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Abstract: This study explored the impact of sintering temperature variations on the synthesis and 

characteristics of mullite ceramics derived from a composite blend of kaolinite clay, silica (silicon 

dioxide), and feldspar. Sintering temperatures ranging from 1100 to 1200 °C were systematically 

examined to analyze alterations in shrinkage, density, microstructure, elemental composition, and phase 

formation. The study revealed that an increase in sintering temperature led to decreased shrinkage due 

to improved particle packing and reduced porosity. Ceramic density showed a direct relation with 

sintering temperature, reaching the optimal density at 1175 °C and indicating efficient particle packing 

and compaction. Analysis through field emission scanning electron microscopy (FESEM) provided 

insights into microstructural changes, including alterations in grain morphology, porosity, and 

connectivity. Energy dispersive X-ray spectroscopy (EDS) clarified element distribution within the 

microstructure, offering valuable information on compositional variations. X-ray diffraction (XRD) 

examinations unveiled temperature-dependent phase transformations, which confirmed the successful 

formation of mullite during the sintering process. A sintering temperature of 1175 °C yielded the 

optimal ceramic quality and cost-effectiveness for high-temperature heating processes. 
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1. Introduction  

The present need for interior spaces’ environmental comfort necessitates the utilization of building 

air conditioning systems to regulate climate conditions and uphold relatively stable temperatures. To 

decrease the usage of energy, it is necessary to limit the inflow of outside air, the thermal properties 

of which are frequently distinct from those intended. This suggests the need for the creation of 

structures that are more hermetically sealed and possess superior thermal insulation. However, this 

approach can potentially result in detrimental moisture issues and diminished air quality. The 

expansion of energy demand for cooling is expected to become prevalent in buildings by 2050, with 

an average rise of more than 75%. Furthermore, the rise in power usage is followed by an increase in 

emissions of carbon dioxide (CO2) [1,2]. Therefore, it is not surprising that the scientific community 

has demonstrated a significant interest in developing materials that have potential to reduce or finally 

eliminate the need for air conditioning. One of the proposed solutions entails developing a porous 

ceramic material with an intrinsic ability to control humidity and guarantee that indoor humidity levels 

remain within the human comfort zone, which normally ranges between 40% and 70% [3].  

Ceramic tiles have adorned our living spaces for millennia, defying fads and trends to remain a 

symbol of utilitarian endurance and aesthetic appeal. A transforming process known as sintering is at 

the core of every ceramic tile journey from raw clay to works of design for buildings and interiors [4]. 

Sintering is a key stage in the production of ceramic tiles. It is sometimes described as an alchemical 

process of transforming earthy ingredients to strong and sturdy works of art. It is a process in which 

an apparently common composition of clay and minerals is exposed to the tremendous heat of 

transformation, resulting in a product of utility as well as aesthetics [5,6]. One of the most important 

technological processes in conventional ceramic manufacture is sintering. During this stage, the shape 

established in the formation phase is consolidated [7]. The interaction of various raw materials when 

exposed to heat often determines the type of product and its technical attributes, such as firing 

temperature and duration of the firing cycle. Therefore, understanding sensitivity to alterations of a 

ceramic body in the firing cycle is significant [8]. The sintering temperature influences both density 

and porosity of ceramic tiles. As temperature rises during sintering, clay particles in the raw material 

mix, soften, and partially melt. This softening process allows chemical linkages to form between 

neighbouring particles, resulting in increased density. Increased sintering temperatures often result in 

decreased porosity, which improves the resistance of tile to moisture infiltration and discoloration [9,10]. 

Ceramics based on mullite have garnered considerable attention because of their impressive 

characteristics, including outstanding thermal and electrical insulation, remarkable thermal stability, 

excellent resistance to thermal shock, a low coefficient of thermal expansion, superb resistance to creep, 

and high tolerance to damage and corrosion [11–14]. The combination of these qualities renders 

ceramics based on mullite a favoured material for an array of technical uses, such as premium-grade 

refractories, molten metal filters, substrates for electronics, carriers for catalysts, packaging for 

microelectronics, and materials for structural purposes [15–17]. Mullite is uncommon in nature due to 

the limited circumstances under which it forms. Mullite ceramics are typically manufactured on an 

industrial scale [18,19]. This mullite is used as a base material for low thermal conductivity in ceramic 

tiles. The research problem revolves around understanding how sintering temperature impacts the 

properties and characteristics of ceramic particularly for mullite based materials.  This study provides 

insights into the physical and structural properties, as well as microstructure, for determining optimal  
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sintering parameters that achieve desired material characteristics and performance in ceramics. It 

considers factors such as cost-effectiveness and energy efficiency. 

Based on the previous problems, it is important to determine the optimal sintering temperature 

conditions for achieving specific material properties in ceramics. This goal is to precisely identify the 

sintering temperature range that best matches with intended material attributes in ceramics. It will 

determine the specific temperature at which ceramics display the necessary qualities, such as a defined 

amount of density and phase composition, by systematically adjusting and testing the sintering 

temperatures. This technique guarantees that ceramic materials may be designed to satisfy the precise 

requirements of various applications, ranging from sophisticated structural components to                 

high-temperature insulators, maximizing their usability and performance across a wide range of 

industrial and technical sectors. Furthermore, it analyses the influence of varying sintering temperatures 

on the microstructural properties of ceramic materials. This goal entails conducting a thorough 

examination of how changes in sintering temperature affect the microstructure of ceramic materials. 

By subjecting ceramics to a range of sintering temperatures and carefully examining their 

microstructural properties, including grain size, porosity, and phase distribution, we aimed to discern 

patterns and correlations. This aim yields crucial insights into the fundamental associations between 

sintering temperature and internal composition of ceramics, thus guiding the optimization of sintering 

processes tailored for specific applications. In addition, it helps us to understand the phase 

transformations and crystalline structure changes in ceramics due to sintering temperature variations. 

This goal is to delve into the complex interplay between changes in sintering temperature and the 

alterations in ceramic phases and crystalline structures. This study wants to uncover the specific 

mechanisms and patterns behind these changes by submitting ceramics to varied sintering temperatures 

and conducting comprehensive analyses. Understanding how temperature affects phase transitions and 

crystal configurations is critical for customising ceramic materials for specific uses. 

2. Materials and methods 

2.1. Materials 

Ceramic samples were created by utilizing a blend of clay (kaolinite) (Anji Runxing New 

Materials Co., Ltd.), silica (silicon dioxide) (CABOT Corporation), and feldspar (MultifillaTM), 

resulting in a mixture which included microcline. The mixture had a chemical formula of 

Al2Si2O5(OH)4 + SiO2 + KAlSi3O8. The combination had a total weight of 100 g, and the individual 

component weights can be determined through the chemical equation. Furthermore, the amounts of 

clay, silica, and feldspar were 43.28, 10.07, and 46.65 g, respectively. 

2.2. Sample preparation 

To manufacture ceramic structural samples, both disk and bar shapes were employed. The bar-shaped 

samples had average dimensions of 75 mm in length, 10 mm in width, and 5 mm in height, whereas 

the disc-shaped sample had a diameter of 13 mm and 4 mm of thickness. By using a total of 100 g of 

material, five distinct ceramic combinations were created for temperatures of 1100, 1125, 1150, 1175, 

and 1200 °C. The clay and feldspar components were initially in solid form and were crushed to the 

desired consistency by using a mortar and pestle, whereas silica was in powdered form. These raw 
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materials were mixed by using ball milling to get a constant size distribution. Three sintered ceramic 

samples were produced from each mixture, resulting in a grand total of 30 sintered samples. In this 

research, sintering temperatures were determined based on a single temperature ramp-up curve. The 

temperature was raised incrementally, with a 5 °C/min, until the target sintering temperature was 

attained. Upon achieving this, the material was permitted to naturally cool to the typical room 

temperature range of approximately 25–28 °C. Before the powder was consolidated, it was warmed, 

which caused it to oxidize and prevented it from breaking free from the framework. As previously 

stated, ceramic samples were created in the shapes of bars and discs. The preference for the bar shape 

stems was due to its ability to evenly compress the powder through uniaxial loading, with dimensions 

averaging 75 mm in length, 10 mm in width, and 5 mm in height. In contrast to the square tile 

configuration, this shape necessitates a minimal quantity of material. In this technique, an SM100 

universal testing machine was utilized to create ceramic structures. At first, both disc and bar molds 

were filled with ceramic powder. Following this step, the mold was positioned within the universal 

testing machine and subjected to 20 MPa of pressure for a duration of 60 s. With enough effort, this 

process concluded in the production of bars or disc-shaped structures. These discoveries emphasized 

the critical role of dry pressing in determining the applied force on the sample. 

2.3. Material characterization 

To determine the shrinkage of a ceramic sample, its dimensions before and after firing were 

compared. Shrinkage is often stated as a percentage of the original size. Before heating the ceramic 

sample, its dimensions were measured by using a digital vernier caliper. Diameter of the ceramic 

sample was recorded. The ceramic sample was fired by using the approved firing schedule. The degree 

of shrinkage can be affected by the fire temperature and time. The ceramic sample temperature was 

allowed to drop to room temperature after firing. The cooling period was crucial because the ceramic 

may continue to change its size during this time. After the ceramic sample had cooled, its dimensions 

were again measured using the same digital vernier caliper. The diameter of the ceramic sample was 

measured after firing. To get the percentage of shrinkage for each dimension, the following formula 

was applied as in Eq 1. 

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = (
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛−𝑓𝑖𝑛𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
) × 100%   (1) 

According to Archimedes’ principle, the upward force acting on a submerged object is equivalent to 

the weight of the fluid that the object displaces. The Archimedes buoyancy method was employed for 

density determination. Dry mass was represented by Wa, mass suspended in water was represented by 

Wb, and saturated mass was represented by Wc. To calculate the density formula, the mass (Wa) of the 

sample was precisely measured by using an A&D FZ-300i EC precision balance after it was heated. 

The sample was subsequently immersed in distilled water briefly, and measurements for Wb and Wc 

were taken by utilizing the same scale. The acquired data was examined to derive the formula for 

density. The density of each sample was subsequently computed by applying Archimedes’ fundamental 

formula as shown in Eq 2. 

𝐷 =
𝑊𝑎

𝑊𝑐−𝑊𝑏
             (2) 
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Field emission scanning electron microscopy (FESEM) is an advanced technique employed to 

image material microstructures, typically conducted within a vacuum environment. This arises from 

the potential for gas molecules to disrupt the electron beam and the essential secondary and 

backscattered electrons needed for imaging. Microstructural images of the samples in this study were 

captured by using a JEOL JSM-6010PLUS/LV instrument for analysis. The top surface samples were 

examined in this study, which required multiple preparation stages, such as grinding, polishing, and 

thermal etching, ahead of FESEM analysis. Grinding of each sample was performed by using abrasive 

papers with grit sizes of 1000, 1500, and 2000. To guarantee that the surface of sample was free of 

scratches, the grinding procedure was carried out according to the grain size of the abrasive paper. 

Each sample underwent a brief grinding process, followed by polishing using a micro pad                       

and 0.05 μm Al2O3. Following the completion of grinding and polishing, the samples were rapidly 

oven dried at 60 °C for less than 1 min. After drying, the thermal etching process was applied to all 

samples by immersing them in a 1100 °C environment for 1 min. Prior to scanning, it was essential to 

ensure that the sample was both dried and thoroughly cleaned. An adhesive tab was applied to the 

aluminium stub to mount the sample. The vacuum chamber was vented, allowing for the removal of 

air. The sample was subsequently positioned in the sample holder, and the chamber door was sealed. 

The vacuum pump operated until it achieved the highest vacuum level. When this was completed, the 

sample was ready for testing. Lastly, sintered samples subjected to varying sintering temperatures were 

analysed using an X-ray diffraction (XRD) instrument, namely, the PANalytical X’Pert PRO. The 

XRD analysis was employed for identifying the crystalline phases within a material, thereby providing 

insight into its chemical composition. 

3. Results and discussion 

3.1. Analysis of shrinkage and bulk density of sintering ceramic sample 

Among the limited observable alterations in samples subjected to various temperatures, there 

were differences in dimensions, including diameter and shape. The initial diameter of a sample before 

burning in the furnace was 12.92 mm. An increase in the temperature utilized for sample combustion 

resulted in shrinkage. As per the information provided in Table 1, the average diameter of samples 

subjected to a temperature of 1100 °C was 12.20 mm, while at 1125 °C it was 11.99 mm, at 1150 °C 

it was 11.91 mm, at 1175 °C it was 11.99 mm, and at 1200 °C it was 12.04 mm. Based on Figure 1, 

the percentage of shrinkage was highest at 1150 °C. At 1100 and 1125 °C, the percentage of shrinkage 

was lower, and the ceramic samples’ surfaces still appeared powdery. Meanwhile, at 1200 °C, the 

ceramic samples appeared glassy, stuck to the crucible after firing in the furnace, and were no longer 

disc shaped. The percentage of shrinkage at 1175 °C (7.22%) was lower than that at 1150 °C (7.82%), 

and the sample was disc shaped and did not stick to the crucible. Sample shrinkage occurs for several 

reasons. Initially, the reduction in sample size was attributed to the evaporation of water during 

densification. Clay soil typically holds about 20% water and 9% organic matter. Despite the clay being 

dried before entering the kiln, it retained a small amount of moisture [20]. 
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Table 1. Shrinkage of the ceramic samples after different sintering temperatures. 

Temperature 

(°C) 

Sample 1 

(mm) 

Sample 2  

(mm) 

Sample 3 

(mm) 

Average 

(mm) 

Percentage  

of shrinkage (%) 

1100 12.20 12.22 12.17 12.20 5.57 

1125 11.95 12.01 12.00 11.99 7.20 

1150 11.88 11.97 11.88 11.91 7.82 

1175 11.95 12.02 11.99 11.99 7.20 

1200 12.04 12.04 12.04 12.04 6.81 

 

Figure 1. Shrinkage variation with temperature in ceramic samples. 

Table 2 and Figure 2 present the variation in bulk density for ceramic samples at different sintering 

temperatures, including 1100, 1125, 1150, 1175, and 1200 °C. The bulk density values showed a rise 

as the sintering temperature increased from 1100 to 1175 °C. Consequently, incremental sintering 

through higher-temperature firing resulted in a more compact ceramic structure, accompanied by the 

development of a glassy phase that filled the pores [21]. The rise in bulk density with fire might be 

due to the creation of a glassy phase with a more prominent liquid phase and lower porosity [22]. The 

peak bulk density, which reached 2.32 g/cm3 with a relative density percentage of 99.80%, was attained 

at the sintering temperature of 1175 °C. In ceramic materials, particle size and distribution can influence 

shrinkage and density. Non-uniform particle packing can cause changes in compaction and, therefore, 

in shrinkage and density [23]. At the sintering temperature of 1175 °C, the density was the highest due 

to particle distribution in the sample, even though the percentage of shrinkage was lower as compared 

to the sintering temperature of 1150 °C. 
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Table 2. Density measurements at different sintering temperatures. 

Temperature 

(°C) 

Sample Wa  

(g) 

Wb 

(g) 

Wc  

(g) 

Density 

of sample 

(g/cm3) 

Average 

density of 

sample 

(g/cm3) 

Density of 

the reference 

substance 

(g/cm3) 

Average density 

of the reference 

substance 

(g/cm3) 

Relative 

density 

(%) 

1100 1 0.98 0.56 0.99 2.28  2.26   

 2 0.96 0.54 1.00 2.09 2.18 2.31 2.29 94.34 

1125 1 0.95 0.55 0.96 2.32  2.36   

 2 0.95 0.55 0.97 2.26 2.29 2.33 2.34 97.61 

1150 1 0.96 0.56 0.97 2.34  2.39   

 2 0.95 0.55 0.97 2.26 2.30 2.37 2.38 96.99 

1175 1 0.94 0.53 0.94 2.29  2.33   

 2 0.94 0.55 0.95 2.35 2.32 2.33 2.33 99.80 

1200 1 0.94 0.52 0.94 2.24  2.29   

 2 0.95 0.54 0.96 2.26 2.25 2.28 2.28 98.51 

 

Figure 2. Relationship between sintering temperature and density. 

3.2. Analysis of crystal structure and phase composition using XRD 

Figure 3 depicts the crystal structure and phase composition of ceramic sintered at various 

temperatures. Silicon dioxide (SiO2) and mullite (3Al2O3·2SiO2) were identified in all samples. The 

dried green body of ceramic with kaolinite (2Al2Si2O5(OH)4) phase was converted into quartz (SiO2) 

and mullite at high temperatures of over 1000 °C and low-pressure conditions. Existence of the mullite 

phase played a crucial role in achieving ceramics that exhibited strong chemical and thermal stability, 

as well as excellent resistance to creep [24]. Furthermore, the inclusion of feldspar in the ceramic 

composition enhanced its thermal stability, leading to increased bond strength between the compounds, 

particularly when the sintering temperature surpassed 1140 °C [25].  
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Figure 3. XRD analysis was performed on mullite ceramics following sintering at distinct 

temperatures: (a) 1100, (b) 1125, (c) 1150, (d) 1175, and (e) 1200 °C. 

Figure 3 displays the XRD patterns of the ceramic samples sintered at different temperatures: 

1100, 1125, 1150, 1175, and 1200 °C. Several diffraction peaks were visible in each pattern, indicating 

the presence of crystalline phases. This aligned with the observation that the full conversion of 

aluminosilicate into mullite takes place at temperatures which exceed 1400 °C, giving rise to the 

formation of the mullite phase [26]. All the diffraction peaks corresponding to mullite in the XRD 

pattern exhibited a close match with the PDF card number 01-070-5689 data for mullite, which 

possesses an orthorhombic crystal structure in the Pbam space group. The XRD pattern of the tested 

material is shown in Figure 3, with the most prominent peaks for mullite located at 2θ angles of 

approximately 27.32, 33.18 and 40.90°. These peaks corresponded to the (120), (101) and (121) planes, 

respectively. Further, the most prominent peaks for silicon dioxide were located at 2θ angles of 

approximately 49.99, 62.55, and 80.92°. These peaks corresponded to the (012), (022), and (032) 

planes, respectively. The XRD analysis for the mullite phase revealed that the examined material 

possessed an orthorhombic crystal structure with lattice parameters a = 7.52 Å and c = 2.89 Å, 

providing valuable insight into the atomic organization of the material. The prominence of (101)        

and (121) peaks strongly implied a preferential orientation of the material along these specific 

crystallographic planes. Moreover, the silicon dioxide phase revealed that the examined material 

possessed a monoclinic crystal structure with lattice parameters a = 6.674 Å and c = 4.625 Å, providing 

valuable insight into the atomic organization of the material. 

Furthermore, the XRD examination showed that no new phases emerged at higher sintering 

temperatures, indicating that the orthorhombic and monoclinic phases were stable within the 

temperature range examined. The increasing intensity of these peaks at higher sintering temperatures 

could be attributed to improved crystallite formation and decreased imperfections in the crystal lattice 

of the material. As a result, mechanical characteristics and structural integrity increased [27]. In 
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summary, XRD research indicated that sintering temperature had a substantial impact on the crystalline 

structure of ceramic materials [28]. Higher sintering temperatures promoted crystallinity and the 

appearance of orthorhombic and monoclinic phases, which were linked with improved material 

characteristics. This discovery has implications for improving the sintering process in ceramic 

production to attain necessary material properties. 

3.3. Morphological characteristics through elemental analysis of the surface 

Figure 4 illustrates how the microstructure of the samples is influenced by variations in sintering 

temperature by FESEM. When subjected to low sintering temperatures, specifically at 1100                 

and 1125 °C, the ceramic microstructure presented a comparatively open and porous arrangement. 

With a rise in sintering temperature to 1150 and 1175 °C, the ceramic microstructure underwent a 

transformation toward higher density, featuring fewer pores and a greater degree of interconnection 

among the grains. As shown in Table 2, the relative density of 1175 °C was the highest, at 99.80%. 

Therefore, the interconnection among the grains had strong bonding. When sintered at an elevated 

temperature of 1200 °C, the ceramic underwent considerable grain expansion, resulting in a finer 

microstructure characterized by minimal porosity, and the relative density was 98.51%. According to 

the relative density, the sintering temperature of 1200 °C had the lowest density. Therefore, the 

microstructures of the ceramics were influenced by the sintering temperature. At lower temperatures, 

there was inadequate energy available for promoting effective grain bonding, which resulted in an 

open and porous structure. However, with an increase in sintering temperature, ceramic particles 

diffuse and sinter more efficiently, leading to a denser microstructure [29,30]. This could have a 

substantial impact on the mechanical and thermal properties of the material [31]. 

Energy dispersive X-ray spectroscopy (EDS) was employed to determine the elemental 

compositions of the prevailing phases. Table 3 shows the EDS findings for samples subjected to firing 

temperatures of 1100, 1125, 1150, 1175, and 1200 °C. The EDS findings indicated the presence of Al, 

Si, and O in the samples, signifying that the crystals corresponded to mullite. The formation of mullite 

crystals was less apparent for the 1100 and 1125 °C sintering temperatures, while a more significant 

quantity of mullite grain was generated at the 1200 °C sintering temperature. At 1175 °C, the 

concentration of mullite was at its peak, and the grain growth was most favourable. This suggested 

that elevated sintering temperatures facilitated the creation and advancement of mullite. The Al content 

in the sample at 1175 °C was greater than that at 1150 °C, as shown in Table 3, providing additional 

support for the idea that kaolinite Al2Si2O5(OH)4 contributed to the formation of mullite. It was also 

confirmed by EDS that the mullite is present in the compound. 
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Figure 4. FESEM images were obtained for ceramic samples sintered at different 

temperatures: (a) 1100, (b) 1125, (c) 1150, (d) 1175, and (e) 1200 °C. 

Table 3. The element results of EDS for different sintering temperatures. 

Temperature (°C) O (%) Al (%) Si (%) K (%) 

1100 43.0 8.7 22.5 4.9 

1125 38.1 8.7 24.9 4.3 

1150 43.6 6.7 24.6 3.3 

1175 38.0 8.1 23.8 5.0 

1200 41.9 8.9 23.4 4.8 

4. Conclusions 

In conclusion, the appropriate sintering temperature for mullite ceramics has been successfully 

determined by using clay (kaolinite), silica (silicon dioxide), and feldspar. The characteristics of the 

final ceramic product were observed to be significantly influenced by both qualitative and quantitative 

composition of the formulated powder (clay, feldspar, silica) as well as sintering temperature. In this 
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investigation, the sample sintered at 1175 °C proved to be the most favorable, exhibiting the highest 

density, effective particle packing, and minimal porosity. The density findings were supported by the 

microstructural investigation, which showed a definite change in the ceramic microstructure with 

changing sintering temperatures. At greater temperatures, grains became more tightly packed, and 

pores shrank, resulting in increased material density. The observed growth in grain size at higher 

sintering temperatures suggested intensified grain growth. Furthermore, XRD analysis revealed 

potential phase transformations, underscoring the importance of meticulous control over sintering 

conditions. This investigation underscored the significance of selecting the sintering temperature 

according to the intended application. In the case of structured ceramics, opting for higher sintering 

temperatures may be preferable to achieve optimal density and strength. Conversely, lower 

temperatures might be suitable for applications, whereby controlled porosity was beneficial. Potential 

areas for further research could involve examining the impact of residence time on peak temperature, 

studying the influences of various atmospheres during the sintering process, and gaining insights into 

the long-term stability of microstructures and optimized properties. To conclude, this study provides 

valuable insight into the intricate connection between sintering temperature and ceramic properties. 

The knowledge acquired can serve as a guide for manufacturing processes and play a pivotal role in 

creating ceramics with customized properties for a wide range of industrial applications. 
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