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ABSTRACT 

 Refractories are well-known ceramics of chemical compositions such as Al2O3, SiO2, MgO, etc. Various 

methods or routes are employed to fabricate refractory materials. Solid-state sintering is the most common and suitable 

method utilized to fabricate refractories in the laboratory and on a commercial scale. Two experiments were conducted 

using different raw materials and different stoichiometric quantities. In this research, silica fume (SiO2 ˃ 99%), kaolin 

(Al2Si2O5(OH)4 and alumina (Al2O3) were utilized. Silica and kaolin are solid waste materials used as starting materials 

for synthesizing mullite refractory ceramics. Aluminum fluoride trihydrate was added to the appropriate reacting 

mixtures to aid the ceramic or refractory formation. 10g of Al2O3 and 4g of SiO2 were measured in the first experiment, 

while 10.2g of Al2O3 and 12.9g of Al2Si2O5(OH)4 measured in the second experiment. Three specimens were prepared 

from each of the two sets of prepared mixtures and heated at 10000C. 11000C, and 12000C in the muffle furnace. The 

specimens were ground into powder form to make them ready for characterization. SEM, XRD, EDS, and FTIR 

characterizations were done on the specimens to determine the morphology, crystallinity, chemical compositions, 

functional groups, and absorption frequencies in the fabricated composites.     
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1. INTRODUCTION 

Refractories are ceramic materials that can endure extremely high temperatures and provide insulation 

eg, mullite, alumina, zirconia, magnesia, silicon carbide, etc. [1-3]. Their properties are versatile in both 

ceramic and refractory industries for various engineering applications. The popular industries for marketing 

refractories are chemical, petrochemical, industrial heating process, power generation, and heavy industrial 

processing industries [4-6]. 

Composite refractories are not well-known on a commercial scale [7]. They are prepared by either 

conventional (traditional) or chemical methods [8]. The conventional method involves sintering the 

aluminosilicate samples at high temperatures [9-11]. Commercial quantities of refractory composites are 

nowadays fabricated in the laboratory through solid-state sintering reactions, which involve cost-effective 

starting materials [12-18]. 

Many researchers have reported the use of MgO as an additive to enhance the use of refractories in 

various applications. The utilization of MgO and AlF3.3H2O[17, 19] in the synthesis of composite refractories 

from silica is promising due to their production cost and easy availability. The powdered silica is normally 

mixed with water and other materials to form a paste during the fabrication of ceramics. Many sources (fly 

ash, rice husk, demolition wastes, blast furnace slag, volcanic ash, etc.) of Al and Si have been investigated in 

many studies. Silica is a cost-effective, finely powdered, and dark-shaded material. Kaolin is a light-shaded 

and more costly mineral than silica. This work outlines two experiments with different raw materials and an 

additive. The raw materials used in the two experiments are SiO2, Al2Si2O5(OH)4, and Al2O3, with AlF3.3H2O 

as an additive [17, 19]. The main focus of this work was to study refractory composites synthesized from silica 

and kaolin and make a comparative analysis of all products in the two experiments. Characterization 

techniques are done to determine the morphologies, crystallinity, chemical components, functional groups, 

etc. of experimental samples. It has been reported that the main refractory products identified in experimental 

analysis involving silica and kaolin are cordierite, mullite, and kyanite, proving their suitability as raw 

materials [20-22]. The properties of silica are super refractory and can therefore be employed as an alternative, 

inexpensive raw material to the conventionally used alumina.  

The process by which the particles in a refractory material bond together when fired at a regulated 

temperature is called sintering. The material needs sufficient firing to avoid breakage even when it comes in 

contact with water. Refractory materials are heat-resistant, non-metallic, inorganic materials with suitable 

physical and chemical stability when subjected to environments with extreme temperatures [14, 23-25] such 

as in industrial vessels and furnace linings where cement, metals, glass, etc are manufactured, ranging between 

6000C to 20000C. The properties of refractory materials in industrial applications are thermal stress/strain, 

mechanical abrasion, and corrosion/erosion resistance from molten solids, hot liquids, and gases [26, 27]. The 

refractory industry is essential to other manufacturing industries because other production activities would not 

be accomplished in its absence.  

The classification of refractory materials depends on their chemical components and forms, such as Al2O3, 

MgO, SiO2, CaO, ZrO2, and Cr2O3, and their combinations. The fabricated refractories can either be shaped 

or unshaped. The shaped refractories are formed by mixing, shaping, and firing. Conventional refractories 

have poor corrosion resistance and penetration, particularly in the basic environment, and structural 

fragmentation [28-30], but the issues were resolved decades ago by adding carbon to oxide-based refractory 

products.  Carbon is known to have high thermal conductivity, low thermal expansion coefficient, and non-

wettability [31-35]. 
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Refractory products made of carbon have improved physical and chemical properties than those products 

whose oxides are free of carbon [36, 37]. Carbon-based refractories are more sustainable and can be used for 

a lifetime in industrial furnace linings.   

Among the refractories present, the mullite crystalline phase of calcined reactive alumina is more 

pronounced, with better microstructure, because of its small grain size, purity, and homogeneous mixture of 

the clays [22, 38-40]. According to three Indian researchers (Neyveli, Panruti, and Udayarpalayam), the high 

loss of water in boehmite samples results in surface cracks and poor strength [11, 41, 42]. Aksay et.[43], 

reported that the main problem encountered in conventional processing methods is the presence of high 

impurities in the final products, and this can be prevented by the use of highly purified Si Al [44-46]. Hydrated 

aluminum hydroxide and silicon dioxide calcined at 13000C result in the formation of orthorhombic mullite. 

Refractory materials can be sintered, fused, or chemically based on the method of preparation [47-50]. Fused 

mullite is formed when the raw material is melted in an electric furnace, while powdered chemical mullite is 

formed by some techniques referred to as sol-gel, co-precipitation, hydrolysis, spray hydrolysis, and chemical 

vapor deposition [42, 51-53].  

2. EXPERIMENTAL METHOD 

2.1. Aim 

In general, this work was carried out to investigate refractory materials fabricated from silica fume, 

kaolin reinforced with AlF3.3H2O, using SEM, EDS, FTIR, and XRD characterization techniques to determine 

the crystalline, chemical compositions and absorption frequencies of functional compounds in the fabricated 

ceramic materials. 

2.2. Materials 

The materials involved in this experimental research are aluminum oxide (Al2O3), silica (SiO2), kaolin 

(Al2Si2O5(OH)4, and aluminum fluoride trihydrate (AlF3.3H2O). The silica (SiO2 ˃ 99%) was purchased from 

Xi’an Linyuan Silica Limited, Shaanxi Province, while alumina and aluminum fluoride trihydrate are reserved 

laboratory chemicals for research purposes.  

2.3. Instruments 

Analytical electronic balance, weighing papers, grinding mill, E-ZIRCON hydraulic press jack, 

thermostatic drier, muffle furnace (1300 ℃ maximum heating capacity), scanning electron microscope (SEM), 

x-ray diffraction (XRD), energy dispersion x-ray spectroscopy (EDS), Fourier transform infrared (FTIR), and 

jade 6 and Origin 9 software [17]. 
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2.4. Processing and Procedures 

  

 

Figure 1. Illustration of instrumental setup for sample preparation. 

Figure 1 is a display of the instrumental setup for sample processing. Refractory materials were 

synthesized by conducting two different experiments with different starting materials labeled 1 and 2. The 

three starting materials (Al2O3, SiO2, and Al2Si2O5(OH)4) were processed and secured first (10g, 4g) and 

second (10.2g, 12.9g) weight values. In experiment one (1), 10g of Al2O3 and 4g of SiO2 were combined, and 

then added 1g of AlF3.3H2O as an additive. Experiment two (2) was also demonstrated by mixing 10.2g of 

Al2O3 and 12.9g of Al2Si2O5(OH)4 with 2g of AlF3.3H2O additive. 

Three sets of specimens labeled A, B, and C were prepared from each of the two experimental 

mixtures. The three specimens were placed in a grinding mill for further mixing for 10 minutes. The samples 

are removed from the grinding mill after mixing and placed in a thermostatic drier for about 2 to 3 hours at a 

regulated temperature of 600C °C to remove the moisture content. The specimens were then molded into 

round-shaped objects using an EZIRCON hydraulic press jack before being fired into a muffle furnace that 

has a maximum heating capacity of 13000C. In the muffle furnace, the three specimens were sintered at 

10000C, 11000C, and 12000C at a constant temperature rate of 100C per minute for 4 hours. Remove the 

samples from the furnace and make them ready (granulated and powdered) for characterization. This process 

and procedure are the same for both experiments 1 and but with different reacting materials. Three 

characterization techniques (XRD, EDS, and FTIR) were used for this research. The XRD was utilized to 

identify the presence of the crystalline phases in the sintered specimens. The EDS was employed to determine 

and measure the chemical components of the specimens, while the FTIR was utilized to identify the different 

functional groups present in the prepared specimens. The EDS tool is operated by the SEM machine. The 

functional groups of the samples were determined by FTIR (Nicolet 5700, Thermo, America) in the 

wavenumber range 4500cm-1 – 500cm-1.  
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     3. RESULTS AND DISCUSSION 

3.1. Analysis of Samples Prepared From Silica Fume  

3.1.1. Scanning Electron Microscope (SEM) 

 

 

 

Figure 2. SEM micrographs of mullite samples sintered at 10000C, 11000C, and 12000C 

 

 The SEM images in Figure 2 above show the micrographs of mullite samples between 10000C to 

12000C. The samples were magnified at various resolutions ranging from 3 µm to 100 µm. The crystalline 

phases in the micrographs are mullite, kyanite, corundum, quartz, and monganite, with mullite and kyanite 

ceramics being the major phases. According to the SEM results above, the morphology of the microstructures 

does not show a significant difference in the sintered samples. The tiny crystals of mullite are seen to be 

randomly distributed in the micrographs of the three samples. The clustered, elongated, glassy-like grains and 

the bubble-like secondary mullite are observed across the micrographs of the three samples. It has been 

observed that mullite grain size increases with an increase in temperature, and the mechanism is known as 

dissolution precipitation.  
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3.1.2. Energy Dispersion X-Ray Spectroscopy (EDS) 

 

Figure 3. EDS spectrum and table for a selected silica fume sample. 

 

The EDS results above (Figure 3) show Al, Si, and O as the constituent elements in the sample. Silica 

and alumina are the two main chemical compounds shown by the EDS results. AlF3.3H2O was used as an 

additive to the reacting materials, but was not identified according to the EDS result above. This is probably 

because lighter elements or materials are not normally detected by the EDS. The percentage composition of 

Al2O3 is 81.55% while SiO2 is 18.45%. Silica and alumina were the materials used to prepare the sample, 

using a minute quantity of aluminum fluoride trihydrate as an additive. AlF3.3H2O lowers the melting point 

below 10000C and improves the conductivity of a material. The percentage weights and compositions of the 

elements are explained in Figures 4 and 5 below. 
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Figure 4. Percentage weights of elements for a selected silica sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Percentage compositions of atoms for a selected silica sample. 
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According to Figures 4 and 5 above, the percentage weights and compositions of Al are 43.16% and 

32.51% respectively. The weight of Si is 8.21% with a composition of 6.24% while O has 48.21% and 61.25% 

weight and compositions respectively. 

3.1.3. Fourier Transform Spectroscopy (FTIR) 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. FTIR spectra for samples prepared from silica fume. 

The FTIR of Figure 6 above shows the three samples experiment one sintered at 10000C, 11000C, and 

12000C. They have absorption bands with wavenumbers of 2349 cm-1, 1665cm-1, 1128cm-1, and 806cm-1 for 

samples sintered at 10000C. The sample sintered at 11000C has wavenumbers of 3480cm-1, 2349cm-1, 1656cm-

1, and 1109cm-1. The wavenumbers observed in the third sample are 3548cm-1, 2349cm-1, 1646cm-1, and 

1099cm-1. According to the FTIR spectra above, the wavenumber 2349cm-1 observed in all three sintered 

samples depicts the O=C=O stretching functional group of the carbon dioxide compound. The FTIR data for 

the samples in experiment one indicate the strong appearance of O=C=O bending in all three samples. The 

wavenumbers 1099 and 1089 show the appearance of Si-O-Si stretching. 
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3.1.4. XRD 

 

Figure 7. XRD spectrum for samples from silica fume. 

 

The XRD result in Figure 7 shows the phases of seven crystalline structures (mullite, kyanite, 

corundum, quartz, and moganite) formed in the three sintered samples. The formation of refractory crystals 

increases as the sintering temperature increases from 10000C to 12000C. Analysis of the above spectrum 

indicates that mullite and kyanite are discovered as the main refractory composite synthesized in this 

experiment. The evolution of both refractory composites begins at 2ϴ=26.80 with an intensity (I)=279.4 and 

its formation occurs along the same plane of 2ϴ in the first, second, and third samples. The fabrication of 

kyanite in this experiment is unprecedented and phenomenal, and this shows a marked difference from those 

crystalline materials fabricated in the parallel experiment that involves kaolin as raw material, from which 

mullite is the main refractory product, along with other crystalline phases. It has been reported that kyanite 

crystals can be converted to mullite when calcined above 12500C [17]. The effect of temperature increase on 

the formation of mullite and kyanite composites does not show a significant difference across the three 

samples. 
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3.2. Analysis of Samples Prepared from Kaolin 

3.2.1. Scanning Electron Microscope (SEM) 

 

  Figure 8. SEM micrographs of mullite samples sintered at 10000C, 11000C, and 12000C. 

 

 Figure 8 above shows the SEM images of mullite samples sintered at 10000C, 11000C, and 12000C 

and magnified at various resolutions. Mullite, corundum, alumina, and quartz are the main crystalline phases. 

The granular agglomerates in the microstructure are observed to be glassy, elongated, and bubble-like. The 

clustered, lengthened grains in the sample fired at 10000C with a magnification of 10 µm form the primary 

mullite. The scaly and bubble-like grains form the crystals’ secondary mullite phase at higher temperatures.  
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3.2.2. Energy Dispersion X-Ray Spectroscopy (EDS) 

 

Figure 9. EDS spectrum and table for a selected sample prepared from kaolin. 

 

Figure 9 above shows the EDS results of the samples in experiment two. It has the same constituent 

elements as those in experiment one. The major chemical compound identified in the experimental sample 

(Figure 9) is alumina, while silica is minor. Al2O3 and Al2Si2O5(OH)5 are the materials used to prepare the 

sample under investigation. The percentage weight and composition of Al in the sample are 51.71% and 

39.07% respectively, while the weight and composition of Si are 1.07% and 0.78% respectively. The 

percentage weights and compositions for a sample in experiment two are represented in Figures 10 & 11 

below. 

 

 

 

 

 

 

 

 

 



- 12 - 
 

World Scientific News 216 (2026) 12-19 

 

Figure 10. Percentage weights of elements for a selected sample prepared from kaolin. 

 

 

 

Figure 11. Percentage compositions of atoms for a selected sample prepared from kaolin. 

 

AlF3.3H2O is used as an additive in both experiments two. Comparatively, it is observed that the 

percentage compositions of Al2O3 in both experiments 1 and 2 are higher than those of SiO2. The analysis 

further reveals that the percentage composition of SiO2 in experiment two is far less than that shown in one. 

This is probably because the silica fume is composed of a higher content of SiO2 than kaolin. 

 

% composition of atoms for a sample in experiment two 

% weight of elements for a sample in experiment two 
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In summarizing the EDS analysis of the two experimental samples, it is observed that Al2O3 and Al 

show higher percentage weights and compositions for the sample in experiment two, which involved kaolin 

and alumina, than those in experiment one, in which silica and alumina were utilized. This is probably because 

the kaolin used as the starting material is an alumina silicate compound as opposed to silica ash which is 99% 

pure silica material. The compositions Al2O3 and Al in experiment two are 97.71% and 39.07% respectively.   

It is further noted that the amounts of SiO2 and Si for samples in one surpass those in two. The silica 

ash used as a starting material is purely SiO2. In experiment one, the SiO2 and Si have compositions of 18.45% 

and 6.24% respectively. The chemical compositions in both experiments involving silica and kaolin as raw 

materials successfully led to the synthesis of refractory ceramics. Alumina and silica are important 

components in the refractory industry.  

3.2.3. Fourier Transform Spectroscopy (FTIR) 

 

   Figure 12. FTIR spectra for samples prepared from kaolin. 

In Figure 12 above, the FTIR data for the three samples in experiment two also indicate the strong 

appearance of O=C=O bending in all three samples in the same way as those in experiment one. The 

wavenumbers 1099cm-1 and 1089cm-1 show the appearance of Si-O-Si stretching. Based on the analysis of all 

FTIR experimental results, it is observed that O=C=O and Si-O-Si stretching vibrations are typical in all four 

experiments. Based on all the FTIR experimental results, it is observed that O=C=O and Si-O-Si stretching 

vibrations are typical in both two experiments. 
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3.2.4. XRD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. XRD spectrum for samples from kaolin. 

 

The spectrum in Figure 13 shows the evolution of four phases of crystalline materials in the specimens. 

Mullite was identified in samples A, B, and C sintered at 10000C, 11000C, and 12000C according to the above 

result. The number of mullite crystals formed increased when the sample was sintered at a higher temperature 

of 12000C. The formation of mullite crystals starts at 2ϴ = 21.80 with an intensity (I) = 259.9 and the pattern 

of formation of these refractory materials is observed along similar planes of 2ϴ in all three samples. Several 

crystalline structures are observed across the various temperatures of the three samples in experiment one 

which can be linked to the addition of AlF3.3H2O as an additive to the mixture of kaolin (Al2Si2O5(OH)4)  and 

alumina (Al2O3) starting materials [17]. 

 

    4. CONCLUSION 

Solid-state sintering was used to fabricate mullite refractory materials from silica fume and kaolin in 

two different tests. The EDS results in experiments 1 and 2 show that Al, Si, and O are present in the fabricated 

ceramic materials. It further reveals the percentage compositions of Al2O3 and SiO2 in the synthesized 

refractory materials. On the other hand, the FTIR analysis in experiments 1 and 2 reveals the absorption 

frequencies of the Si-O-Si and O=C=O functional groups. Analysis of the XRD results in both experiments 

clearly shows the evolution of mullite ceramics. Kyanite is observed alongside mullite ceramics in the XRD 

spectrum in Figure 7. According to the analysis, the evolution of the mullite increases with an increase in 

temperature. Solid waste with significant aluminosilicate content can be used as a cost-effective raw material 

for the synthesis of ceramic materials. 
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