ ions, thus, prolonging the transformation greatly. For the small quartz particles, although the core-hull structure also formed, the surrounding cristobalite is thin and the cristobalite is easily formed to separate tridymite, thus, it is relatively easy for the K+ ions to diffuse through the cristobalite, and the transformation of quartz can be completed in a relatively short time.





5. Conclusions


The phase transformation of pure quartz and quartz-potassium silicate glass composite were studied at both 900 °C and 1000 °C by XRD and SEM. Based on the experimental results and discussion, the following conclusion can be drawn:




	(1)

	
Quartz without impurity is the stable polymorph of silica at 1000 °C;




	(2)

	
With the presence of K2O, the transformation of quartz starts at the quartz/glass interface by formation of cristobalite. But cristobalite is a metastable phase at both 900 °C and 1000 °C and transforms into tridymite;




	(3)

	
The phase transformation rate can be accelerated with increasing temperature and/or decreasing size of the quartz particles, implying that the quartz → cristobalite → tridymite transformation may be associated with the diffusion of potassium in quartz and cristobalite.
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Figure 1. Morphologies of the original quartz powders (a) coarse powders with diameter of 10–40 μm and (b) fine powders with diameter of 1–10 μm. 
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Figure 2. XRD patterns for the quartz powders after holding at 1000 °C for different time. 
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Figure 3. XRD pattern for the potassium silicate after holding at 1000 °C for 96 h. 
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Figure 4. Phase evolution of coarse quartz—potassium silicate glass composites after holding at 1000 °C for different time. 
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Figure 5. Microstructure of the coarse quartz—potassium silicate glass composites after holding at 1000 °C for different time: 3 h (a,b), 5 h (c,d) and 10 h (e,f). 
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Figure 6. Microstructure of the coarse quartz—potassium silicate glass composites after holding at 1000 °C for different time: 24 h (a,b), 48 h (c,d) and 96 h (e,f). 
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Figure 7. Phase evolution of coarse quartz—potassium silicate glass composites after holding at 900 °C for different time. 
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Figure 8. Microstructure of the coarse quartz—potassium silicate glass composites after holding at 900 °C for different time: 24 h (a,b), 120 h (c,d) and 240 h (e,f). 
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Figure 9. Microstructure of the coarse quartz—potassium silicate glass composites after holding at 900 °C for different time: 384 h (a,b), 480 h (c,d) and 1440 h (e,f). 
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Figure 10. Phase evolution of fine quartz—potassium silicate glass composites after holding at 1000 °C for different time. 
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Figure 11. Phase evolution of fine quartz—potassium silicate glass composites after holding at 900 °C for different time. 
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Figure 12. Schematic illustration of phase transformation of quartz-potassium silicate glass composite. 
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Table 1. Impurity levels in the quartz powders (data provided by supplier, wt.%).






Table 1. Impurity levels in the quartz powders (data provided by supplier, wt.%).





	Impurity
	Cl
	SO4
	Pb
	Ca
	Mg





	amount
	≤0.005%
	≤0.005%
	≤0.005%
	≤0.005%
	≤0.005%
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