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Abstract

:

The use of aluminum-rich clays and bauxites as refractory materials is common. Upon firing, these materials form mullite crystals in the shape of needles embedded in a siliceous and vitreous matrix, with mullite being responsible for the refractory properties. In this study, bauxite samples for use in refractory applications have been characterized. Chemical analysis revealed that the alumina content varied between 34 and 40%, with silica values generally being high (around 40%), except for one sample (26%). Two samples were found to be the most suitable for use as “refractory clay” refractories. However, high silica or Fe oxide contents can affect mineralogical transformations at high temperatures. Mineralogical analysis confirmed the presence of several minerals in the bauxite materials, including kaolinite, halloysite, anatase, rutile, gibbsite and boehmite. Differential thermal analysis (DTA) showed the decomposition of gibbsite and its partial transformation to boehmite and alumina, and the dehydroxylation of kaolinite, with primary mullite crystallization observed at a high temperature. These findings provide valuable information for the selection and optimization of bauxite materials for refractory applications, considering their chemical composition and mineralogical characteristics.
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1. Introduction


Knowledge about the nature, genesis, properties, and applications of refractory materials is one of the main topics in research and technological developments carried out in the field of ceramic materials [1]. Refractory materials can resist high temperatures (about or above 1500 °C) without experiencing breakage or deformation. A high melting point, mechanical resistance at high temperature and resistance to chemical attack characterizes them. The main applications of refractory materials include refractory bricks for kilns and furnaces, crucibles, thermocouple lining, cements, etc. [2,3,4,5,6,7,8].



One of the most important traditional refractory materials is made of aluminum-rich raw clays and bauxites, commonly referred to as “refractory clays”. These include kaolinite clays, bauxite and lateritic clays, which are composed of high alumina and moderate melting components such as alkaline and earth alkaline elements, silica or iron oxide.



Bauxites and lateritic clays are products from the weathering and leaching of a variety of rocks, typically found in tropical or subtropical climates with high precipitation rates [9,10]. The weathering process results in the destruction of the primary silicates in the rocks and the leaching of alkaline and alkaline earth elements, as well as silica, leading to an enrichment in aluminum (Al) and iron (Fe), which are practically insoluble between pH 4 and 10. This results in the formation of clay minerals of the kaolinite type, as well as oxy-hydroxides of iron and aluminum [11]. Typically, these clays contain bauxite minerals such as gibbsite (Al(OH)3) and other aluminum oxides (boehmite and diaspore, AlO(OH)), kaolinite (Al2Si2O5(OH)4) and other minor components [12]. Bauxites can occur in different forms, varying significantly in their physical properties, such as being massive or earthy, pisolitic, nodular, cellular, vermicular, etc. High-quality bauxites are generally light gray, although there are also darker colored bauxites rich in organic matter.



High-quality bauxite deposits with alumina content greater than 47.5% are desirable to produce high alumina bricks. However, the depletion of such high-quality bauxite deposits has led to the increased use of aluminum clays with lower alumina content, down to 40%, as a replacement. While the alumina content is slightly lower in these aluminum clays, they can still be used in the production of refractory materials, albeit with some adjustments in formulation and processing conditions to compensate for the lower alumina content [3]. This allows for the continued use of refractory clays as a viable raw material for refractory production, even with the decrease in high-quality bauxite deposits.



After firing, the structure of this material consists of needle-like mullite crystals in a siliceous and vitreous matrix with some impurities [13,14,15]. Mullite is responsible for the refractory properties of this material due to its very low thermal expansion coefficient and an excellent thermal shock resistance. However, the use of bauxite as a refractory raw material is dependent on other components [16,17]. Impurities such as iron oxy-hydroxides and titanium oxides decrease the melting point and cause deformation that deteriorates the properties of refractory at high temperatures [16,18]. In silica–aluminum systems, mullite melting starts at 1828 °C, while the presence of iron decreases the melting point down to 1205 °C [18,19]. Alkaline and alkaline earth oxides constitute fluxes, which decreases the melting temperature even at low concentrations [20,21,22]. Free silica also reduces the refractory properties and the quality of the final product due to its contribution to increased contraction of the refractory [23,24]. Therefore, the quality of natural bauxite for refractory production depends on its mineralogical and chemical characteristics.



In the northeastern part of the Iberian Plate, where the Iberian Range is situated, a seasonal subtropical climate prevailed during the Upper and Lower Cretaceous periods. These climatic conditions were conducive to the formation of clay deposits enriched with kaolinite and illite, as well as bauxites and lateritic clays [25,26,27]. More precisely, extensive bauxite reservoirs are predominantly distributed along the emerged areas of the region [28].



According to data from the Mining Statistics of Spain (2021) [29], the production of refractory clays has reached values of over 640,000 tons, with approximately 40% of Al2O3 distributed among a few dozen operations in the study area, and with a capital value close to EUR 35 million.



The objective of this study is to analyze the ceramic properties of selected bauxite samples from the southeastern region of the Iberian Range, specifically the Maestrazgo zone in Spain. This study aims to evaluate the impact of the chemical and mineralogical composition of the bauxite samples on their suitability for use as refractory materials.




2. Materials and Methods


Four samples were collected from the Lower Cretaceous karst bauxite deposits outcropping the SE of the Iberian Range (Maestrazgo zone) (Figure 1). The samples, labeled as F2-X, F2-Y and F4-4 (from Fuentespalda, Teruel) and FR-9 (from Fredes, Castellón), were selected for this study. These bauxite deposits are found as small bodies filling karst cavities that have developed in Jurassic limestones [25,30,31] (Figure 2).



The materials were characterized chemically and mineralogically. The chemical composition was determined using X-ray fluorescence (XRF) analysis with a Panalytical AXIOS equipment. The samples were prepared in a glass bead with a sample-to-lithium borate flux ratio of 1/9, using milled and sieved samples passing through a 100 μm sieve.



The mineralogical analysis was conducted using X-ray diffraction (XRD) with a Bruker D8 Advance A25 powder diffractometer equipped with a Linxeye linear detector. The analysis was performed under standard conditions including Cu kα radiation (λ = 1.54056 Å), 40 kV and 30 mA, with a scanning range of 3–70° (2θ), a step size 0.015° and time per step of 0.1 s. Divergence slit 0.5°, Ni filter and sample rotation at 30 r.p.m. were used. The patterns were obtained by the powder method, using a side-loading sampler holder to ensure maximum random orientation. The clay fraction was studied by orientated aggregates of the <2 μm fraction, after air-drying, ethyleneglycol solvation and heating at 550 °C. The patterns were performed between 3 and 40° (2θ), with a divergence slit of 0.1°, and the remaining conditions were identical to those used in the powder samples.



A semi-quantitative mineralogical analysis was performed using a quantitative mineralogical approach. Diagnostic reflection areas were measured, considering the full width at half maximum (FWHM), and corrected by empirical factors based on the methods proposed by [32,33,34]. The percentages of the different clay minerals were then calculated from the areas of the diagnostic basal diffraction of the phases in the glycolated clay fraction. The halloysite/kaolinite ratio was determined using the method proposed by Aparicio and collaborators [35], which involves fitting the 002 reflections from kaolin in the pattern.



In addition to XRD, the mineralogical analysis was supplemented with differential thermal and thermogravimetric analysis (DTA/TG). DTA/TG was conducted using a Netzsch STA 409 PC instrument, with a heating rate of 10 °C min−1, ranging from 30 to 1200 °C, under N2 atmosphere at a flow rate of 50 mL min−1, and utilizing alumina crucibles.



The structural order of kaolinite was determined using two methods. First, the AGFI index [36,37] was calculated from the XRD powder patterns. Secondly, an evaluation of symmetry was executed concerning the endothermic signal manifesting ca. 575 °C in the patterns of DTA [38].



The ceramic technological properties were studied using the following methods:




	(a)

	
Observations by tunnel heating microscopy using a Termolab tubular oven, model TA1600 (Termolab, Aveiro, Portugal), with a diameter of 65 mm, capable of reaching temperatures above 1500 °C. Cylindrical test pieces measuring 5 mm in diameter and 10 mm in length, obtained by dry pressing 0.20 g of the sample at 1 kN, were subjected to a heating curve of 20 °C min−1 up to 1000 °C, followed by 10 °C min−1 up to 1500 °C for observation and analysis.




	(b)

	
The evolution of the XRD mineralogical phases during heating was analyzed using an internal standard (15% wt. of zincite, Sigma Aldrich, Steinheim, Germany). The same conditions as for the raw materials were applied. The cylinder samples tested were fired at temperatures of 1100 °C, 1200 °C, 1300 °C, 1350 °C, 1400 °C and 1450 °C in a programmable high-temperature oven Thermolyne brand, model Type 46120 (Thermolyne-ThermoFisher Scientific, Waltham, MA, USA), in oxidizing atmosphere, with a heating rate of 2 °C min−1 and a soaking time of 2 h. The XRD patterns were obtained and analyzed for mineralogical phase changes during the heating.




	(c)

	
Water absorption and open porosity were determined by Archimedes’s immersion technique, following the ASTM C20-00(2022) standard [39]. The samples were immersed in boiling water, and the change in weight was measured to determine water absorption and open porosity. Apparent density was determined using a helium pycnometer (Pentapycnometer 5200e, Quantachrome Instruments, Boynton, FL, USA), which measures the volume of gas displaced by the sample, allowing for the calculation of apparent density. Linear shrinkage was determined by measuring the change in sample length after drying at 110 °C and after firing at different temperatures. The percentage of linear shrinkage was calculated based on the initial and final sample lengths.




	(d)

	
The point load strength was determined using a Point Load ELLE International (Gdańsk, Poland), following the standard test method [40].




	(e)

	
The color variation with temperature was measured using an X-rite model SP 60 spectrophotometer (Grandville, MI, USA). The measurements were expressed in the CIE L* a* b* scale, which is a standardized color scale using in colorimetry.




	(f)

	
Dilatometric analysis was performed using an L75PT vertical dilatometer (DIL Dilatometer, TA Instruments, Hüllhorst, Germany), with test cylinders of 5 mm diameter and 10 mm length that were previously fired at 1200°, 1300° and 1400 °C. The rate of firing was 5 °C min−1, and the analysis was carried out in the temperature range of room temperature to 1000 °C.










3. Results


3.1. Sampling Characterization


The alumina content varies between 34 and 40%, and silica values are generally high (ca. 40%), except in F2-Y (26%) (Table 1). The alkaline and alkaline earth elements/metals are quite low, except for sample FR-9 with 0.47% K2O. TiO2 is present in all samples ranging from 1.7 to 2.7%. Iron ranges from 0.58% Fe2O3 in sample F4-4 to nearly 16% in sample F2-Y. Considering the high alumina and low silica content, F4-4 and F2-Y are best suited for refractory “fireclay refractory” uses [8,41]. However, it is important to consider how high contents in silica or Fe oxides may affect mineralogical transformations at high temperatures.



The mineralogical composition agrees with the chemical data, as verified by rational mineralogical analysis [42]. The bauxite materials are composed of kaolinite (with halloysite in FR-9) and traces of anatase and rutile (Table 2). The hematite content is variable, with a significant amount (16%) found in F2-Y. This sample also contains aluminum-rich phases such as gibbsite and boehmite.



The results obtained by DTA showed the decomposition of gibbsite and its partial transformation to boehmite and alumina at ca. 310 °C and 445 °C, consistent with previous studies [43,44,45,46,47,48]. The dehydroxylation of kaolinite occurred about 560 °C, and the primary mullite crystallization was observed at 950 °C (Figure 3).



The degree of structural order of kaolinite, as determined by the AGFI index [37], showed the following sequence: F2-Y > F2-X > F4-4 > FR-9, with the last sample showing the presence of halloysite (Table 3). Similar results were obtained using the index of Bramao [38], except for sample FR-9, which showed a high structural order from low to high defect kaolinite. The structural order of kaolinite is a very interesting property in raw materials used for refractory applications, as it is directly proportional to the temperature of “secondary mullite” formation and is related to the total amount of mullite.




3.2. Ceramic Behavior


3.2.1. Mineralogy at High Temperature


During the firing treatment, the kaolin minerals, anatase, boehmite and gibbsite were destroyed, while mullite and cristobalite crystallized, as shown in Figure 4. Rutile and hematite remained stable up to 1450 °C. In F2-Y, corundum, magnetite and ilmenite were formed starting from 1200 °C. The content in kaolinite, gibbsite and boehmite, as determined by XRD, was consistent with that established by TG analysis.



The content of mullite (reflections 210 and 110) increased with temperature in all samples (Figure 5). The relative percentage of mullite decreased in the order F2-Y > FR-9 ~ F2-X > F4-4, which does not entirely agree with alumina content. Cristobalite showed the highest relative percentage in samples F4-4 and F2-X, which is consistent with their silica content (Table 1). In those samples, cristobalite increased with temperature and remained in higher concentrations than mullite. On the contrary, in samples F2-Y and FR-9, cristobalite decreased with temperature, probably due to an increase in the silica amorphous phase up to 1450 °C caused by the dissolution of cristobalite [49].




3.2.2. Textural Effects


Figure 6 displays the observation made using a tunnel heating microscope, showing the behavior of the specimens during firing at temperatures above 1000 °C. The results indicate that firing at temperatures above 1000 °C leads to contraction, likely due to an increase in the vitreous (glassy) phase. Likewise, this contraction can be also attributed to the solid-state sintering of kaolinite (and halloysite), leading to the subsequent neo-formation of mullite and cristobalite phases [50,51]. This contraction was observed to persist up to the final temperature of 1500 °C in the experiment. The most significant contraction of the specimens occurred between the temperature range of 1000–1200 °C. This information provides insight into the physical changes and behavior of the specimens during the firing process, particularly about their dimensional changes.



In the case of sample F2-Y, the observations made using a tunnel heating microscope reveal an interesting phenomenon between 1300 and 1400 °C. In addition to the contraction, there is a diffusion of gases toward the surface, causing the expulsion of particles (Figure 6, F2-Y at 1300–1400 °C). This phenomenon is attributed to the behavior of iron oxide, which undergoes changes during firing in an oxidation environment. At temperatures up to approximately 1200 °C, iron oxide remains as Fe2O3, but it is then thermally reduced to Fe3O4 on its way to becoming FeO. The complex iron oxide molecule is unable to maintain its state at these high temperatures, resulting in the release of an oxygen atom that bubbles to the surface of the hot glaze, carrying some iron with it. When oxygen reaches the surface, it releases the iron while leaving the glaze, creating spots with higher concentrations of iron oxide (Figure 6, F2-Y at 1300–1400 °C). With further heating, these spots begin to melt and run down the pot, resulting in a distinctive “hare’s fur” effect [52]. This phenomenon provides insight into the dynamic behavior of the samples during firing and the resulting effects on the surface appearance and composition of the glaze.



Based on the findings of this study, it appears that the melting point was not reached in F2-Y as expected, despite its high iron content [53]. This could be due to the incomplete reduction of ferric oxides (Fe2O3) to ferrous oxide (FeO) during the firing, as evidence by the presence of magnetite (Fe3O4) up to 1450 °C (Figure 4). The relatively low SiO2 content in F2-Y may not favor the reaction between the complex iron oxide molecule and silica at those temperatures, which would typically result in the formation of FeSiO3 and a decrease in the melting temperature of the glaze. This incomplete reduction of ferric oxide and the presence of magnetite may contribute to the observed behavior of F2-Y during firing and its failure to reach the expected melting point. This information offers an understanding of the intricate interactions among various components of the sample and their impact on the melting behavior during firing.




3.2.3. Gresification Properties


All samples fired at 1100 °C exhibited a linear shrinkage of less than 10%, except for FR-9, which showed approximately 12% linear shrinkage (Figure 7). This higher linear shrinkage in FR-9 can be attributed to the increased formation of the liquid phase at this temperature, likely due to the presence of fluxing agents such as K2O, CaO and MgO (Table 1). The reduced open pores in FR-9 was caused by the densification of this material.



The generalized decrease (until at least 1400 °C) in linear shrinkage is primarily attributed to the formation of mullite, glass and the quartz–cristobalite phase transformation, which result in pore closure [8,54]. Water absorption values of samples fired at 1450 °C were close to 0%, except for FR-9, which exhibited a sharp increase at 1400 °C. This increase probably is attributed to the formation of micro-cracks due to the presence of high alkaline earth elements and Fe oxides. Additionally, the linear shrinkage of FR-9 showed a sharp change after 1400 °C, indicating significant changes in its sintering behavior at higher temperatures.



The apparent density of F2-Y is notably high, with a value exceeding 3 g/cm3, which is likely attributed to its high mullite/cristobalite ratio. The open porosity of F2-Y decreased as a result of the expansion associated with the polymorphic transformations of quartz–cristobalite and the formation of glass that occur on firing at high temperatures [55]. This reduction in porosity leads to a decrease in volume while simultaneously improving the mechanical properties of the material.



Hence, based on the gresification diagrams, it can be concluded that the optimum firing range for all samples is 1400–1450 °C, except for FR-9, which should be fired a slightly lower temperature between 1300–1400 °C due to the formation of micro-cracks.



The color evolution with the temperature, as depicted in Figure 8, reveals that the F2-X and F4-4 samples exhibit a whitish coloration up to 1400 °C, characterized by the high value of L* and the low values of a* and b*. Subsequently, F2-X acquires yellowish and reddish hues beyond 1400 °C. On the other hand, the F4-4 sample maintains an unchanged tonality across the entire temperature range. In contrast, the F2-Y and FR-9 samples display a reddish coloration initially, which transitions to dark gray starting from 1350 °C, as evidence by the decrease in a* and b* parameters.



These color changes during heating can be attributed to various factors, including the formation of different phases, changes in the composition and crystal structure of the samples, and the occurrence of chemical reactions, which can influence the absorption, reflection and transmission of light, resulting in different color appearances. The color changes observed in the samples provide valuable information about their thermal behavior and can be used to understand the firing process and optimize the firing conditions for desired color outcomes in ceramic materials.




3.2.4. Dilatometric Behavior


Dilatometric tests (as shown in Figure 9) conducted on samples previously fired at 1200°, 1300° and 1400 °C revealed a pronounced expansion between 100 and 200 °C, except in F2-Y. This expansion, resulting in a volume change up to 3%, is attributed to the presence of cristobalite, which undergoes α↔β transformation between 160° and 275 °C. This high expansion/shrinkage coefficient of cristobalite, which forms from 1200 °C due to the silica content, can reduce the number of heating cycles required. Subsequently, after the sharp expansion at low temperatures, the dilatation increases linearly from 200 °C but with a lower gradient, as expected. However, in the case of the F2-Y sample, which contains the lowest proportion of cristobalite, this change in dilatation was not significant and was not detected in the cylinder fired at 1400 °C. This indicates that the presence of cristobalite has a pronounced influence on the dilatometric behavior of the samples, particularly at lower temperatures.



In contrast, the samples F4-4 and FR-9 exhibited higher dilatation in the cylinders fired at higher temperatures, probably due to the high proportion of cristobalite relative to mullite, which is consistent with their elevated silica and reduced alumina content. Conversely, in samples F2-X and F2-Y, the dilatation was lower in the cylinders fired at higher temperatures.



Hence, based on the results obtained, F2-Y was deemed to be the most suitable sample for use as a refractory material due to its higher mullite/cristobalite ratio, which reduces the dilation and shrinkage phenomena and allows for a higher number of life cycles. On the other hand, F4-4 presented the greatest dilatometric variation, particularly at 1400 °C, due to its high content of cristobalite. However, in the range of 1200–1300 °C, F4-4 showed a lower percentage of cristobalite, while mullite remained comparable to that at higher temperatures. Consequently, the dilation value was lower, implying that a firing temperature in this range may be recommended for F4-4 to minimize dilation-related issues.




3.2.5. Mechanical Strength


The point load strength of the samples increased, while the water absorption decreased, as shown in Figure 10. This increase in strength is likely attributed to the formation of a mullite and vitreous phase, as opposed to cristobalite. However, a decrease in the strength was observed in the temperature range of 1350–1400 °C, which could be due to the formation of micro-cracks. As a result, the water absorption remained stable or even increased in this temperature interval.






4. Discussion


The use of bauxites and fireclays as refractory materials depends primarily on their alumina and silica content, but other impurities such as alkaline and alkaline earth elements, iron oxides and titanium can also affect the refractory properties [18,19]. In our case, according to the alumina content, samples F4-4 and F2Y are well suited for refractory uses. However, the high content of silica may reduce the refractory properties and the quality of the final product. As a result, sample F4-4, with 43.7% SiO2, exhibited a low mullite/cristobalite proportion, which reduces its refractory properties. Other studies have shown that iron oxy-hydroxides can deteriorate the refractory properties, cause deformation and decrease the melting point [16,18]. On the contrary, the high content of iron in sample F2-Y did not significantly affect its properties, as the reduction of hematite to magnetite started from 1300 °C, and hematite remained stable up to 1500 °C. However, iron content did impact the color of F2-Y and FR-9, which changed between 1300 and 1350 °C. In terms of alkali content, the relatively high K2O content in sample FR-9 (0.47%) appears to have affected its linear shrinkage at 1200 °C and the formation of micro-cracks at 1400 °C. It is known that even low concentrations of alkaline components can decrease the melting temperature [20,21,22].



In Al-rich systems, the refractory properties are highly dependent on the content of mullite [8]. The results of this study have shown that, more than the total content, the proportion of mullite with respect to cristobalite was a key factor. The transformation of cristobalite to amorphous silica with increasing temperatures [49] and the crystallization of mullite were observed to reduce the open porosity and volume, while increasing the mechanical properties of the studied samples [8,54]. Moreover, the mullite/cristobalite proportion also affected the dilatometric properties of the bauxite samples, reducing the dilation/shrinkage phenomena and increasing the number of life cycles.



According to the gresification diagrams, the optimal firing temperature for the samples studied was found to be around 1400–1450 °C. However, it was observed that the mechanical properties can deteriorate from 1400 °C onwards, likely due to the formation of micro-cracks. This effect was particularly notable in sample FR-9, which may require a lower firing temperature of 1300–1400 °C to avoid micro-crack formation. In the case of sample F4-4, the high content of cristobalite caused significant dilatometric variation, which may reduce the number of life cycles. Therefore, the optimal firing temperature for F4-4 may be around 1200–1300 °C to minimize dilatometric variation. On the other hand, sample F2-Y, with a high mullite/cristobalite proportion, exhibited better refractory properties, with reduced dilation/shrinkage phenomena and an increased number of life cycles. However, due to its iron content, the color of F2-Y can change between 1300 and 1350 °C. Therefore, reducing the iron content in samples F2-Y and FR-9 could potentially improve their ceramic properties.




5. Conclusions


In conclusion, the refractory properties of bauxitic materials are influenced by their chemical and mineralogical composition. A silica content higher than 40% can reduce the refractory properties and the quality of the final product. Other components, such as iron oxy-hydroxides, alkali and alkaline earth elements increased the linear shrinkage and caused the formation of micro-cracks, especially at 1400 °C, as observed in sample FR-9 with a low content in alumina.



Sample F2-Y, with a high proportion of alumina and iron and relatively low silica content, exhibited good refractory behavior with high mechanical strength and a high number of life cycles, thanks to its low cristobalite content. However, the color change at 1300–1350 °C and the high iron content could be improved through techniques such as magnetic separation or chemical leaching.



FR-9 showed promising refractory behavior due to the high amount of mullite produced at high temperatures, but its high alkaline earth and Fe-oxide content lowered the optimal firing temperature to 1300–1400 °C.



On the other hand, F2-X and F4-4 were found to have relatively high cristobalite content and low mechanical resistance, limiting their suitability for refractory applications. They may be used as refractories fired at 1200° or 1300 °C, but with a moderate number of heating cycles.



In summary, the mullite/cristobalite proportion, silica content, iron content and other chemical components play critical roles in determining the refractory properties of bauxitic materials, and optimizing the firing temperature and employing techniques such as the separation or reduction of certain components can potentially improve their refractory behavior for various industrial applications. Further research and optimization of processing conditions are recommended to fully understand and utilize the refractory properties of these materials.
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Figure 1. Geological setting and sampling location (with start symbol). 
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Figure 2. Karstic pocket filled with bauxite materials (Fuentespalda, Teruel). 
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Figure 3. DTA/TG curves of sample F2-Y. 
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Figure 4. Comparison between XRD pattern of raw and fired samples (diffraction patterns have been offset along the Y-axis). Kaol: kaolinite, Kaol+H: kaolinite + halloysite, Ant: anatase, Rt: rutile, hem: hematite, Gbs: gibbsite, Bhm: boehmite, Mul: mullite, Crs: cristobalite, Crn: corundum, Ilm: Ilmenite, and Mag: magnetite. 
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Figure 5. Crystalline phase (cristobalite and mullite) evolution with temperature (1200 to 1450 °C) as determined by XRD using zincite as internal standard (Sigma Aldrich, Steinheim, Germany). 
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Figure 6. Textural evolution with temperature by tunnel heating microscopy. 
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Figure 7. Influence of firing temperature on the sintering parameters: linear shrinkage (L.S.), water absorption (W.A.), apparent density (A.D.) and open porosity (O.P.). 
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Figure 8. Color variation during heating. 
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Figure 9. Thermal expansion curves over the range from room temperature (RT) to 1000 °C. 






Figure 9. Thermal expansion curves over the range from room temperature (RT) to 1000 °C.



[image: Chemengineering 08 00013 g009]







[image: Chemengineering 08 00013 g010] 





Figure 10. Variations in the point load strength and water absorption with temperature. 
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Table 1. Major oxide composition (% wt.) by XRF.
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	Sample
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	Ti2O3
	P2O5
	SO3
	LOI





	F2-X
	41.11
	37.34
	4.60
	0.11
	0.14
	N.D.
	N.Q.
	2.68
	0.06
	0.23
	13.61



	F2-Y
	26.44
	39.68
	15.78
	0.15
	0.28
	N.Q.
	0.05
	2.24
	0.12
	0.28
	15.01



	F4-4
	43.72
	38.91
	0.58
	0.16
	0.17
	0.04
	0.05
	1.95
	0.05
	N.D.
	14.34



	FR-9
	39.59
	33.90
	9.32
	0.35
	0.56
	N.D.
	0.47
	1.69
	0.09
	0.22
	14.04



	LoD
	0.01
	0.01
	0.01
	0.01
	0.04
	0.01
	0.02
	0.03
	0.01
	0.22
	



	LoQ
	0.02
	0.02
	0.02
	0.02
	0.05
	0.03
	0.03
	0.10
	0.02
	0.23
	



	εr
	0.012
	0.020
	0.058
	0.007
	0.047
	0.038
	0.028
	0.061
	0.025
	0.063
	0.01







Note: LOI—Loss on Ignition; LoD—Detection Limit; LoQ—Quantification Limit; N.D.—Not Detected; N.Q.—Not Quantified; εr—Relative Error.













 





Table 2. Mineralogical composition of the raw materials (whole sample and <2 µm fraction).
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Samples

	
Whole Sample

	
<2 µm Fraction




	
Phy

	
Hm

	
Ant

	
Rt

	
Gbs

	
Bhm

	
I

	
Kaol

	
H

	
Chl






	
F2-X

	
93

	
tr

	
tr

	
tr

	
-

	
-

	
-

	
100

	
-

	
tr




	
F2-Y

	
55

	
16

	
tr

	
tr

	
12

	
12

	
-

	
100

	
-

	
-




	
F4-4

	
100

	
-

	
tr

	
tr

	
-

	
-

	
-

	
100

	
-

	
-




	
FR-9

	
95

	
5

	
tr

	
-

	
-

	
-

	
tr

	
77

	
17

	
tr








Note: tr—Trace (<5%); Phy—Phyllosillicates; Hm—Hematite; Ant—Anatase, Rt—Rutile; Gbs—Gibbsite; Bhm—Boehmite; I—Illite; Kaol—Kaolinite; H—Halloysite; Chl—Chlorite.













 





Table 3. Structural order in kaolinite by XRD (AGFI) and DTA (Bramao index).
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	Sample
	
	AGFI
	Bramao Index





	F2-X
	Medium defect kaolinite
	1.17
	1.563



	F2-Y
	Low defect kaolinite
	1.55
	1.864



	F4-4
	Medium defect kaolinite
	1.18
	1.589



	FR-9
	High defect kaolinite and halloysite
	0.64
	1.800
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