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ABSTRACT 

The ceramic tile industry is continuously exploring novel techniques to improve 

productivity while maintaining quality products. Optimization of drying and sintering 

steps of the ceramic tile manufacturing process can significantly enhance the 

productivity of the ceramic tile manufacturing industry. Thermal and mechanical 

stresses that occur within the ceramic body during the drying and sintering processes 

need to be precisely controlled to minimize defects and hence improve productivity. 

To optimize the drying process, the spatial variation of the moisture exchange rate 

within the ceramic tile body must be analyzed over time and kept below the critical 

moisture exchange rate. In the sintering process, controlling the quality of ceramic tiles 

depends on the spatial and temporal variations in linear shrinkage, MOR, and thermal 

stress throughout the sintering cycle. For an optimal sintering cycle, the thermal stress 

must remain below the MOR across both spatial and temporal dimensions. The 

existing kinetics models developed by previous researchers do not facilitate finding 

temporal and spatial changes in the moisture exchange rate, linear shrinkage, MOR, 

and thermal stress of the ceramic tiles, and it is difficult to optimize the drying and 

sintering processes. This investigation aimed to establish a robust numeric model for 

the drying and sintering processes of ceramic tile using computational fluid dynamics 

(CFD). The developed models are capable of predicting the moisture exchange rate, 

linear shrinkage, MOR, and thermal stress in ceramic tile during drying and sintering 

and optimizing each process. In this research, a Kaolin source named M2 Kaolin-based 

tile body composition was selected. The drying and sintering behaviors of ceramic tiles 

were investigated. Computational fluid dynamics (CFD)-based numerical models were 

developed separately for the drying and sintering processes for ceramic tiles. The 

drying model was used to evaluate the spatial variation of the moisture content in 

ceramic tiles and optimize the drying process of ceramic tiles for minimum drying 

time. The sintering model was used to assess the spatial and temporal variation in 

linear shrinkage, MOR, and thermal stress in the ceramic tile. The sintering process 

was optimized by accounting for thermal and mechanical stresses, ultimately 

determining the optimal sintering cycle where thermal stress remains below the 

modulus of rupture (MOR) throughout the ceramic body. To validate the ceramic tile 

drying and sintering models, the green body mixture of ceramic tile was prepared. 

Ceramic tiles were shaped by a powder pressing technique on a laboratory scale. The 

moisture variation of green ceramic tile with time was determined during the drying 

process. Dried tiles were sintered in a laboratory furnace by adjusting the maximum 

sintering temperatures. The structure of the green body mix and sintered ceramic tiles 

was analyzed. The linear shrinkage and modulus of rupture variation of each sintered 

tile were determined. Results developed by the simulated drying model were compared 

with data obtained by experiments conducted using green ceramic tiles. The results of 

the drying model for green ceramic tiles were validated and comply with the 

experiment results, and the R-squared value was 0.9. The CFD results regarding the 

moisture exchange rate of green ceramic tile with drying profiles were analyzed. It 
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confirmed that the optimum drying time was 60 minutes, and it was reduced by 76.2% 

of the time compared to the initial drying time. The developed drying model can be 

applied to optimize the local ceramic tile manufacturing process for improved 

productivity. The results obtained from the CFD model of the sintering process and 

the experimental outcomes of linear shrinkage and modulus of rupture were compared. 

The results of CFD simulation for the linear shrinkage and modulus of rupture of the 

tiles were validated and concurred with experimental outcomes, and the R-squared 

value of the results was 0.9. The CFD results regarding the thermal and mechanical 

stress of the ceramic tile body were analyzed, and it was confirmed that the optimum 

dynamic rate sintering cycle included 51.6 °C/min heating rate between 30-550 °C, 

27.6 °C/min heating rate between 550-1200 °C, 57.0 °C/min cooling rate between 

1200-1000 °C, and 19.8 °C/min cooling between 1000-30 °C. The optimum sintering 

time was 96 min, and the sintering time of the ceramic tile was reduced by 87.2% 

compared to the initial sintering profile. Hence, the developed CFD sintering model 

can predict the temporal and spatial changes in linear shrinkage and modulus of rupture 

of ceramic tiles through sintering without laboratory experimental effort. Therefore, 

the sintering model facilitates finding the exact sintering cycle associated with linear 

shrinkage and modulus of rupture. Finally, the quality of the ceramic tile is improved, 

and the drying and sintering times of ceramic tile are reduced. The developed CFD 

models for the drying and sintering processes enhanced the productivity of the ceramic 

tile, and the cost of production was reasonably lower.    

Keywords: Ceramic Tile, Drying, Kaolin Clay, Numerical Modeling, Sintering  
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background to the Research Problem  

In the current economic context, manufacturing industries prioritise cost reduction and 

energy savings, which support the survival of highly competitive businesses [1], [2]. 

Manufacturing industries' main strategies are introducing new products and reducing 

production costs through innovation [1]-[3]. The ceramic product manufacturing 

process is extremely complex, and the cost of its manufacturing is very high compared 

to other manufacturing industries [2]-[4]. The ceramics industry is highly concerned 

with energy savings and controlling defects during the manufacturing process [3]-[5]. 

Ceramic tiles are a dense material that is characterised by excellent properties such as 

lower water absorption, high bending strength, abrasion, and stain resistance, etc. 

These characteristics allow its use in severe applications, both indoors and outdoors, 

in which a high level of reliability is required [4]-[6]. 

Ceramic tile is formulated from a mixture of clay material, quartz, feldspar and, 

dolomite. In general, clay materials contribute to the plasticity and dry mechanical 

strength of green ceramic tile bodies and give rise to mullite and glassy phase 

formation during sintering. The feldspar forms a glassy phase at low temperatures and 

encourages the sintering process. Quartz contributes to thermal and dimensional 

stability since it is the constituent with the highest melting temperature. An 

enhancement of the densification kinetics is often pursued by adding dolomite, which 

should improve the physical properties of the liquid phase by increasing its surface 

tension and decreasing its viscosity [4], [5], [7]. 

The main steps in manufacturing ceramic tiles are powder preparation, forming, drying 

and, sintering [5]. The body mix of the ceramic tile is prepared using appropriate raw 

materials and particle size or size distribution [4]-[9]. So, powder preparation is the 

first step in the ceramic tile manufacturing process. The forming process is given the 

shape of the tile, and powder pressing is used in most ceramic tile industries. The 

drying and sintering steps are critical for the ceramic tile production industry, and 

numerous defects can occur throughout these processes [6]-[9]. The drying process is 

a compulsory step to remove the moisture content from the ceramic tile body before 
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the sintering process. These processes consist of highly complex heat and mass transfer 

phenomena [10].  

The drying behavior of the green ceramic tile body depends on the airflow rate, drying 

temperature, relative humidity, packing density, dimension of the tile, initial moisture 

content, etc. [10], [11]. Internal structure varies, and internal stresses appear during the 

drying process of ceramic tile. Drying defects appear due to uneven shrinkage or 

unwanted deformation of the green ceramic tile body, and undesired deformation 

affects the properties of sintered ceramic tile. Uneven shrinkage or undesired 

deformation can be avoided by controlling the drying rate of the green ceramic tile 

body [10]-[12]. However, raw material selection, blending, and shaping also affect the 

quality of sintered ceramic tile [7]-[9].  

The sintering of ceramic tiles is a highly complicated process, and the great 

predominance of ceramic tile quality-relevant obstacles commence during the 

sintering process. Many factors affect the quality of ceramic tiles, such as the chemical 

composition and mineralogical structure of raw materials, body composition of each 

raw material, average particle size and distribution, sintering temperature, heating rate, 

and cooling rate [4]-[9]. Dimensional variation, or shrinkage, is utilised as a criterion 

to modify the size of the sintered ceramic tiles [5]-[7], [16]-[22]. The shrinkage of 

ceramic tiles has an important role in the manufacturing process because adjusting the 

shrinkage can control the physical properties and mechanical characteristics of sintered 

ceramic tiles, including bulk density, water adsorption, strength, and modulus of 

elasticity [4], [6]-[9]. 

Various transformations occur in the ceramic tile body mix between 200 °C and 800 

°C, for example, eliminating unbound water, combustion of organic substances, 

transforming α-quartz into β-quartz, dihydroxylation of clays, and decomposition of 

carbonates. [4], [5], [23]-[27]. The main physicochemical reactions occur between 850 

°C and 1350 °C [23], [24], [27]. 

The ceramic tile industry is continuously exploring novel techniques to improve 

productivity while maintaining quality products. Optimization of drying and sintering 

steps of the ceramic tile manufacturing process can significantly enhance the 

productivity of the ceramic tile manufacturing industry. Thermal and mechanical 

stresses that occur within the ceramic body during the drying and sintering processes 

need to be precisely controlled to minimize defects and hence improve productivity 
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[11], [24]. But the exact mechanical and physical properties, including thermal stress 

and mechanical stress, of ceramic tiles associated with the drying and sintering cycles 

are difficult to verify experimentally. The current ceramic tile industry requires worker 

expertise to determine the best drying and sintering cycles through trial-and-error; 

these cycles are not provided with precise mechanical and physical characteristics as 

needed. Therefore, it affects the quality of the final ceramic tiles, and production costs 

also increased due to the large amount of experimental work. 

1.2 Research Aims and Objectives  

The drying and sintering operation of the ceramic tile is simultaneous and combined 

with the energy and mass transmission approach, and this phenomenon can be 

explained by numerical models that provide pertinent details from a thermodynamic 

perspective. In this study, 3D dynamic models were developed for the drying and 

sintering processes separately. The aim of this investigation was to establish a robust 

numerical model for the drying and sintering processes of ceramic tile using CFD. The 

model solvers were created with OpenFOAM, which is an open-source CFD program. 

The developed models were validated by the experimental outcomes, and the model is 

capable of predicting the physical and mechanical property variations in ceramic tile 

during drying and sintering and optimising each process. Specific objectives of this 

research are as follows: 

i. To determine the drying and firing kinetics of ceramic bodies with known 

chemical composition. 

ii. To develop a three-dimensional CFD model for the drying and firing processes 

of ceramic bodies. 

iii. To validate the developed model by comparison between the simulated and 

experimental data. 

iv. To optimise the drying and firing processes of ceramic bodies to minimise 

energy (manufacturing cost) requirements by maintaining the quality of the 

product.  

1.3 Significant of the Research  

In this study, 3D dynamic models were developed for the drying and sintering 

processes separately and simulated using the CFD tool. The results of numerical 
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models can be utilised to assess the spatial variation of temperature, mechanical and 

physical characteristics of sintered ceramic tile, and moisture content within the green 

ceramic tile body. The developed models were validated by the experimental 

outcomes, and the developed CFD model is capable of predicting the temporal and 

spatial changes in temperature and physical properties of ceramic tiles through drying 

and sintering without laboratory experimental effort, and the model facilitates finding 

the exact drying and sintering cycle associated with physical properties. These models 

are instrumental in optimising the drying and sintering processes. Finally, the quality 

of the tile is increased, and production costs are also minimised. 

1.4 Structure of the Dissertation 

This thesis consists of seven chapters. Chapter 1 includes a general overview of the 

study and the scope of the study. The study's review of the literature is presented in 

Chapter 2. Chapter 3 describes the methodology used to accomplish the objective of 

the study. Chapter 4 provides results of the experiments. Chapter 5 presents model 

validation results. The results and discussion of the study are presented in Chapter 6. 

Chapter-specific nomenclatures and abbreviations are given at the end of each chapter 

from Chapter 1 to 6. Chapter 7 presents the overall conclusion and the 

recommendations for future works. Finally, references and appendices are presented. 
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CHAPTER 2 

2. LITERATURE REVIEW  

2.1 An Analysis of the Drying Process Literature  

The drying process is compulsory to remove the moisture content from the ceramic 

tile body before the sintering process. The moisture content of a ceramic tile body is 

described as either the moisture content of a dry basis or the moisture content of a wet 

basis. They are expressed as shown in Equations (2.1) and (2.2). 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠) =
𝑘𝑔 𝑜𝑓 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

𝑘𝑔 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑
   − − − − − − − − −  (2.1) 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑒𝑡 𝑏𝑎𝑠𝑖𝑠) =
𝑘𝑔 𝑜𝑓 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒

𝑘𝑔 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑜𝑙𝑖𝑑
     − − − − − − − − − (2.2) 

 

The physical characteristics that are important in drying, such as the diffusion 

coefficient, heat capacity, activity of water, and thermal conductivity, are highly 

dependent on the body's moisture content. 

2.1.1. Drying Mechanism  

Drying is the removal of moisture adhering to a ceramic tile body by vaporization. 

Moisture is located on the surface and in the interior of the ceramic tile body, such as 

capillaries and interstices. When a sample of wet ceramic tile body is dried from initial 

moisture content to equilibrium moisture content, a typical variation of the moisture 

content of the ceramic tile sample with time can be shown in Figure 2.1. Equilibrium 

moisture content (Xe) is the moisture content of the ceramic tile body in equilibrium 

with the air at a given humidity and temperature. There are many steps involved in the 

process of drying a ceramic green tile body with constant temperature, relative 

humidity, and air velocity. The moisture content variation within the porous ceramic 

tile body is shown in Figure 2.2. The drying rate variations of a green ceramic tile body 

depending on the moisture content are shown in Figure 2.3 [10], [12], [92].  



7 

In general, the drying processes of ceramic tile bodies can be divided into two stages, 

such as the constant rate period and the falling rate period. During the first drying 

period, the ceramic tile body enters the hot medium, and moisture evaporation starts 

from the surface. The moisture migrates from the inner part of the solid rapidly enough 

to maintain surface saturation. This stage is called the constant rate period because the 

change in moisture per unit of time remains steady (A to B in Figure 2.1) [10], [11]. 

Moisture migration can no longer keep the surface steady, and the second drying 

period starts, which is called the falling rate period. The evaporation occurs through 

the pores of the green ceramic tile body, with the liquid diffusing out to the surface, 

and the temperature at the interface starts to increase [13], [14], [15], [92]. At this 

stage, the rate of the drying process is progressively controlled by an internal diffusion 

resistance in the drying ceramic tile body [10]-[15]. Furthermore, the falling rate 

period can be divided into two types based on the kind of ceramic material and the 

drying circumstances. A relationship between the rate of drying and the moisture 

content is evident during the first decreasing rate stage (B to C in Figure 2.1). The 

removal of the body's final remaining moisture content occurs during the second 

falling rate period. In this situation, the relationship between the drying rate and 

moisture content is no longer linear (C to D in Figure 2.1). This drying process is 

completed when the ceramic tile body achieves equilibrium moisture content with the 

surrounding medium. 

 

Figure 2.1: Moisture content variation of a green ceramic tile body against the 

drying time [92] 
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Figure 2.2: Schematic representations of drying stages within a porous ceramic tile 

body [92] 

 

 

Figure 2.3: Drying rate of a green ceramic tile body against the drying time [92] 

 

2.1.2. Theoretical Framework for Heat and Mass Transferring  

The drying process consists of highly complex head and heat and mass transfer 

phenomena [10], and numerous researchers studied mass and heat transport in the 

context of drying techniques for porous substances [11]-[15]. K. Murugesan et al. 

(1996) analysed convective drying of porous materials in a one-dimensional [11]. The 

drying behaviours of porous media were studied by S. Messai et al. (2008) [12]. H. 

Suresh et al. (1999) examined the drying of porous material using the finite element 
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method [13]. K. Khalili et al. (2014) investigated numerical simulation for the drying 

of ceramic using finite elements and machine vision [14]. Juan Carlos Jarque et al. 

(2015) examined the non-isothermal modelling of drying behaviours of ceramic tiles 

[15]. 

Heat and mass transfer take place during the drying of the ceramic tile body, and Figure 

2.4 shows a schematic representation of the moisture and heat transport of the porous 

ceramic tile body. Heat transports from the outer surface to the centre of the ceramic 

tile body. Moisture transports from the centre of the ceramic tile body to its outer 

surface, and then moisture transfers to the surrounding air of the ceramic tile body. 

The green ceramic tile body has two forms of water, such as bound and unbound water 

[10]-[12]. Water located at the ceramic tile body surface is called bound water, which 

is in layers of water molecules. Unbound water is in the internal structure of the 

ceramic tile body, and it moves through the ceramic tile body pores during drying [10]-

[15]. Fundamental laws of heat and mass transport can be applied to the drying process 

of ceramic tile bodies. 

2.1.3. Relation between Microstructure and Moisture Diffusion   

The drying rate of a green ceramic tile body can either be constant or change over time. 

The ceramic tile body's surface is saturated with moisture throughout the constant rate 

drying period, and the drying rate is controlled by the rate of water evaporation. During 

the falling-rate drying period, the rate of drying is mainly regulated by the diffusion of 

moisture from the ceramic tile body's interior to its surface. The ability of moisture to 

 

Figure 2.4: A schematic representation of the moisture and heat transport of the 

porous ceramic tile body [92] 
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diffuse from the inside of a ceramic tile body to the surface of a ceramic tile body is 

defined as effective diffusivity or effective diffusion coefficient (Dm). The effective 

diffusion coefficient (Dm) is dependent on the internal microstructure and drying 

temperature of the green ceramic tile [13]-[15]. The internal microstructure of the 

ceramic tile is varied with bulk density (⍴D) and moisture content of the green ceramic 

tile. Then the effective diffusion coefficient of the green ceramic tile was determined 

using an empirical equation (2.3). The D0 is the variable parameter that depends on bulk 

density. The bulk density of green ceramic tile varies according to the particle size 

distribution and pressing pressure of the ceramic tile body. Therefore, an empirical 

equation was proposed to determine how D0 varies with the bulk density of the green 

ceramic body [15]. The equation is the correlation between D0 and the bulk density of 

the green ceramic tile body, as shown in equation (2.4). The internal microstructure of 

the ceramic tile body also changes as a result of drying shrinkage. Additionally, it is 

taken into account for empirical equation (2.3) by adding the green ceramic tile body's 

moisture content (mD).   

Dm = D0 (1―b𝑚𝐷
r )Exp (―

θD

𝑇𝐷
) − − − − − − −  (2.3) 

lnD0  = aD + bD ln⍴D  − − − − − − − − − − (2.4) 

2.2 An Analysis of the Sintering Process Literature  

The firing process of ceramic tiles, referred to as the sintering process, is done in a 

furnace or kiln with a sintering cycle [39], [40]. Heat and mass transfer between the 

solid and firing media occur during the sintering process of ceramic tiles. The sintering 

process of ceramic tiles endures both endothermic and exothermic transformations [6]-

[9]. Sintering needs to be done gradually and under supervision in order to prevent 

fatal defects in the sintered ceramic tiles. The key variables that affect the form of the 

sintering curve are temperature, time, body composition of ceramic tile and, tile 

properties, including bulk density [6], [8]. 

2.2.1. Sintering Kinetics   

The body composition of ceramic tile has a significant impact on both the energy used 

and the environmental emissions during the sintering process. Table 2.1 lists the major 

physicochemical changes that occur throughout the sintering process of ceramic tiles, 
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together with the temperature ranges in which these changes occur [40], [111]. In 

general, the sintering cycle of ceramic tiles consists of mainly three steps, such as 

preheating, soaking, and cooling [18], [23], [24]. 

 

Table 2.1: MAIN REACTIONS TYPES CONSIDERED DURING THE CERAMIC 

TILES SINTERING PROCESS [40]. 

S
ta

g
e 

 
Physicochemical 

changes 
Chemical reaction 

T
em

p
er

a
tu

re
 

(0
C

) 

P
re

h
ea

ti
n

g
 

1 Loss of free water 𝐻2𝑂(𝑙) → 𝐻2𝑂(𝑔) 100-120 

2 
Combustion of 

organic matter 
𝐶𝑥𝐻𝑦𝑂𝑧(𝑠) + 𝑂2(𝑔) → 𝑎𝐶𝑂2(𝑔) + 𝑏𝐻2𝑂(𝑔) 200-400 

3 

Clay mineral 

dehydration 

(Kaolinite) 

𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 2𝐻2𝑂(𝑠)
→ 𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2(𝑠) + 2𝐻2𝑂(𝑔) 

450-700 

4 
Quartz (Alpha-beta) 

inversion 
𝛼 − 𝑆𝑖𝑂2(𝑠) → 𝛽 − 𝑆𝑖𝑂2(𝑠) 573 

5 

Carbonate 

decomposition 

(Dolomite) 
𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠) → 𝐶𝑎𝑂(𝑠) + 𝑀𝑔𝑂(𝑠) + 2𝐶𝑂2(𝑔) 

720-750 

900-950 

S
o

ak
in

g
 

6 
New crystalline 

phase formation 

𝐴𝑙2𝑂3(𝑠) + 𝑆𝑖𝑂2(𝑠) + 𝐶𝑎𝑆𝑖𝑂2(𝑠)
→ 𝐶𝑎𝑂. 𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2(𝑠) 

𝐶𝑎𝑂(𝑠) + 𝑆𝑖𝑂2(𝑠) → 𝐶𝑎𝑂. 𝑆𝑖𝑂2(𝑠) 

2𝑀𝑔𝑂(𝑠) + 2𝑆𝑖𝑂2(𝑠) → 2𝑀𝑔𝑂. 𝑆𝑖𝑂2(𝑠) 

𝐶𝑎𝑂(𝑠) + 𝑀𝑔𝑂(𝑠) + 2𝑆𝑖𝑂2(𝑠)
→ 𝐶𝑎𝑂. 𝑀𝑔𝑂. 2𝑆𝑖𝑂2(𝑠) 

2𝐶𝑎𝑂(𝑠) + 𝑀𝑔𝑂(𝑠) + 2𝑆𝑖𝑂2(𝑠)
→ 2𝐶𝑎𝑂. 𝑀𝑔𝑂. 2𝑆𝑖𝑂2(𝑠) 

2𝐶𝑎𝑂(𝑠) + 𝐴𝑙2𝑂3(𝑠) + 𝑆𝑖𝑂2(𝑠)
→ 2𝐶𝑎𝑂. 𝐴𝑙2𝑂3(𝑠). 𝑆𝑖𝑂2(𝑠) 

𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2(𝑠)

→ (
1

3
) 3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2(𝑠)

+ (
4

3
)𝑆𝑖𝑂2(𝑠) 

 

900-1200 

7 
Glassy phase 

formation 

𝐾2𝑂. 𝐴𝑙2𝑂3. 6𝑆𝑖𝑂2(𝑠) → 𝐾2𝑂. 𝐴𝑙2𝑂3. 6𝑆𝑖𝑂2(𝑙) 

𝑁𝑎2𝑂. 𝐴𝑙2𝑂3. 6𝑆𝑖𝑂2(𝑠) → 𝑁𝑎2𝑂. 𝐴𝑙2𝑂3. 6𝑆𝑖𝑂2(𝑙) 

 

1100-

1200 
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1. Preheating  

This stage involves heating the dried ceramic tile to a temperature of around 1100 °C, 

depending on the nature of the raw materials. Numerous transformations occur in 

ceramic tile during the preheating stage, as shown in Table 2.1, including the 

elimination of free water, the burning of organic materials, the allotropic conversion 

of α-quartz to β-quartz, the loss of OH- groups in the clays, and the disintegration of 

carbonates if the composition contains carbonates [19], [20], [23]-[27]. A variety of 

internal stresses are sustained by the ceramic tile due to various reasons such as volume 

changes, gas release, and thermal gradient. Cracks will occur if these stresses are 

greater than the mechanical strength of the ceramic product that is still "unfired." [27], 

[29]. 

 

2. Soaking  

The temperature range during the soaking stage is around 1100 °C to the peak 

temperature, which is typically between 1100 °C and 1200 °C [16], [21], [28]. The 

majority of the physicochemical changes occur in this stage, such as new crystalline 

and glassy phase formation. The main physical and mechanical properties of ceramic 

tile develop in this stage. In particular, ceramic tile shrinkage is increasing, and this 

shrinkage can regulate the mechanical and physical characteristics of sintered ceramic 

tile, including bulk density, water adsorption, linear shrinkage, modulus of rupture and, 

modulus of elasticity [4], [6]-[9], [23]. 

 

3. Cooling  

At the completion of the heat input, the cooling process starts. The product temperature 

drops during the cooling phase from its peak temperature to almost room temperature. 

Due to the low thermal conductivity of ceramic materials, cooling rates in traditional 

ceramics are essentially limited by the quartz phase transformation at 573 °C [23]-

[25]. This produces a volume change that can lead to product cracking if cooling 

occurs unevenly throughout the material. 



13 

 

Figure 2.5: Physical and chemical transformation of ceramic tile during the sintering 

process [23], [24], [40] 

 

In this study, the green ceramic tile body contains M2 Kaolin, feldspar, dolomite, and 

bentonite clay. The M2 Kaolin is a mix of quartz and kaolinite. Figure 2.5 shows the 

physical and chemical transformation of ceramic tile during the sintering process. 

Initially, the kaolinite and bentonite clays are dehydrated at temperatures between 450 

and 700 °C [25]-[27]. The alpha phase of quartz transforms to beta quartz at 

temperatures at 573 °C, and the dolomite decomposes and forms CaO, MgO, and CO2 

at temperatures between 750 and 950 °C [20], [23], [24]. At temperatures between 925 

and 950 °C, metakaolin converts to spinel and silicon. Then, after spinel converts to 

mullite and silicon at temperatures between 950 and 1050 °C [26], [27]. As the 

temperature increases between 1110 and 1200 °C, the solid feldspar converts to liquid 

form [23], [24]. 
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Figure 2.6: Ceramic tile sintering reaction between 1050-1200 0C temperatures [23], 

[24], [40] 

 

As shown in Figure 2.6, four solid-state reactions can occur within the ceramic tile 

body between 1050 and 1200 °C and that form CaO.SiO2, 2MgO.SiO2, 

CaO.MgO.2SiO2, and 2CaO.MgO.2SiO2. The gassy phase is created with liquid 

feldspar, mullite, CaO.SiO2, 2MgO.SiO2, CaO.MgO.2SiO2, and 2CaO.MgO.2SiO2. 

The viscosity of the glassy phase decreases with sintering temperature [40]. Two 

reactions occur during the cooling process, as shown in Figure 2.7. The glassy phase 

transformation occurs at temperatures between 1200 and 1000 °C. The beta phase of 

quartz transforms into alpha quartz at a temperature 573 °C [21]-[23]. 
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Figure 2.7: Ceramic tile cooing reaction [23], [24], [40] 

 

2.2.2. Development of Physical and Mechanical Properties of Ceramic Tiles 

during Sintering   

Numerous research studies have examined laboratory kinetic models for the sintering 

behaviour of different ceramic materials at varying sintering temperatures and times 

[28]-[36]. Orts et al. (1993) analysed the densification of low-porosity ceramic pieces 

and reduced the porosity of the ceramic pieces with sintering temperature and sintering 

profile through a kinetic model [28], [29]. Zheng et al. (1999) used a sintering model 

to investigate the sintering mechanisms of advanced ceramic materials, and Yürüyen 

et al. (2009) investigated the kinetics and behaviour of porcelain ceramic sintering, 

which was developed using glass and fly ash residue [30], [31]. Salem et al. (2009) 

investigated the densification of porcelain ceramic containing nepheline syenite using 
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a kinetics model [32]. Salem et al. (2010) used a kinetic model-based method to study 

the variation of linear shrinkage of porcelain ceramic containing nepheline syenite 

during the sintering process [33]. Cargnin et al. (2011) combined a heat transfer 

numerical model and a linear shrinkage model with the sintering behaviour of ceramic 

tiles, which was simulated by varying sintering times and temperatures. This model 

was used in both laboratory and industrial scales to produce ceramic tiles made by 

single-cycle sintering [34]. The kinetic model was studied for Predicting Viscosity and 

Surface Tension at High Temperatures of Porcelain Stoneware Bodies by S. Conte et 

al. (2018) [35]. Igor Stubna et al. (2011) investigated the variation of fracture strength 

of Kaolin base ceramic materials during the sintering process using a kinetic model 

[36]. 

Vitrification is the main mechanism for densification of ceramic tile [23], [24]. 

Feldspar melting facilitates the creation of a viscous melt during the sintering process 

at temperatures above 1100 °C. A liquid state of feldspar near the particles begins to 

form during the sintering process, and a process accelerating capillary pressure (Pc) 

develops at the interaction location [4], [5], [23], [24], [25], [27]. The melted feldspar 

filled up the pores of the tile body, and the particles moved nearer together by capillary 

pressure. While pore size and shape differ simultaneously, the body of the ceramic tile 

exhibits rising shrinkage and decreasing porosity. The amount of liquid phase changes 

with the sintering temperature. At approximately 1180 °C –1200 °C, the intermediate 

states commence to close their pores and eliminate interpore connections. Vitrification 

influences sintering shrinkage, reducing porosity, and the improvement of the physical 

and mechanical properties of the ceramic tile body [23], [24], [27]. 

2.3 Research Gap  

The research gap was identified for both the drying and sintering processes of ceramic 

tile. The previous researchers suggested kinetic models to determine the moisture 

exchange rate for ceramic tile during the drying process; however, prior studies do not 

support the finding of spatial variation of moisture exchange rate within the ceramic 

tile body. In the optimization of the drying process, spatial variation of the moisture 

exchange rate of the ceramic tile body needs to be analyzed, and it must be controlled 

below the critical moisture exchange rate. In this study, a CFD model was developed 

for the drying process, especially to examine the spatial variation of the moisture 
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exchange rate within the green ceramic tile body. This approach offers a significant 

advantage in determining the optimum drying temperature for minimum drying time 

by accounting for the spatial differences in moisture exchange across the ceramic tile. 

Numerous research studies have examined kinetic models for the sintering behavior of 

different ceramic materials at varying sintering temperatures and times. The existing 

kinetics models do not facilitate finding temporal and spatial changes in the linear 

shrinkage, MOR, and thermal stress of ceramic tiles. In the sintering process, spatial 

and temporal variation of linear shrinkage, MOR, and thermal stress of the ceramic 

tile body associated with the sintering cycle are most important for controlling the 

quality of ceramic tile, and it is required for optimization of the ceramic tile sintering 

process. The CFD model developed in this study for the sintering process can predict 

the temporal and spatial changes in linear shrinkage, MOR, and thermal stress in 

ceramic tile during the sintering processes. The model is used to find the most 

appropriate sintering cycle for linear shrinkage and MOR. In the optimization of the 

sintering process, temporal and spatial changes in MOR and thermal stress of ceramic 

tile were obtained, and the optimum dynamic temperature profile for minimum 

sintering time was estimated using a developed sintering model. 

As a result, the quality of the ceramic tile is enhanced, and the drying and sintering 

times are reduced. The developed CFD models for the drying and sintering processes 

improve ceramic tile productivity. 

 

2.4 Modelling Using Computational Fluid Dynamics  

A computer-based technique for modelling the behaviour of systems involving fluid 

flow, heat transfer, and other associated physical processes is called computational 

fluid dynamics. It functions by using a specific form of equations for fluid flow to be 

solved over a region of interest with known boundary conditions. Momentum, heat, 

and mass transfer included in each process are described using the Navier-Stokes 

equations. These partial differential equations have no known general analytical 

solution but can be discretised and solved numerically [41], [42]. 

Five major numerical methods are used in CFD solutions, such as the finite difference 

method, finite volume method, finite element method, lattice Boltzmann method, and 

smoothed particle hydrodynamics [41]-[44], [113], [114]. Each nodal point of the grid 
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is used to describe the fluid flow domain in FDM. FDM approximations to the partial 

derivatives of the governing equations are produced using Taylor series expansions. 

Before the governing equations in FEM are integrated across the whole computational 

domain, they are initially tentatively calculated by multiplying them by the shape 

functions. LBM uses the Boltzmann equation to approximate macroscopic fluid 

phenomena as mesoscopic shock events of fictitious particles. The region of interest is 

segmented into tiny sub-regions known as control volumes in FVM. For every control 

volume, the equations are discretised and solved repeatedly. As a consequence, it is 

possible to approximate each variable's value at particular places within the domain. 

This makes it possible to identify the flow's behaviour [41]-[44]. The SPH is a 

Lagrangian particle-based discretisation scheme. Instead of using a mesh, particles are 

moving around based on them. The particles then simply follow the flow; they can 

detach from one another and may come together again later [113]-[114].  

The ceramic tile drying and sintering process involved both heat and mass 

transformation. The finite-volume method’s strength is that it only needs to do flux 

evaluation for the cell boundaries. Then, the finite volume method is capable of 

modelling the drying and sintering processes of ceramic tiles. There are many 

commercial general-purpose CFD programs available, such as Fluent, ANSYS, 

OpenFOAM, and Flow 3D. OpenFOAM is a leading software that is available as open-

source, and its programs can be customised according to the requirements of 

customers. In this research, OpenFOAM is used to develop and simulate the ceramic 

tile drying and firing processes.  

Figure 2.8 shows the CFD simulation steps using any general-purpose CFD program 

available. A simulation problem using CFD starts with a three-dimensional drawing 

of the geometry of the system. A precise numerical solution of the equations requires 

appropriate discretisation of the computational volume due to the nonlinear equations. 

Precisely meshing the computational domain is just as essential as delineating the 

physical domain. A poorly conditioned model might produce wildly erroneous results; 

thus, before the simulation, the mesh's quality, such as aspect ratio and skewness, has 

to be assessed. 
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The drying and firing processes involved chemical reactions, radiation, and multiphase 

flows, and the most appropriate models were defined. Several parameters must be set 

for proper simulation of the model. The default choices are often the best option; 

however, depending on the situation, the user may be able to identify more appropriate 

options. It is also possible to write the user's own model as a user-defined 
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subroutine/function (UDS/UDF) in the majority of commercial CDF systems. In order 

to produce heat and emissions during the drying and sintering processes, this research 

uses incompressible, Navier’s stock, laminar flow. It is necessary to choose suitable 

models for simulation in this respect. All physical properties, such as thermal 

expansion, thermal conductivity, viscosity, and density, of the fluids must be defined 

according to their temperature and pressure distribution. To calculate the properties, 

one may alternatively write a UDS/UDF and apply it to the CFD program.  

It is necessary to establish boundary conditions, including walls and other barriers such 

as air entry and exit temperatures, pressure, velocity, etc. Defined geometrical systems 

are also necessary. Defining symmetry guarantees a speedy outcome by requiring less 

processing. It is also necessary to supply beginning circumstances for transient 

simulations or a first estimate to begin iterations for steady-state simulations. The 

continuity, momentum, energy, radiation, and combustion equations are all solved 

concurrently in CFD. 

In post-processing, evaluating the solution's quality is the primary goal. The question 

of whether the solution is independent of the convergence criterion or the grid size has 

to be answered. It is necessary to verify that the appropriate boundary conditions and 

model were selected. Local information regarding produced emissions, temperature 

distribution, and fluid movements may be obtained by analysing the final simulation 

results.  
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CHAPTER 3 

3. METHODOLOGY 

3.1 Numerical Model Development for Drying Process 

3.1.1. Governing Equations for Drying Process  

The developed mathematical model in this study was based on the below physical 

assumptions [10]-[15], [45], [46]: 

• The solid phase consists of small, discrete grains, and the grain size is much smaller 

than the size of the ceramic tile. The liquid phase consists of a single component. 

• The ceramic tile body's porosity has remained constant throughout time. 

• The green ceramic tile body has homogeneous temperature distribution throughout 

the drying process due to the low drying temperature. 

• Knowledge of the ceramic tile body’s transport properties and microstructure is 

applied to determine effective transport coefficients. 

• Heat and mass transfer at the surface of the ceramic tile body occur due to 

differences in temperature and partial pressure between the surface and the external 

medium. 

• Viscous dissipation, body forces, and compressional work other than gravity are 

negligible. 

In the CFD modelling approach, mass and heat transfer for green ceramic tile bodies 

are effectively described by the governing equations. The equation (3.1) describes the 

variation of moisture transfer for green ceramic tile bodies. 

∂𝑚𝐷

∂t
 = ∇.(Dm ∇𝑚𝐷) − − − − − − − − − − − −  (3.1) 

As shown in equation (2.2), the effective diffusion coefficient (Dm) is varied with the 

temperature, packing density, and moisture content of the green ceramic tile. 

According to the reference [15], the effective diffusion coefficient is more dependent 

on temperature and packing density than on the moisture content of the green ceramic 

tile. Green ceramic tile shows extremely minimal drying shrinkage due to its low initial 

moisture content. Thus, equation (3.2) was used to calculate the green ceramic tile's 

effective moisture diffusion coefficient. 
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Dm = D0 Exp (―
θD

𝑇𝐷
)  − − − − − − − − − − − − −  (3.2) 

  

The equation (3.3) describes the variation of heat transfer for green ceramic tile bodies. 

The green ceramic tile loses some heat during the moisture vaporisation process, which 

is incorporated in equation (3.3) as a source term GE. The equation (3.4) can be used to 

determine the source term GE. 

⍴𝐷Cp,D

∂𝑇𝐷

∂t
 =  𝑘𝐷∇2𝑇𝐷 + GE − − − − − − − − − − − −  (3.3) 

 GE = 𝛾
∂𝑚𝑣

∂t
 − − − − − − − − − − − − − (3.4) 

 

3.1.2. Boundary Conditions for Drying Model  

Two boundary conditions need to be applied to the model to solve energy and mass 

balance equations. The first boundary condition defines the surface temperature of the 

green ceramic tile body at a given time, as shown in equation (3.5). 

TD,s ≈ Ta    − − − − − − − − − − − − −  (3.5) 

 

The second boundary condition defines the moisture content in the green ceramic tile 

body surface at a given time. The moisture content of green ceramic tile bodies surface 

is varied with time [10]-[13]. Therefore, an equation was proposed for the variation of 

surface moisture content with time as shown in equations (3.6) and (3.7). 

―
dm

dt
 = kx(msurface    ― mequilibrium)   − − − − − − − − − − − − −  (3.6) 

 

 kx = k0 Exp (―
θk

𝑇𝐷
)  − − − − − − − − − − − − −  (3.7) 

3.1.3. Theoretical Framework for Optimizing Drying Profile  

The drying behaviour of the green ceramic tile body depends on the drying rate and 

homogeneous moisture distribution within the ceramic body during the drying process 

[47]-[49]. Initially, the moisture fills the pores of the ceramic body, and the pores are 

opened. The pores are closed when the moisture content reaches the critical moisture 

content of the tile body during the drying process. If pores are closed unevenly within 
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the ceramic body, drying cracks can appear due to the moisture-transferring path being 

closed. 

In this research, the drying temperature is constant, and a constant drying temperature 

was used to define the boundaries of the drying model. It was assumed that the internal 

green ceramic tile body had homogeneous temperature distribution during the drying 

process due to the low drying temperature. So, the drying is considered an isothermal 

process. Moisture is transported through the pores to the ceramic tile surface throughout 

the drying process. Fick's law states that this diffusion can be correlated to the 

concentration gradient, as shown in equation (3.8) [50]. Moisture of the ceramic tile 

surface transports to the surrounding air, and it can be determined using equation (3.9). 

JD = -Dm ∇C − − − − − − − − − − − − −  (3.8) 

JD  =α(m   ― mD,e)  − − − − − − − − − − − − −  (3.9) 

The moisture exchange coefficient (α) is a critical factor to control the drying behaviour 

of ceramic tile bodies [49]. The rate of drying depends on the moisture exchange 

coefficient of the ceramic tile body. Then the drying was accelerated by increasing the 

moisture exchange coefficient [50]. Very slow drying of the ceramic tile body (Kaolin 

base) was considered if α = 0.000001 m/s. The drying with the small moisture exchange 

coefficient between 0.000001-0.000003 m/s causes no cracks. It is possible to increase 

the drying temperature of the ceramic tile body until the moisture exchange coefficient 

approaches 0.000003 m/s. 

3.2 Numerical Model Development for Sintering Process 

Following the physical hypotheses, the mathematical model was constructed for this 

investigation [33], [39], [40], [51]-[55]. 

• The ceramic tile comprises only two phases: solid and liquid are collectively 

treated as one phase, alongside the gas phase. 

• The shrinkage of ceramic tile is caused by the formation of viscous melt, and 

it is called the term "creeping flow liquid." The term "creeping flow liquid” 

refers to a viscous melt with a Reynolds number of less than 0.1 [53]. That 

melt's velocity is extremely low, and the liquid phase is not taken into account 

in this model [54, 55]. The impact of viscous melt flow on the structure of 

ceramic tiles was investigated using vitrification kinetic model equations [33]. 
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• The separate, tiny grains that appear in the solid phase are far smaller in size 

than the ceramic tile. 

• The thermophysical characteristics of the gas phase are correlated with the 

characteristics of air. 

In the CFD modelling approach, mass and heat transfer are effectively described 

between two phases of gas and solid by the governing equations, and the source terms 

incorporate mass and heat interactions into the model. The shrinkage of ceramic tile is 

caused by the production of viscous melt and the porous filler in the ceramic tile body. 

The kinetics model was used to explain linear shrinkage, modulus of rupture and, 

thermal stress phenomena. 

The shrinkage, MOR and thermal stress behaviour of ceramic tile vary with the 

sintering curve and there are many masses of transformation during the sintering.  

Sintering temperature affects the shrinkage, MOR and, thermal stress of ceramic tiles, 

and a special variation of temperature exists in ceramic tile bodies throughout the 

sintering. The strength of the finite-volume method is its ability to perform flux 

evaluation at cell boundaries, allowing for variable mesh shrinkage across the domain. 

The developed CFD model, based on the finite volume method, can simulate 

shrinkage, modulus of rupture (MOR), and thermal stress during the sintering process 

of ceramic tiles. The shrinkage of each volume concerning temperature and time is 

examined. Hence, CFD modelling is capable of capturing the temporal and spatial 

variation in shrinkage, MOR and, thermal stress within the ceramic body. 

3.2.1. Kinetics Model for Physiochemical Reactions during Sintering   

The external heat and mass interaction of this model is calculated by considering the 

main reactions of the sintering process, such as the dihydroxylation of clay minerals, 

quartz transformation, dolomite decompositions, the formation of mullite, and the 

melting of feldspar [3], [4], [17]-[21]. Initially, the body mix of tile contains kaolinite, 

quartz, bentonite clay, dolomite, and feldspar, and the mass of each component is given 

to model as initial conditions. The mass variation of each reaction (Smass of reaction, i) was 

calculated by applying a mass balance to each chemical reaction [40]. The reaction 

rate of each transformation (R,i) can be calculated by using Arrhenius equation 3.10. 

𝑅𝑖 = 𝑚𝑖 ×  𝐴𝑖  ×  𝑒𝑥𝑝 (−
𝐸𝑖

𝑅𝑇
) − − − − − (3.10) 
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The heat of each transformation (Qheat of reaction,i ) can be calculated by using equation 

(3.11).  Δhi is the enthalpies of each component.. 

𝑄ℎ𝑒𝑎𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛,𝑖 = 𝑅𝑖  ×  ∆ℎ𝑖 − − − − − (3.11) 

 

External heat interactions inside a ceramic tile occur due to two mechanisms: 

convection and radiation [39], [51], [52]. According to H. Refaey et al. (2018) [52], 

convection heat interaction can be calculated using equations (3.12). 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛  = ℎ𝑐𝑜𝑛𝐴𝑠(𝑇𝑠−𝑇𝑔)  − − − − − −(3.12) 

M. P. Gómez-Tena et al. (2011) investigated a specific area of material calculation 

using particle size distribution [57]. The specific surface area of the material is to be 

determined from the particle size distribution and density of ceramic tile, as shown in 

Equation (3.13) [57]. 

𝐴𝑠  =
6 ∑

𝑉𝑖

𝑑𝑖

𝜌 ∑ 𝑉𝑖
=

6

𝜌𝐷𝑠
  − − − − − −(3.13) 

The convection heat transfer mostly affects below 800 °C, and DS is calculated using 

the particle size distribution of ceramic tile green body mix data as shown in Table 

4.2. D. Llorens et al. (2006) [58] studied the variation of heat transfer coefficients of 

convection with velocity during the sintering process. The velocity flux inside the tile 

is assumed to be zero at beginning conditions, and the convection process has a 

constant heat transfer coefficient value, which was determined using the nonlinear 

regression model for the data given in D. Llorens et al. (2006) [58]. 

Radiation heat interaction of ceramic body can be calculated using equations (3.14) 

[39], [51], [52], [57]. 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  = ℎ𝑟𝑎𝑑(𝑇𝑠−𝑇𝑔)  − − − − − −(3.14) 

hrad is the coefficient of radiation heat transfer, and it can be calculated using equation 

(3.15) which is explained in D. Llorens, et al. (2006) [58]. 

  

ℎ𝑟𝑎𝑑  = 4𝜎𝜀𝑚𝑇𝑠
3  − − − − − −(3.15) 

Ꜫm is the wall emissivity. The emissivity of the tile body was calculated using the data 

given in D. Llorens, et al. (2006) [58]. 



27 

3.2.2. Governing Equations for Sintering Process  

In the CFD modeling technique, the mass, momentum, and heat transfer are effectively 

described by the governing equations. 

The momentum variation of the gas phase in the ceramic tile body during the sintering 

process is described in equation (3.16).  

𝛿𝜌𝑔𝑈𝑔

𝛿𝑡
 +  𝛻𝜌𝑔𝑈𝑔𝑈𝑔 = −𝛻𝑃 + 𝛻(µ𝑔)𝛻(𝑈𝑔) − 𝑆𝑅  − − − − − −(3.16) 

𝑆𝑅 = (
𝑌𝑡𝑖𝑙𝑒

𝐾𝑡𝑖𝑙𝑒
)µ𝑔𝑈𝑔 − − − − − (3.17) 

The physical structure of the tile inhibits the gas flow within it. The gas flow resistance 

is indicated by SR in the momentum equation. Tile permeability is the key factor 

influencing the movement of the gas through the ceramic tile body. The porosity of 

the ceramic tiles impacts the resistance against the flow field. The momentum 

resistance within the particle was calculated using equation (3.17).   

The energy variation of both gas and solid phases in the ceramic tile body during the 

sintering process is described in equations (3.18) and (3.19).  

  

𝛿(𝜌𝑔𝐶𝑝,𝑔𝑇𝑔)

𝛿𝑡
+ ∇ρgUC𝑖,g𝑇𝑔  

= ∇𝑘𝑔∇𝑇𝑔 +   𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 +  𝑄ℎ𝑒𝑎𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠   − − − − − −(3.18) 

 

𝛿(𝜌𝑠𝐶𝑝,𝑠𝑇𝑠)

𝛿𝑡
 = ∇𝑘𝑠∇𝑇𝑠   +   𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄ℎ𝑒𝑎𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠  − −(3.19) 

 

The instantaneous mass and volume of the solid phase were utilized to estimate the 

density of the solid phase (𝜌s) during model simulation.  

Ján Ondruška et al. (2021) [59] investigated the variation in the thermophysical 

properties of ceramic samples with sintering temperature. The ceramic samples were 

produced with Kaolin and natural zeolite, and Kaolin was a major component of each 

sample of the research. Both the KZ50 sample and this research sample have the 

appropriate amounts of SiO2, Al2O3, and RO (CaO+MgO). Consequently, the variation 
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in thermal conductivity (ks) and specific heat capacity (Cp,s) of the solid phase of the 

ceramic tile body throughout the sintering process were evaluated using the 

thermophysical properties of the KZ50 sample. 

The mass variation of gas and solid phases within the ceramic tile body during the 

sintering process is described in equations (3.20) and (3.21). 

𝛿𝑚𝑖,𝑔

𝛿𝑡
+  ∇U𝑚𝑖,𝑔  =  ∇𝐷𝑖,𝑔∇𝑚𝑖,𝑔  + 𝑆𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠  − − − − − −(3.20) 

  

𝛿𝑚𝑖,𝑠

𝛿𝑡
 = 𝑆𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠,𝑖  − − − − − −(3.21) 

Cp,g , 𝜌g , kg values were taken as similar with air. Di;g  is the mass diffusion coefficient 

of the gas phase, which is determined by the following equation (3.22) [60]. 

𝐷𝑖,𝑔   = 0.0018583 × 10−4 × 𝑇𝑔
1.5 (

1

𝑀𝑠
+

1

𝑀𝑎𝑖𝑟
)

0.5

×
105

𝑃𝜎𝑖
2𝛺𝑖

 − − − − − −(3.22) 

 Ms are molecular weights of species of body mix. The molecular weight of the body 

mix is changed with the sintering profile, and it is calculated instantaneously during 

the simulation. 

3.2.3. Theoretical Framework of Vitrification   

The vitrification of ceramic tile is complex since sintering occurs with the reaction of 

materials and the formation of new crystalline and amorphous phases. During the 

sintering process, the particles fuse together, and pores between the particles become 

more nearly spherical, and the porosity of the ceramic tile body decreases 

simultaneously [61].  

 

Figure 3.1: Viscous phase Distribution on the surface of the spherical particle  
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Wetting and spreading activities during liquid phase sintering influence the 

microstructure of the ceramic tile body by modifying the pore shape. As seen in Figure 

3.1, the liquid phase that wets the particle surface will spread throughout it and 

concentrate at the contact zone, creating necks [23], [24], [28], [33]. There is a 

compressive stress in the contact area and a negative pressure differential throughout 

the curved meniscus. The pressure differences across a curved meniscus can also cause 

the migration of liquid phase between the pores or the migration of liquid from a 

saturated region to a less saturated region as shown in Figure 3.2.  

The formation of viscous melt in the firing process is accomplished by feldspar melting. 

During firing, at temperatures of about 1100 °C, an important quantity of liquid phase 

begins to form, surrounding the particles and producing a process-driving capillary 

pressure (Pc) at the contact points [33], [61]. Pores of the tile body are filled with 

moulted feldspar, and the capillary pressure brings the particles closer together, 

increasing shrinkage and lowering porosity while simultaneously altering pore size and 

shape. Raising the temperature increases the quantity of liquid phase and lowers 

porosity. In intermediate states, at around 1180 °C –1200 °C, pores start closing as 

interpore connections are eliminated [28], [29], [61]. 

Orts et al. (1993) studied the sintering behaviour of a ceramic and suggested a 

phenomenological model for the variation of the porous structure of the ceramic body 

with the sintering rate of ceramic materials as shown in equations (3.23) and (3.24).  

 𝐼𝑓  𝑇 ≤ 1453 𝐾,   

𝑑𝜀

𝑑𝑡
 = −

3𝜀

4𝜂𝑠
(𝑃𝑐 − 𝑃𝑔)  − − − − − − − (3.23) 

 

Figure 3.2: The pressure difference in pore produced by surface tension 
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 𝐼𝑓 1453 𝐾 <   𝑇 ≤ 1473 𝐾 

 
𝑑𝜀

𝑑𝑡
 = −

3𝜀

4𝜂𝑠

(𝑃𝑐)  − − − − − −(3.24) 

 

Capillary pressure (Pc) can be determined using equation (3.25) 

𝑃𝑐  =
2𝛾

𝑟
 − − − − − −(3.25) 

Surface tension (γ) is the tendency of liquid surfaces at rest to shrink into the minimum 

surface area possible in each of the pores of the ceramic tile body. Capillary pressure 

(Pc) is directly proportional to the surface tension [28], [61]. 

The chemical composition of the glassy phases calculated on the basis of bulk chemistry 

and mineralogical phases is presented in the tile body mix [29], [31], [32]. The effective 

viscosity of the system largely depends on the amount and viscosity of the liquid phase 

and the dissolution of quartz in the glassy phase. The viscosity of the glassy phase 

increases considerably as quartz dissolves into it [31], [60].  

Glassy phase viscosity, surface tension, and radius of porous materials depend on 

material behaviour and sintering temperature. J. L. Amorós et al. (2007) studied 

variation in porous structure with firing temperature, and the average porous radius of 

the R1 sample was taken to represent the porous radius of this study [7]. C. Zanelli et 

al. (2004) investigated the viscosity variation of different porcelain materials with 

temperature, and the viscosity variation of the KB sample was employed in this study 

[54]. S. Conte et al. (2018) studied the viscosity and surface tension variation of 

different porcelain materials with temperature, and the average surface tension value 

related to this study was taken [35].  

 

3.2.4. Kinetics Models for Physical and Mechanical Properties Variation during 

Sintering  

a. Kinetics Model for Linear Shrinkage Variation 

The change in the linear reduction of ceramic tiles (SL) during the sintering process 

was associated with sintering kinetics [62]-[64]. Orts et al. (1993) studied the effect of 

the firing temperature and time on the sintering kinetics of ceramic and suggested a 
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phenomenological model. Salem et al. (2010) were further studies models for variation 

in the linear retraction during the firing process. The sintering kinetics model for linear 

shrinkage in ceramic tiles was studied by M. Cargnin et al. (2015) [34]. The sintering 

behaviour and kinetics of ceramic tile depend on the sintering temperature (T), 

sintering time (ts), and composition of ceramic tile. 

Vitrification is the main mechanism for densification of ceramic tile, and Feldspar 

melting facilitates the creation of a viscous melt during the sintering process. The 

viscous melt formation rate depends on the sintering temperature and the material body 

composition. It can be determined using k'. The k' can be manipulated using Arrhenius-

type equations (3.27). 

𝐾′ = 𝑘0 exp (−
𝐸𝐴

𝑅𝑇𝑠
)  − − − − − −(3.27) 

Frequency factor (k0) and activation energy (EA) values depend on the composition of 

the ceramic tile body. The liquid phase formation ability is changed with the content of 

feldspar and quartz (CaO+MgO).  

After the formation of the liquid phase, the viscous phase needs to flow throughout the 

body, filling and decreasing the porous structure. It varies with time and viscous phase 

properties. The change in the linear reduction (SL) can be explained by equations (3.28). 

𝑆𝐿 =
  𝐿i −  Lf

 𝐿i

= 𝐾′𝑡𝑠
𝑛  − − − − − −(3.28) 

ts is the sintering time, and n is the sintering factor. The sintering time started at the 

glassy transition temperature of the body mix. The melted feldspar needs time to fill up 

the pores of the tile body, and the particles move closer together. While pore size and 

shape differ simultaneously, the body of the ceramic tile exhibits increasing shrinkage 

and decreasing porosity. The melted feldspar moving behaviour depends on the 

composition of the ceramic tile body, and the sintering factor (n) denotes ceramic tile 

body behaviour [4]-[13], [23], [24]. 

The linear reduction of ceramic tiles was calculated using equations (3.29) that can be 

obtained using equations (3.27) and (3.28). The equation (3.29) explains the linear 

reduction of ceramic tiles with a sintering profile. The sintering behaviour and kinetics 

of the ceramic tile influenced the sintering temperature and time. 
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𝑆𝐿 =  𝑘0 exp (−
𝐸𝐴

𝑅𝑇
) 𝑡𝑠

𝑛  − − − − − −(3.29) 

The kinetic model of linear shrinkage variation of ceramic tile contains three main 

parameters, such as k0 is frequency factor, EA is activation energy, and n, a sintering 

factor. This value of these parameters is dependent on the composition of ceramic tile. 

A.J. Souza et al. (2013) investigated variation of linear shrinkage of different ceramic 

materials with firing temperature, and the MT3 sample composition is similar to this 

study sample composition [18]. So, the non-linear regression method was applied and 

the values of these parameters determined. The R2 value was 0.9. Linear shrinkage 

model variables were selected based on the results of experiments conducted by A.J. 

Souza et al. (2013), which is similar to body composition using this study as presented 

in Table 4.2. 

a. Kinetics Model for Modulus of Rupture Variation 

In this study, the effect of temperature on Young’s modulus is extremely important for 

the strength of ceramic tile during the sintering process. The thermal vibrations of 

atoms increase with temperature, and the lattice potential energy also increases. The 

potential energy curve's curvature will impact as a result, changing Young's modulus 

as well. The material will expand in volume when the temperature rises. Thus, it may 

be concluded that the atomic binding force and the material's volume are both involved 

in the change in Young's modulus with temperature. As a result, there is some 

complexity in a relationship between Young's modulus and sintering temperature. 

According to references [65], [66], and [67], Young’s modulus variation of ceramic 

with sintering temperature was investigated. Antoine Elimbi et al. (2014) investigated 

the variation in the Young’s modulus of various ceramic samples with sintering 

temperature [68]. The ceramic samples were produced with Kaolin, ball clay, and 

feldspar, and Kaolin was a major component of each sample of the research. Both the 

SL5 sample and this research sample have the appropriate amounts of SiO2, Al2O3, 

and RO (CaO+MgO). Consequently, the variation in Young’s modulus with fired 

temperature of the ceramic body throughout the sintering process was evaluated using 

the SL5 sample. The effect of sintering temperature on the Young’s modulus is shown 

in equation 3.30. 
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𝐸𝑓𝑖𝑟𝑒𝑑 =  2.8580 × 10−6 × 𝑇𝑠,𝑚𝑎𝑥
3 − 8.61 × 10−3 × 𝑇𝑠,𝑚𝑎𝑥

2 + 8.62 × 𝑇𝑠,𝑚𝑎𝑥

− 2,866.92 − − − − − − − − − − − − − − − − − − − − − (3.30) 

Maximum breaking strength was calculated according to Parlevliet, P. P. et al. (2007) 

[69]. The equation (3.31) describes the variation of MOR of sintered ceramic tile. 

𝜎𝑚𝑎𝑥,𝑓𝑖𝑟𝑒𝑑 =  𝐸𝑓𝑖𝑟𝑒𝑑 × 𝑘 ×
𝑡

2
 − − − − − −(3.31) 

σmax,fired represents the maximum stress at the surface, thickness of the ceramic tile , t 

can be obtained from simulation results. k is the curvature. The k can be determine 

using below equation (3.32) 

𝑘 =  
8ℎ

𝐿2 + 4ℎ2
 − − − − − −(3.32) 

Deflection in the centre of the ceramic tile, h and the length of the ceramic tile L. The 

deflection in the centre of the ceramic tile is taken from “The TCNA Handbook for 

Ceramic, Glass and Stone Tile Installation,” [70].  

 

3.2.5. Initial and Boundary Conditions for Sintering Model  

 

Table 3.1: INITIAL AND BOUNDARY CONDITIONS OF CFD MODEL 

Properties Initial Condition 
Boundary Condition 

(wall) 
Reference 

Temperature 300K 
Dynamic (Refer Figure 

3.3) 

 

Pressure 1 atm (fixed Value) 1 atm [115] 

Velocity 0  m/s zeroGradient [115] 

 

The initial and boundary conditions of the CFD model are shown in Table 3.1, and these 

boundary conditions are applied to every surface of the tile (wall). Two phases are 

considered in this model, such as solid and gas phases. The initial temperatures for both 

phases are assumed to be 300 K for the entire tile and the boundaries of the ceramic tile 
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body at t = 0. The dynamic temperature boundary condition is applied in the CFD model 

to represent the sintering cycle, ensuring compliance with the experiment. Temperature 

variation in the boundaries of the ceramic tile body refers to the sintering cycle in Figure 

3.3. The initial conditions of the pressure and velocity of the gas phase are assumed to 

be 1 atm and zero, respectively. In this research, the boundary conditions of the 

pressure for the gas phase are 1 atm. There is no pressure difference built up within 

the tile and furnace during the sintering process, and the boundary condition for the 

velocity is taken as zero gradient [115]. 

 

3.2.6. Importance of Dynamic Mesh for Sintering Model   

Ceramic tile shrinkage behaviour varies with the sintering curve. Shrinkage depends on 

temperature, and a special variation of temperature exists in ceramic tile bodies during 

the sintering process. Then, the finite volume method is capable of modelling shrinkage 

during the sintering process of ceramic tiles. The shrinkage of each volume concerning 

temperature and time is examined. Hence, CFD modelling is capable of capturing the 

temporal and spatial variation in shrinkage within the ceramic tile. The volume of the 

domain is changed during the simulation process due to linear shrinkage. The ceramic 

tile sample generated 48000 cells; the number of cells in the mesh and the volume of 

each mesh changed with the sintering process. The properties of each mesh of the 

ceramic tile body vary with the sintering cycle and dynamic mesh concept to be applied 

for this model, which allows the mesh to change during a simulation [56], [117], 

[118]. After the simulation process, the model that was created with the addition of the 

dynamic mesh concept can produce more accurate results. 

3.2.7. Theoretical Framework for Sintering Profile Optimization  

It is preferable to conduct the sintering as fast as possible without causing damage to 

the sintered ceramic tile body in order to save time and energy. The maximum heating 

and cooling rates of the ceramic tile body are to be found, and the optimum sintering 

cycle can be found. During the heating, the interior of the ceramic tile remains at a 

lower temperature than the surface due to the low thermal conductivity of the ceramic 

tile body. The interior of the ceramic tile expands less than the surface. Therefore, the 

interior experiences tensile stress. The surface experiences tensile stress while the 

interior experiences compressive stress during the cooling process. The temperature 
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differences and thermal stresses change with time rapidly during the process of offset 

heating or cooling. 

Thermal shock, or sudden temperature changes, and thermal fatigue, or frequent 

temperature cycling, are two conditions that cause ceramic tiles to fail. The ceramic 

body endures thermal stress as a result of a sudden change in the surrounding 

temperature, which creates a temperature gradient. When the thermal stress in that 

manner of stressing beyond the material's strength, failure occurs [66], [71].  

The MOR of ceramic tile bodies varies with heating and is sensitive to both the heati

ng rate and factors related to body composition. Quartz is the predominant material in 

the body mix, and the amount of thermal stress that appears is mostly determined by 

the behaviour of the quartz particles. When alpha quartz transforms into beta quartz, 

which occurs at 573 °C, there is a significant thermal expansion. Compared to the other 

ceramic tile body component, the quartz particle's thermal stress is greater. The thermal 

stress caused by quartz particles during the heating stage should be less than the MOR 

of the ceramic tile. Otherwise, the development of microcracks during the heating step 

has an impact on it [66], [102].  

After heating, quartz particles and a glassy phase are present in ceramic tile. During 

the cooling stage, the transition of beta quartz to alpha quartz occurs around 573 °C. 

There is a significant thermal expansion for quartz particles than glassy phases [66], 

[102]. Therefore, the stress of the glassy phase of the ceramic tile body is smaller than 

the thermal stress created by the quartz particles. MOR of the glassy phase of ceramic 

tiles needs to be greater than the thermal stress resulting from quartz particles, and the 

cooling rate must be controlled. It assists in preventing microcracks in the body of the 

ceramic tile. 

The thermal stress encountered by a material depends on the rate of heating or cooling 

and thermomechanical properties of the ceramic body. I. Stubna et al. (2013) suggested 

a kinetic model for fracture strength variation of Kaolin-base ceramics during the 

sintering process and MOR variation of ceramic tile during the heating and cooling 

process shown in equations (3.33) and (3.34) [66]. 

𝜎𝐹_𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝐻𝑟 × 𝐴 × 𝐸𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝛼𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝐶𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝜌 × 𝑟2

𝜆𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔(1 − 𝜇𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔)
 − −(3.33) 
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𝜎𝐹_𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝐶𝑟 × 𝐴 × 𝐸𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝛼𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝐶𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝜌 × 𝑟2

𝜆𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔(1 − 𝜇𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔)
 − − − (3.34) 

 

Poisson ratio, thermal expansion, thermal conductivity, and Young’s modulus of 

materials depend on material behaviour and sintering temperature. Ján Ondruška et al. 

(2021) investigated the variation in the thermophysical properties of ceramic samples 

with sintering temperature [59]. The ceramic samples were produced with Kaolin and 

natural zeolite, and Kaolin was a major component of each sample of the research. Both 

the KZ50 sample and this research sample have the appropriate amounts of SiO2, Al2O3, 

and RO (CaO+MgO). Consequently, the variation in thermal conductivity and specific 

heat capacity of the ceramic tile throughout the heating stage of the sintering process 

were evaluated using the thermophysical properties of the KZ50 sample. The body 

composition of ceramic tile is not changed during the cooling stage. Thus, constant 

thermal conductivity and specific heat capacity values were used for the cooling stage, 

which appropriated the final value of thermal conductivity and specific heat capacity 

during the heating stage. 

A. Vojtko et al. (2011) studied the variation Poisson ratio of Kaolin base ceramic 

materials with temperature in a porous structure with firing temperature, and this 

sample data was taken to represent the poison ration of this study during the heating 

stage [76]. T. Húlan et al. (2020) investigated the thermal expansion and young’s 

modulus variation of different ceramic materials during the heating and cooling stages 

of the sintering process, and thermal expansion and Young’s modulus variation of the 

Liepa sample were employed with this study [62].  

The sudden change in the surrounding temperature generates a temperature 

gradient; thereby, the ceramic body experiences thermal stress. P. K. Panda et al. 

(2002) studied the generation of thermal stress inside ceramic bodies due to thermal 

shock. In this study, the thermal stress variation of quartz particles during the sintering 

process needs to be determined, and it can be calculated as shown in equations (3.35) 

and (3.36) [71].  

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝐸𝑄_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝛼𝑄_ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝛥𝑇

(1 − 𝜇𝑄_ℎ𝑒𝑎𝑡𝑖𝑛𝑔)
 − − − −(3.35) 
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𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝐸𝑄_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝛼𝑄_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝛥𝑇

(1 − 𝜇𝑄_𝑐𝑜𝑜𝑙𝑖𝑛𝑔)
 − − − −(3.36) 

 

According to Equation (3.37), the MOR of the ceramic body must be higher than the 

thermal stress of quartz particles during the heating process of ceramic tile. According 

to the references, the sintered ceramic body contained 70–75% of the glassy phase, 

including mullite, and 30–25% of quartz [23], [24], [80]. Thus, the characteristics of 

the ceramic tile boy altered with cooling in a manner that was nearly identical to the 

properties of the glassy phase. Ultimately, as the ceramic tile cools, the MOR of the 

tile body needs to be greater than the thermal stress of the quartz particle. 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑔𝑒  

𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 <  𝜎𝐹_𝐶_ℎ𝑒𝑎𝑡𝑖𝑛𝑔  − − − − − −(3.37) 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑠𝑡𝑎𝑔𝑒 

 𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 <  𝜎𝐹_𝐶_𝑐𝑜𝑜𝑙𝑖𝑛𝑔 − − − − − −(3.38) 

If thermal stress is higher than the fracture strength, the tile is cracked during the 

sintering process. The heating and cooling rates can be optimized by considering 

equations (3.37) and (3.38). 

There are six main reactions of the sintering process, such as the dihydroxylation of 

clay minerals, dolomite decompositions, the formation of mullite, the melting of 

feldspar, and glassy phase conversion to solid form [3], [4], [17]-[21]. These main 

reactions need to be completed properly within the sintering process to form a proper 

sintered ceramic tile body. So, this condition is also to be satisfied during the sintering 

process.  
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Table 3.2: PARAMETERS USED IN SIMULATION 

Property  Unit Value Ref. 

Thermal diffusion coefficients 

green ceramic body 

KD W/(m.K) 0.8 [92] 

Heat capacities of green ceramic 

body 

Cp,D   J/(kg.K) 938 [92] 

Constant k0 1/s 100 [15] 

 θk,  K 3150 [15] 

 θD K 3800 [15] 

Pre-exponential factor Ai 1/s ADwater evaporation= 5.13×106 [100] 

   ADihydroxylation= 1.32×106 [93] 

   AQuatz inversion= 115.7 [94] 

   ADolomite decomposition= 1.045×106  [97] 

   ASinel formation= 5.22×1025 [95] 

   AMullite formation= 8.202×1022 [96] 

   AGlassy formation= 0.71×1021 [98] 

   Anew crystalline formation= 8.6×1029 [98] 

Activation energy Ei kJ /mol EDwater evaporation= 87.9 [100] 

   EDihydroxylation= 140 [93] 

   EQuatz inversion= 181 [94] 

   EDolomite decomposition= 184.69 [97] 

   ESinel formation= 562 [95] 

   EMullite formation= 631 [96] 

   EGlassy formation= 632 [98] 

   Enew crystalline formation = 700 [99] 

Enthalphy Δhi kJ/kg ΔhDihydroxylation= 1158 [40] 

   ΔhQuatz inversion, heating= 1.56 [80] 

   ΔhQuatz inversion, coolong= 1.26 [80] 

   ΔhDolomite decomposition= 1646  [40] 

   ΔhMullite formation= -280 [40] 

   ΔhGlazzy phase= 226 [40] 

   Δhnew crystalline formation = -543 [40] 

Specific heat capacity, solid Cp;s J/(kg.K) 1×10-6 T2-0.001T+1.1508 [59] 

Specific heat capacity, gas Cp;g J/kg 1000  

Thermal conductivity, solid 

 

ks W/(m.K) 7×10-7 T2-0.001T+0.5894 [59] 

Thermal conductivity, gas 

 

kg J/(kg.K) 2×10-5 T+0.0013  

Convection coefficient hcon kJ/kg 1.41 [58] 

Emissivity εm  0.85 [58] 

Average collision diameter of air 

 

σi   Å 3.617 [60] 

Diffusion collision integral of air 

 

Ωi  0.7422 [60] 

Glassy phase viscosity Ꞃs MPa.s -0.2T+248 [54] 

Glassy phase surface tension γ mN/m 344 [35] 

Radius of porous r 𝜇m 2.43 [7] 

Sintering Factor                                     n  0.12 [18] 

Frequency Factor          K0 1/s 11461 [18] 

Activation Energy Shrinkage       EA kJ/mol 154.372 [18] 

Young’s modulus of tile during 

heating 

ECheating  N/m2 8.53×10-8T3-1.05226×10-

4T2+0.03328T- 3.04202 

[68] 

Young’s modulus of tile during 

cooling 

ECcooling  N/m2 2.24×10-8T3-1.57651×10-

5T2+0.0261T+ 23.0222 

[68] 
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Young’s modulus of quartz during 

heating 

EQheating  

N/m2 

300C≤T≤5730C  

-6.55×10-7T3+0.00041T2-

0.0853T+89.90 

5730C˂T≤12000C  

95 

 

[102] 

Young’s modulus of quartz during 

cooling 

EQcooling 

Thermal Expansion of tile during 

heating (relative %) 

αCheating  

1/K 

300C≤T≤5730C  

1.49×10-14T6–2.52×10-

11T5+1.62×10-8T4-4.99×10-

6T3+0.0007T2-0.0448T+0.808 

5730C˂T≤9000C  

2.2 

9000C˂T≤12000C  

7.33×10-9T4-3.06×10-

5T3+0.04776T2-

33.0625T+8567.5 

[68] 

Thermal Expansion of tile during 

cooling (relative%) 

αCcooling  

1/K 

12000C≤T≤300C  

2.395×10-17T6–5.068×10-

14T5+2.75×10-11T4-3.495×10-

9T3+4.527×10-6T2-6.662×10-

4T+2.5184 

 

[68] 

Thermal Expansion of quartz during 

heating 

αQheating  1/K 

 

 

 

 

 

 

 

 

 

 

300C≤T≤4000C  

–7.657×10-17T5+8.33×10-14T4-

3.19×10-11T3+5.20×10-9T2-

3.40×10-7T+1.63×10-5 

4000C˂T≤5500C  

1.6×10-11T3-2.12×10-8T2 

+9.42×10-6T-0.00138 

5500C˂T≤5730C  

5.33×10-5T-0.030319 

5730C˂T≤12000C  

-0.000001 

[102] 

 

 

 

 

 

 

 

 

 

Thermal Expansion of quartz during 

cooling 

αQcooling  
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Poisson’s ratio of tile during heating µCheating  
 

-2.26×10-12T4+4.83×10-9T3-

3.256×10-6T2+7.38×10-

4T+3.881 

 

[76] 

Poisson’s ratio of tile during cooling µCcooling  

 

12000C≥T≥9000C  

1.067×10-7T3-3.56×10-

4T2+0.3967T-147.51 

T≤9000C  

0.45 

 

 

[101] 

Poisson’s ratio of quartz during 

heating  

µQheating  

 

270C˂T≤6000C  

-1.53×10-11T4+1.36×10-8T3-

4.10×10-6T2+2.938×10-

4T+0.043409 

T≥6000C  

0.23 

 

 

[102] 

Poisson’s ratio of quartz during 

cooling 

µQcooling  

 

3.3 Experimental Procedure 

3.3.1. Raw Materials Selection and Body Composition Preparation   

In general, quartz, feldspar, ball clay, and dolomite are the main raw materials used in 

the ceramic tile industry. The availability of quality ball clay for the tile manufacturing 

industry has decreased over the years in Sri Lanka, and the tile industry intends to 

substitute ball clay with another suitable clay. The ceramic tile industry depends 

heavily on the quality of clay minerals; new sources of clay have to be identified for 

the sustainability this industry. In this investigation, a brand-new natural Kaolin clay 

type was identified from a novel clay mine in Sri Lanka, which is entitled M2 Kaolin. 

M2 Kaolin was used as the main raw material for this study, and it was extracted from 

Meetiyagoda, a southern province of Sri Lanka.  The area of Meetiyagoda is located 

between the coordinates 6°11′23″ N; 80°5′43″ E and 6°11′15″ N; 80°5′36″ E. 

Two batches of M2 Kaolin samples with different particle size distributions were 

prepared using wet ball mill grinding process. Then M2 Kaolin was prepared in the 

form of dry powder. Further, M2 Kaolin was investigated for the ceramic tile industry 

as the main clay mineral with Feldspar, Dolomite, and Bentonite Clay [37], [38], [112]. 

The body mix, which is composed of 45% M2 Kaolin, 45% Feldspar, 5% Dolomite, 
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and 5% Bentonite Clay, was prepared using the raw components in dry powder form 

[37], [38], [40]. 

3.3.2. Determination of Moisture Content Variation for M2 Kaolin   

The plug mill technique was used to prepare cylindrical shapes samples with 76 mm 

diameter and 65 mm height. The samples were dried in the oven at a constant 

temperature of 60 oC. Variation of moisture content of the samples with time was 

determined. 

3.3.3. Ceramic Tile Preparation and Determination of Physical Properties   

The ceramic tile samples were shaped by a powder pressing technique on a laboratory 

scale. The size of the tile was determined by the objectives of the study as well as the 

availability of machinery, tools, and laboratory-scale processing methods. Further, the 

muffle furnace configuration and the minimum length required for MOR testing are 

also taken into account for selection of ceramic tile size. The length, width, and 

thickness of the tile are 80 mm, 60 mm, and 10 mm, respectively, and the specific 

pressure applied was 400 Mpa. The tile samples were dried in an oven at a constant 

temperature of 80 oC. Variations of moisture content and dimension of the green 

ceramic samples with time were determined. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Sintering cycle of ceramic tiles-maximum sintering temperature 1200 
0C 
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The dried tile samples were fired in a muffle furnace at 1100 oC, 1050 oC, 1080 oC, 

and 1200 oC. The sintering cycle at the maximum sintering temperature of 1200°C is 

shown in Figure 3.3.  

Physical and mechanical characteristics of the sintered ceramic tiles, including water 

absorption, modulus of rupture (MOR), linear shrinkage, and volume reduction, were 

measured and gathered in this experiment. The volume reduction and linear shrinkage 

were calculated using equations (3.39) and (3.40). 

 Sl =
  𝐿i −  Lf

 𝐿i

×100  − − − − − −(3.39)       

∆V =
  𝑉i − 𝑉𝑓

 𝑉i

×100    − − − − − −(3.40)       

 
 

The modulus of rupture (MOR) and water absorption of the samples were measured 

as per the ISO 13006 standard. Loss on ignition (LOI) and bulk density of the samples 

with sintering temperature were also determined. 

3.3.4. Characterization of Raw Materials, Green and Sintered Ceramic Tiles    

a. Chemical Structure Analysis of M2 Kaolin, Green Body Mix, and Sintered 

Ceramic Tile  

X-ray diffraction techniques were used to analyze the structure of M2 Kaolin, green 

ceramic tile body mix, and sintered ceramic tile using the ‘Rigaku Ultima IV’ X-ray 

diffractometer (CuKα1:1.5406 Å).    

b. Chemical Elements Analysis of M2 Kaolin and Green Body Mix 

The quantities of SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, MnO, and ignition 

ingredients in the M2 Kaolin and green ceramic tile body mix were measured by wet 

chemical analysis.  

• A mixture consisting of 0.5 g of a finely ground sample and 2.5 g of Na2CO3 was 

added together, and the mixer was heated up in a laboratory furnace at 950 ◦C. The 

melted bulk and dilute hydrochloric acid blended. The SiO2 precipitation was extracted 

on filter paper after the solution completely evaporated. The SiO2 precipitate was 

determined after burning the filter paper. After that, hydrofluoric acid was applied to 
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the precipitated SiO2. The percentage of SiO2 is computed using the weight loss after 

hydrofluoric acid treatment.  

• 0.5 g of finely milled sample material was treated with 15 ml of HF and 5 ml of 

HNO3. The bulk solution was then entirely dissolved by heating it on a hot plate. Then 

the extra HF is evaporated. 250 ml of transparent solution was prepared using 2 % nitric 

acid. An atomic absorption spectrophotometer (GBC 33AA) was utilised to examine 

Al2O3, Fe2O3, CaO, MgO, Na2O, K2O and MnO, while a UV–visible spectrometer was 

utilised to identify P and Ti.  

• In a platinum crucible, 1 g of finely ground material was burnt up to 950 ◦C and the 

amount of mass loss due to ignition (LOI)% was calculated.  

 

c. Particle Size Analysis of Raw Materials and Green Body Mix 

Particle size testing was conducted for raw materials and green body mix using the 

‘Chengdu Jingxin Powder Analyse Instrument Co.,  (JL-1177)’ Laser Particle Size 

analyser. 

   

d. Thermal Behaviour Analysis of Raw Materials and Green Body Mix 

Differential thermal analysis and thermogravimetric analysis were utilized to examine 

the thermal response of M2 Kaolin and the green ceramic tile body mix. The 

instrument that was used for this analysis was the "(SDT Q-600, USA)" under a 

nitrogen environment, heating at a rate of 10 0C per minute from ambient temperature 

to 1100 0C. 

e. Chemical Elements, Microstructure and Dispersion Analysis of Sintered 

Ceramic 

A scanning electron microscopy analyser was employed for structural characterisation 

of the sintered ceramic samples to determine the chemical elements, microstructure, 

dispersion, morphology, and grain size. The untreated sample was analysed by 

scanning electron microscopy (EVO 18, Germany) and an energy dispersive X-ray 

(EDX) analyser (EVO 18, Germany). 
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CHAPTER 4 

4. EXPERIMENTS RESULTS  

4.1  Characterization Results of Raw Materials, Green and Sintered 

Ceramic Tiles    

4.1.1 X-ray Diffraction Analysis of M2 Kaolin, Green Body Mix, and Sintered 

Ceramic Tile    

Figure 4.1 and Figure 4.2 represent the X-ray diffraction data of the M2 kaolin and 

green ceramic tile body mix. The XRD analysis of M2 Kaolin revealed that the two 

phases are quartz alpha and kaolinite [Al2Si2O5(OH)4]. The primary framework of the 

ceramic tile body is built from quartz, and its plasticity is enhanced by kaolinite. 

Consequently, the utilisation of M2 Kaolin as a raw material may provide greater 

advantages for ceramic tile bodies within the industry. 

  

According to XRD analysis, the green ceramic tile body mix contains quartz, kaolinite, 

feldspar, and dolomite. The main component of the body mix is 20% quartz, 30% clay 

with kaolinite and bentonite, 45% feldspar, and 5% dolomite. The X-ray diffraction 

patterns of the sintered body mix at 1100 °C, 1150 °C, 1200 °C, and 1180 °C are 

 

Figure 4.1: X-ray diffraction of the M2 Kaolin. 
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presented in Figures 4.3, 4.4, 4.5 and, 4.6. An analysis of the XRD revealed that mullite 

and quartz phases in the sintered body mix. There is no discernible difference in the 

quantity of quartz in the sintered products, and mullite is the result of kaolinite 

conversion. Quartz contains green body mix in alpha form, and it converts to beta form 

during the sintering process [78], [79]. The proportion of quartz, mullite, and glassy 

phases in the sintered ceramic tiles varies with temperature [4], [78], [79]. Feldspar 

phases were identified by XRD in the sintered ceramic tiles at 1100 °C and 1150 °C. 

The ceramic body vitrification process and formation of glassy phase occur after 1100 

°C, and the amount of solid feldspar in the ceramic tile body decreases with sintering 

temperature [29]-[31]. 

 

 

 

Figure 4.2: X-ray diffraction of the green ceramic tile body mix 
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Figure 4.3: X-ray diffraction of the ceramic tile bodies sintered at 1100 0C 

 

Figure 4.4: X-ray diffraction of the ceramic tile bodies sintered at 1150 0C 
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Figure 4.5: X-ray diffraction of the ceramic tile bodies sintered at 1200 0C 

 

 

Figure 4.6: X-ray diffraction of the ceramic tile bodies sintered at 1180 0C 
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4.1.2 Chemical Analysis of M2 Kaolin and Green Body Mix  

Table 4.1 represents the quantities of SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, 

MnO, and mass loss due to ignition in the M2 Kaolin and green ceramic tile body mix. 

Table 4.1 shows that the chemical analysis M2 kaolin has an alumina and silica amount 

of 27.27% and 56.78%, respectively, and a loss on ignition of 13.47%. According to 

the XRD analysis of M2 Kaolin, it contains quartz and kaolinite structures, and these 

both structures contain Si and Al. Chemical analysis results were given for a 

combination of both phases of M2 Kaolin. The chemical analysis of green ceramic tile 

body mix contains 4.53% of K2O, and it confirmed that the K-feldspar is used for body 

mix preparation. The total R2O (K2O + Na2O) contained in the green ceramic tile body 

mix is 5.59%. Dolomite was added to the body mix, and the total RO (CaO + MgO) 

contained in the body mix was 3.75%. 

 

Table 4.1: CHEMICAL COMPOSITION OF THE M2 KAOLIN AND GREEN 

CERAMIC TILE BODY MIX 

Constituents 
Contents % w/w 

M2 Kaolin Body Mix 

SiO2 56.78 56.20 

Al2O3 27.27 22.30 

Fe2O3 0.84 0.83 

K2O 0.78 4.53 

Na2O 0.25 1.06 

MgO 0.16 1.63 

CaO 0.07 2.12 

TiO2 0.31 0.70 

MnO 0.01 0.01 

P2O5 0.01 0.39 

LOI 13.47 10.14 
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4.1.3 Particle Size Analysis of M2 Kaolin (Plug Milled Samples) 

Figures 4.7 and 4.8 represent the size distribution of particles in relation to particle 

diameter vs. percentage of total particle volume percentage of M2 kaolin samples, as 

evaluated by dimensions of low-angle laser light scattering (LALLS) technique. The 

average particle size (D50) of the kaolin clay was 4.07 µm and 3.57 µm, respectively. 

90% of the particles in batches 1 and 2 are less than 52.56 µm and 32.42 µm, 

respectively. 

 

 

Figure 4.7: Particle size distribution of M2 Kaolin -Batch 01 
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Figure 4.8: Particle size distribution of M2 Kaolin -Batch 02 
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4.1.4 Particle Size Analysis of Raw Materials and Green Body Mix of Ceramic 

Tile  

Figure 4.9 exhibits the variation of particle size of M2 Kaolin with particle volume 

percentage. M2 Kaolin particles spread between 0.05 and 16.32 µm, and the average 

particle size is 0.971 µm. Table 4.2 displays the average particle sizes of feldspar, 

dolomite, bentonite, M2 Kaolin, and body mix. The average size of the green body 

mix particle was 24.012 µm. M2 Kaolin consists of finer particles than other raw 

material particle sizes, while dolomite and feldspar have larger particles. The 

appropriate particle distribution within the ceramic body mix can be observed. 

Therefore, the body mix provides the tile body with an exceptional compact density of 

1.8 g/cm3 during the pressing process [3], [5], [6].   

  

 

 

 

 

 

 

Figure 4.9: Particle size distribution of M2 Kaolin 
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Table 4.2: AVERAGE PARTICLE SIZE OF RAW MATERIALS AND GREEN 

CERAMIC TILE BODY MIX 

Type of 

Raw 

Material 

Particle Size (µm) 

Average (D3) Average (D50) Average (D90) 

Body Mix 0.239 24.012 63.340 

Bentonite 0.226 2.444 17.758 

M2 Kaolin 0.176 0.971 5.278 

Feldspar 0.295 28.208 65.458 

Dolomite 0.301 29.121 65.590 

 

4.1.5 Differential Thermal and Thermogravimetric Analysis of Raw Materials 

and Green Body Mix  

TGA and DTA curves for M2 Kaolin and green body mix appear in Figures 4.10 and 

4.11, respectively. When the sample is heated to 1100 0C, the differential thermal 

pattern reveals a variety of reaction peaks, both endothermic and exothermic. The 

elimination of physically incorporated water from the M2 Kaolin and green body mix 

is the result of the first endothermic peak, which appears in the range of 70 and 100 0C. 

The process of combustion of biomass occurred while it was being heated, and it 

appeared to have an exothermic peak between 200 and 450 °C [110], [111]. The 

dihydroxylation process completely converted Kaolin into metakaolin, as evidenced by 

the endothermic peak, which appeared between the temperatures of 490 and 600 0C [7], 

[11], [78]-[85]. The conversion from α-quartz to β-quartz was shown by the 

endothermic peak in the temperatures of 573 0C, appropriately [7], [11], [86]. 

Metakaolin is converted to spinel, which accounts for the exothermic peak in the 980–

1000 0C range [7], [11], [78]-[85].  

According to Figure 4.8, the decomposition of calcium and magnesium carbonate in 

the body mix leads the endothermic peak to occur between 720-750 0C and 910-940 0C 

[87]-[90]. The mass elimination rate of M2 Kaolin and green body mix at temperatures 
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of 30–1000 0C is represented in Figures 4.10 and 4.11, and it is around 11.3% and 

10.1%, respectively. 

 

 

 

Figure 4.10: DTA and TGA curves for M2 kaolin 
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Figure 4.11: DTA and TGA curves for green ceramic tile body mix 
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4.1.6 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

Analysis of Sintered Ceramic  

Figures 4.12 and 4.13 show SEM images of sintered ceramic tiles at 1200 °C. The 

ceramic samples depict the ordinary characteristics of a well-sintered ceramic tile 

body, and the existence of numerous areas, including mullite, quartz, and the glassy 

phase, is evident [4], [79], [89]. The XRD analysis also confirmed that the sintered 

ceramic tile has mullite, quartz, and glassy phases. The EDS data was used to analysis 

position of quartz and mullite particle in the SEM analysis.  

 

 

The EDS data is given elemental analysis for each phase. The ratio of Si and O was 

determined using EDS analysis. If it is similar to the quartz composition, that point is 

 

Figure 4.12: SEM images at 15000 x magnification, sintered ceramic tile at 1200 
0C- a and b are two places in tile body 
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identified as the quartz phase. A similar method was applied for the identification of 

mullite phase also, and the Al, Si, H, and O element ratios were compared with EDS 

data results. The results of Table 4.3 and 4.4 revealed that the mullite phase was rich 

in silicon (Si), aluminium (Al), and oxygen (O), and the quartz phase observed 

typically silicon (Si) and oxygen (O). In this research, the exact elements ratio was 

difficult to obtained due the mix of glassy phase. Therefore, the location of the mullite 

and quartz particles was determined by integrating the study of EDS data, SEM data, 

and references. The SEM and EDS analyses confirmed that the original raw materials 

have undergone all of the chemical and physical transformations during the sintering 

process. 

 

 

Figure 4.13: SEM images at 25000 x magnification, sintered ceramic tile at 1200 0C- 

a and b are two places in tile body 
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Table 4.3: EDX OF MULLITE PHASE OF SINTERED CERAMIC TILE - 

MAXIMUM SINTERING TEMPERATURE AT 1200 0C 

Element Weight (%) Atomic (%) 

O 43.75 58.32 

Na 1.66 1.54 

Mg 1.48 1.30 

Al 13.40 10.60 

Si 30.98 23.53 

K 4.83 2.64 

Ca 3.89 2.07 

 

Table 4.4: EDX OF QUARTZ PHASE OF SINTERED CERAMIC TILE - 

MAXIMUM SINTERING TEMPERATURE AT 1200 0C 

Element Weight (%) Atomic (%) 

O 66.86 74.76 

Na 1.97 1.53 

Mg 1.69 1.25 

Al 7.15 4.74 

Si 16.74 10.66 

K 1.22 0.56 

4.2  Determination of Moisture Variation of M2 Kaolin 

Moisture variation of the M2 Kaolin samples (plug milled) with time was determined, 

and the critical moisture content of the M2 Kaolin was 1.50%. Total moisture content 

of each batch of samples with time was plotted as shown in Figure 4.14. Drying time 

and rate of two batches of samples were analyzed. Accordingly, the drying rate of batch 

01 is higher than batch 02 up to fifteen (15) hours of drying time. The bulk density of 

two batches of samples was measured as 1950kg/m3 and 2000kg/m3 respectively. 

Drying time and rate of the M2 Kaolin were varied with bulk density (⍴) of samples 
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because bulk density (⍴) varies with particle size distribution and it affects the 

microstructure of the samples. 

 

4.3  Determination of Physical and Mechanical Properties of Ceramic 

Tiles 

Figures 4.15 and 4.16 show a variation in linear shrinkage and moisture content during 

the drying process. The moisture content of the ceramic tile body decreases with time, 

and the drying rate also decreases with time. The maximum liner shrinkage of the green 

ceramic tiles is 0.75%.  

 Variation in water absorption percentage and MOR values for sintered ceramic tiles 

with sintering temperature is shown in Figure 4.17. The MOR of ceramic tile is 

increased, and the water absorption is decreased with sintering temperature. The highest 

MOR is 20.7 N/mm2 at 1200 0C and comparatively, the lowest value of water 

absorption is 3.5%.  Figure 4.18 shows variation of linear shrinkage and volume 

reduction of ceramic tile with sintering temperature. The volume reduction and linear 

shrinkage of sintered ceramic tiles increased with sintering temperature. The maximum 

volume reduction and linear shrinkage of ceramic tiles are 7.5% and 24.0 %, 

respectively, which is given temperature at 1200 0C. The packing density of ceramic 

 

Figure 4.14: Comparison of total moisture content variation of M2 Kaolin sample 
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tile varied with sintering temperature, as shown in Figure 4.19. The maximum value of 

packing density is 2.0 g/cm3 which is given at a temperature of 1200 0C  

 

Figure 4.15: Linear Shrinkage variation of green ceramic tile sample 

 

 

 

Figure 4.16: Experiment total moisture content variation of green ceramic tile sample 
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During the sintering process, the particles fuse together, and pores between the particles 

of the ceramic body become more nearly spherical, and the porosity of the ceramic tile 

body decreases simultaneously [61]. Wetting and spreading activities during liquid 

phase sintering influence the microstructure of the ceramic body by modifying the pore 

shape. 

 

Figure 4.17:  Water absorption and MOR variation of ceramic tiles with   different 

sintering temperature 
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Figure 4.18:  Volume reduction and linear shrinkage variation of ceramic tiles with 

different sintering temperature 
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 The formation of viscous melt in the sintering process is accomplished by feldspar 

melting. During firing, at temperatures of about 1100 °C, an important quantity of liquid 

phase begins to form, surrounding the particles and producing a process-driving 

capillary pressure (Pc) at the contact points [33], [51], [52]. Pores of the tile body are 

filled with melted feldspar, and the capillary pressure brings the particles closer 

together, increasing shrinkage and lowering porosity while simultaneously altering pore 

size and shape. Raising the temperature increases the quantity of liquid phase and 

lowers porosity. In intermediate states, at around 1180 0C –1200 0C, pores start closing 

as interpore connections are eliminated [52], [60]. As a result, while water absorption 

reduced with sintering temperature, the MOR, packing density, linear shrinkage, and 

volume reduction increased concurrently. The best physical properties of tiles can be 

obtained by controlling the formation of a vitreous phase of the tile body. Therefore, 

sintering temperature is a critical factor controlling the formation of a vitreous phase.  

 Figure 4.19 shows that the loss on ignition of ceramic tiles does not significantly vary 

with sintering temperature, with a minor fluctuation of 0.6% at temperatures between 

1100 and 1200 °C. Mass variation-related physical and chemical transformations of 

ceramic tiles occur below 1000 °C. Therefore, the significant LOI variation can’t be 

observed after 1000 °C.  

 

Figure 4.19:  Packing density and loss of ignition variation of ceramic tiles with 

different sintering temperature 
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CHAPTER 5 

5. MODEL VALIDATION  

5.1  Drying Model Validation    

5.1.1 M2 Kaolin Sample Drying Model Validation 

The D0 value of each batch, which was explained in equation (3.2) formula, was 

determined using experiment bulk densities and equation (2.4) formula. The values of 

aD and bD constants of equation (2.4) formula were taken from reference [15]. 

Calculated D0 values were shown in Table 5.1, and the effective diffusion coefficient 

of the M2 Kaolin sample is reduced with bulk density. The diffusion coefficient of 

moisture is a highly critical factor for the drying curve of the ceramic body, and the 

accuracy of the diffusion coefficient has to be maintained properly. Therefore, a 

mathematical model was developed using the effective diffusion coefficient that was 

determined using calculated D0 values as shown in Table 5.1, and ϴD was taken from 

the reference [15], which was related to the bulk density and temperature. 

 

Table 5.1: D0 VALUE VARIATION OF M2 KAOLIN SAMPLE WITH BULK 

DENSITY 

Batch No 
Bulk Density 

(kg/m3) 

 

D0 (10-6) 

01 1950 369.23  

02 2000 309.26 

 

To be certain that the outcomes of the drying model are unaffected by cell size, the 

mesh was improved and evaluated using the drying model. Simulation results 

developed by the drying CFD model and experiments results of total moisture content 

variation of M2 Kaolin sample with time plotted as shown in Figures 5.1 and 5.2. 

According to the model, the total moisture content variation of the samples was reduced 

with time, and the drying time of batch 01 is lower than batch 02. Simulation results 

developed by the model were compared and analysed with data obtained by 
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experiments conducted using M2 Kaolin. The model results were validated and comply 

with experiments results. R2 value was 0.9 for both batches.  

 

 

Figure 5.1: Comparison of model with experiment total moisture content variation of 

M2 Kaolin sample - Batch 01 

 

Figure 5.2: Comparison of model with experiment total moisture content variation of 

M2 Kaolin sample - Batch 02 
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5.1.2 Drying Model Validation for Ceramic Tile 

Moisture and dimension variation of the green ceramic tile samples with time were 

measured, and the critical moisture content of the green ceramic tile was 0.760%. The 

total moisture content variation of green ceramic tile with time was plotted as shown in 

Figure 5.3. The D0 value of green ceramic tile, which was explained in equation (3.2), 

is calculated using bulk density and the equation (2.4) formula. The values of aD and 

bD constants in equation (2.4) were taken from reference [15].    

The effective diffusion coefficient (Dm) of the green ceramic tile is varied with the 

temperature and D0 value of the samples. The diffusion coefficient of green ceramic 

tile is a highly critical factor for the drying process of the ceramic body. The drying 

rate depends on the diffusion coefficient of the ceramic tile. Therefore, a mathematical 

model was developed using the effective diffusion coefficient (Dm). The effective 

diffusion coefficient (Dm) of ceramic tile was determined using calculated D0 value, 

which is 778×10-6, and ϴD was taken from the reference [15], which was related to the 

bulk density and temperature. 

 

 

 

Figure 5.3: Comparison of model with experiment total moisture content variation 

of green ceramic tile sample 
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Table 5.2: COMPARISON OF MODEL WITH EXPERIMENT TOTAL 

MOISTURE CONTENT VARIATION OF GREEN CERAMIC TILE 

Time (min) 
Total Moisture Content (kg) 

Experiment Model 

0 0.073 0.074 

5 0.058 0.065 

15 0.048 0.054 

30 0.040 0.044 

45 0.034 0.035 

60 0.029 0.030 

75 0.025 0.025 

90 0.022 0.022 

105 0.019 0.018 

120 0.017 0.015 

135 0.016 0.013 

150 0.014 0.011 

180 0.012 0.011 

255 0.011 0.011 

300 0.011 0.011 

 

The mesh was enhanced and assessed using the drying model to ensure that the results 

are independent of cell size. Figure 5.3 is shown in the simulation results developed by 

the model and the experiment results of the total moisture content variation of the 

ceramic tile with time. Table 5. Shows the experimental and model results of the total 

moisture content variation of the ceramic tile with time. According to the model, the 

total moisture content variation of the samples was reduced with time. Simulation 

results developed by the model were compared and analysed with data obtained by 
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experiments conducted using green ceramic tiles. The model results were validated and 

complied with the results of the experiment. R2 value was 0.9.  

In Figure 5.3, there is some discrepancy between the experimental and model 

predictions against experimental findings. In the developed drying model, porosity 

variation with time of the ceramic tile body is neglected, and that may be the main 

reason for this deviation in Figure 5.3. However, the drying shrinkage of ceramic tile 

is very low, as shown in Figure 4.16. The impact of drying shrinkage can be added to 

the drying model, and this deviation of experiment and model findings can be 

minimized. 

It was assumed that the internal green ceramic tile body had homogeneous temperature 

distribution during the drying process due to the low drying temperature and the drying 

is considered as isothermal process. The constant state parameters of the drying model 

were selected for drying model such as constant specific heat capacity, constant 

thermal conductivity, and constant diffusion coefficient. However, these values can be 

a deviation during the drying process, and it was not including the model. So, the 

results of the model can be deviated from the experiment findings. The experimental 

errors also can be added. it is difficult to obtain homogeneous, isotropic condition 

during the experiment. Therefore, the model and experiment curves can be deviated.   

The effective moisture diffusion coefficient (Dm) was determined with the correlation 

of D0, ϴD and drying temperature. The internal microstructure and bulk density of the 

sample were varied with the particle size distribution of clay. D0 and ϴD values were 

estimated with the correlation of bulk density and temperature of the samples. 

Therefore, the microstructure of the samples had an effect on drying curves for ceramic 

materials.  

5.2  Sintering Model Validation    

5.2.1 Mesh Refinement of Sintering Model    

To be certain that the outcomes are unaffected by cell size, the mesh was improved and 

evaluated using the sample model. The number of mesh cells created for the example 

tile was initially 24000. After that, it increased to 48000, but there was no discernible 

difference in the outcomes after 48000.  



67 

5.2.2 Simulation Results-Linear Shrinkage Variation  

The primary source of data for this CFD model is the experiment's sintering cycle. 

Figure 3.3 displays the experiment sintering cycles, which were given as boundary 

conditions of temperature. The main output of the model is linear shrinkage. The 

results presented by the mathematical model show that there are temporal and spatial 

changes in the linear shrinkage of ceramic tiles. The highest and lowest linear 

shrinkage can be observed on the surface and centre point of ceramic tile, respectively. 

Figure 5.4 shows the model results of linear shrinkage variation with different mesh 

sizes, and Mesh-1 and Mesh-2 represent 42000 and 36000 number of cells, 

respectively. Model represents the refining mesh results of linear shrinkage. The 

average linear shrinkage value related to the sintering cycle was taken from the 

refining model results, and it was compared with the experimental results.  

The model-generated simulation results and the experimental data of the sample's linear 

shrinkage variation with sintering temperature are shown in Figure 5.5. The 

characteristics of linear shrinkage increased because of the sintering cycle. Low linear 

shrinkage is observed in the 600–950 ºC range, where surface diffusion is the major 

sintering mechanism. Because of the production of mullite and liquid phases, linear 

shrinkage increases between 1000 and 1100 ºC. However, a high degree of 

 

Figure 5.4: Linear shrinkage variation of fired ceramic tile with maximum 

sintering temperature -Model 
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densification occurred in the ceramic tile body above 1100 ºC, and the linear shrinkage 

increased in the ceramic tile body [18], [20], [23], [24]. At this point, ceramic tile body 

densification coincides with the production of a substantial quantity of liquid. The 

process referred to as liquid phase sintering densifies the structure. 

According to Table 5.3, a slight variation is observed between the model simulation 

and the experiment's linear shrinkage results. In this research, the linear shrinkage 

kinetic model parameters were chosen from reference data that fitted the study's current 

body compositions, oxide composition, and LOI. But exact kinetic model parameters 

related to this body composition can’t be found from the reference data. Variations in a 

few chosen model parameter values and experimental errors can lead to different 

results. However, the outcomes of the linear shrinkage numerical model simulation 

exhibited a strong correlation with the experimental laboratory data. The results 

obtained from the CFD simulation were validated and concurred with experimental 

outcomes, and the R2 value of the results was 0.9. The simulation results were analysed 

by changing the mesh size. The number of mesh cells created for the example tile was 

initially 24000. After that, it increased to 48000, but there was no discernible difference 

in the outcomes. 

 

 

Figure 5.5: Linear shrinkage variation of fired ceramic tile with maximum 

sintering temperature 
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Table 5.3: LINEAR SHRINKAGE VARIATION OF SINTERED CERAMIC TILE 

WITH MAXIMUM SINTERING TEMPERATURE 

 

 

5.2.3 Simulation Results-Modulus of Rupture (MOR) Variation  

Figure 5.6 shows the MOR model results variation with different mesh sizes, and Mesh-

1 represent 42000 number of cells. Model represents the refining mesh results of 

MOR. The model-generated simulation results and the experimental data of the 

sample's MOR variation with sintering temperature are shown in Figure 5.7. According 

to the model simulation results, the MOR value of the ceramic tile body varies from 

location to location, and the average MOR value was used to graph Figure 5.7. The 

sintering cycle resulted in an increase in MOR's features. The capacity to create glassy 

phases improved with temperature and sintering time, providing adequate support for 

densifying the body of the ceramic tile. Ceramic tile body bonding strength between 

glassy phase and particles increased during the cooling stage [73]-[77]. So, the modulus 

of rupture increases with sintering temperature.  

According to Table 5.7, a slight variation is observed between the model simulation 

and the experiment's MOR results. In this research, deflection in the center of the 

ceramic tile (h) for the MOR variation kinetic model for fired ceramic tiles was chosen 

from reference data that fitted the study's initial body compositions and final 

dimension. However, the sintering temperature affects the ceramic tile's center 

deflection (h) characteristic, and it was not present in the reference data. Constant value 

variations in a few chosen model parameter and experimental errors can lead to 

different results. However, the outcomes of the MOR numerical model simulation 

exhibited a strong correlation with the experimental laboratory data. The results 

Maximum 

Sintering 

Temperature 

(0C) 

Linear Shrinkage (%) 

Experiment Model 

1100 2.14 2.73 

1150 3.73 4.52 

1180 6.20 6.00 

1200 7.45 7.25 



70 

obtained from the CFD simulation were validated and concurred with experimental 

outcomes, and the R2 value of the results was 0.9. 

  

Table 5.4: MOR VARIATION OF SINTERED CERAMIC TILE WITH 

MAXIMUM SINTERING TEMPERATURE 

Maximum Sintering 

Temperature (0C) 

MOR (Nmm-2) 

Experiment Model 

1100 3.5 5.06 

1150 11.9 11.8 

1180 18.6 19.1 

1200 20.7 21.9 

 

Figure 5.6: MOR variation of fired ceramic tile with maximum sintering 

temperature-Model 
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Figure 5.7: MOR variation of fired ceramic tile with maximum sintering 

temperature 
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CHAPTER 6 

6. RESULTS AND DISCUSSION   

6.1. Main Features and Importance of Drying Model      

Figure 6.1 shows moisture evolution along the diagonal of the ceramic tile at 80 °C. 

In the beginning of the drying process, the moisture content is homogeneous within 

the green ceramic tile body. The moisture content of the ceramic tile is progressively 

raised from the surface to the central point with drying time. Finally, the moisture 

content of the whole ceramic tile body achieved equilibrium moisture content. A 

developed drying model gets used to calculate the temperature and moisture 

fluctuation in the green ceramic tile body both spatially and temporally throughout the 

drying process. This model is a great help to predict the drying time for green ceramic 

tile in relation to drying temperature. Any tile dimension can possibly be used with 

this model, and drying times can be estimated.  

 

 

 

Figure 6.1: Moisture evolution along the diagonal of the ceramic tile at 80 0C and 

7% of initial moisture content 
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The specific heat capacity, thermal conductivity, is the most important material 

behavior-related property, which depends on the body composition of ceramic tiles. 

The moisture diffusion coefficient is dependent on the drying temperature and packing 

density of the green ceramic tile body. This model can be applied to any composition 

of ceramic tiles by changing materials and process-related parameters. The moisture 

evaluation throughout the ceramic body with drying time obtained from the drying 

model and the optimum drying cycle related to green ceramic tiles can be analysed 

using the developed drying model. 

 

6.2. Drying Profile Optimization     

 

The ignition of organic compounds in the ceramic body mixer occurs if the temperature 

reaches 200 °C [110]. Removing physically bound water from the ceramic tile body is 

the main objective of the drying process. So, the drying temperature of the ceramic tile 

body needs to be lower than 200 °C. However, optimum drying rate is changed with 

 

Figure 6.2: Drying cycle variation of green ceramic tile with drying temperature-

initial moisture content 7% 
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body composition and ceramic body shape, and it needs to be found using optimisation 

theory. Therefore, the drying temperature of ceramic tile was increased up to 180 °C 

during the drying profile optimisation, and simulation results of the drying profile and 

maximum moisture exchange rate were analysed. Figure 6.2 represents the variation of 

the moisture content of the ceramic tile with drying temperature, which contains 7% of 

the initial moisture content. The drying cycle of the ceramic tile is reduced with an 

increase in drying temperature. The highest and lowest drying times are 255 min and 

60 min at 60 °C and 180 °C, respectively.  Figures 6.3 show moisture evolution along 

the diagonal of the ceramic tile at 180 °C.  

The gradient of moisture content along the diagonal of ceramic tile decreases with 

time. According to Table 6.1, the moisture exchange rates of ceramic tiles by varying 

drying temperature are between 2.5×10-8 and 8.4×10-8 ms-1. Homogeneous moisture 

distribution through the ceramic tile body with critical moisture content (CMC) 

appears during drying, and the moisture exchange rate is lower than 0.000001 ms-1. It 

was confirmed that the maximum drying temperature of this ceramic tile is 180 °C 

without cracks. The optimum drying time of the ceramic tile is 60 min, representing a 

76.4% reduction compared to the reference drying time. This reduction contributes to 

lower production costs in the drying process. Additionally, energy costs are 

minimized, as heat loss decreases with shorter drying times. 

 

Table 6.1: MAXIMUM MOISTURE EXCHANGE RATES OF CERAMIC TILES 

BY VARYING DRYING TEMPERATURE 

Drying 

temperature 

(0C) 

60 80 100 120 140 160 180 

Maximum 

Moisture 

exchange 

rate, α (m/s) 

×10-8 

2.5 3.0 3.3 4.0 4.9 7.8 8.4 
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6.3. Main Features and the Importance of Sintering Model     

The spatial and temporal variation of temperature in the ceramic tile body during the 

sintering process can be determined using the sintering model. The density of the tile, 

the linear shrinkage, MOR, and the thermal stress variation related to the sintering 

cycle can be obtained using the sintering model. The maximum sintering temperature 

of ceramic tiles is 1200 °C, which was achieved at 260 min. Spatial variation of 

temperature in ceramic tile during the sintering process is shown in Figures 6.4 and 6.5. 

The outside surface of the ceramic tile achieves the maximum temperature compared 

to the inside of the body throughout the sinter. It is verified that the radiation heat is 

delivered uniformly over the body surface of the ceramic tile on the outside surface that 

is immediately exposed to heat loss from the furnace walls. Therefore, the temperature 

decreased progressively from the outer layers into the core of the ceramic tile body.  

 

Figure 6.3: Moisture evolution along the diagonal of the ceramic tile at 180 0C 

and 7% of initial moisture content 
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Figure 6.4: Spatial variation of temperature along middle axis of x-y plane in 

ceramic tile body during the sintering process- maximum sintering temperature 

1200 0C (a) 0min, (b) 20min (c) 45min (d) 120min (e) 200min (f) 260min (g) 

290min 

 

Figure 6.5: Spatial variation of temperature along middle axis of z-y plane in 

ceramic tile body during the sintering process- maximum sintering temperature 

1200 0C (a) 0min, (b) 20min (c) 45min (d) 120min (e) 200min (f) 260min (g) 

290min 
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Figures 6.6, 6.7, and 6.8 illustrate the comparison of spatial temperature and linear 

shrinkage of the ceramic tile at 260 min and 290 min from the middle point of the 

ceramic body to the surface along the x, y, and z axes in the ceramic tile body for 

different sintering times. According to the sintering cycle in Figure 3.3, the maximum 

sintering temperature of ceramic tiles is 1200 °C, which was achieved at 260 min. A 

significant amount of spatial variation in temperature and linear shrinkage is observed 

from the middle point of the ceramic body to the surface along the x, y, and z axes in 

the ceramic tile body. After the ceramic tile was soaked for 30 minutes, a spatial 

variation of linear shrinkage was observed from the middle point of the ceramic body 

to the surface along the x, y, and z axes in the ceramic tile body. Eventually, the body 

temperature reaches an equilibrium value of 1200 °C after 290 minutes of sintering. 

The highest shrinkage was observed at the surface of the tile, and it is 7.39%. The lowest 

value of linear shrinkage is 7.19% at the middle point of the ceramic tile body. The 

linear shrinkage of the ceramic tile body varies with sintering time and location of the 

ceramic tile body. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Comparison of the spatial variation between the temperature profile 

and shrinkage from the middle point of ceramic body to along the x axis in 

ceramic tile body for different sintering times 
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Figure 6.7: Comparison of the spatial variation between the temperature profile 

and shrinkage from the middle point of ceramic body to along the y axis in 

ceramic tile body for different sintering times 
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Figure 6.8: Comparison of the spatial variation between the temperature profile 

and shrinkage from the middle point of ceramic body to along the z axis in 

ceramic tile body for different sintering times 
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In this research, the body composition is not varied, and n, k0, and EA is the same for 

every sintering profile. The linear shrinkage in this research is most sensitive to the 

sintering profile. The kinetic model was used to calculate the linear shrinkage variation 

of ceramic tile, and the kinetic model parameters (n, EA, K0) of linear shrinkage 

depended only on the body composition of ceramic tile. In this research, the linear 

shrinkage kinetic model parameters were chosen from reference data that fitted the 

study's initial body compositions, oxide composition, and LOI. But exact kinetic model 

parameters related to this body composition can’t be found from the reference data. 

This can be resolved; experimental measurements of the ceramic tile’s linear shrinkage 

variation with sintering temperature will be made for this study. It is possible to 

determine the precise linear shrinkage parameters, and the model can be improved. 

According to the model simulation results, the temperature of the ceramic tile body 

varies from location to location. The viscous phase formation and moving ability of 

ceramic tile depend on temperature and retention time [32], [72]. Temperature retention 

time also changed spatially and temporally. After the soaking period, the whole tile 

body achieved maximum temperature, but the sintering profile is dissimilar from 

location to location. Therefore, the results presented by the mathematical model show 

that there are temporal and spatial changes in the linear shrinkage of ceramic tiles due 

to the differences in their sintering profiles. 

In this research, deflection in the center of the ceramic tile (h) for the MOR variation 

kinetic model for fired ceramic tiles was chosen from reference data that fitted the 

study's initial body compositions and final dimension. However, the sintering 

temperature affects the ceramic tile's center deflection (h) characteristic, and it was not 

present in the reference data. This can be resolved; experimental measurements of the 

deflection of the ceramic tile variation with sintering temperature will be made for this 

study. It is possible to determine the precise deflection of the ceramic tile, and the 

model can be improved. 

Figure 6.9 shows the density fluctuation of the ceramic tile body during the sintering 

process. The volume of the ceramic tile is constant up to 900 0C, and the mass of the 

ceramic tile body is decreased due to the formation of metakaolin and the 

decomposition of dolomite. So, the ceramic tile's initial density of 1853 kgm-3 

decreases with time. The volume of the tile is decreased after 900 0C, and the density 

of the tile is increased. After 1110 0C, the volume reduction rate is high due to the 
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shrinkage, and density also increased gradually up to 2000 kgm-3. Specially, the 

soaking time of the sintering cycle has a major role in controlling the density of 

ceramic tile. Sintering cycle optimization can be done by using this model. The 

temperature evaluation throughout the ceramic tile body with sintering time obtained 

from the sintering model and the optimum sintering cycle related to physical and 

mechanical properties can be analyzed using the developed sintering model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4. Sintering Profile Optimization    

The CFD simulation results associated with thermal stress and mechanical stress 

variations of ceramic tile for different sintering profiles were obtained. The mechanical 

properties of ceramic tile varied through sintering. The ceramic body loses its elastic 

properties and becomes plastic during glassy phase formation. The plastic behaviour 

of ceramic tiles increased during the cooling stage. Thermal stresses develop inside a 

material due to sudden temperature changes, which are related to the sintering profile. 

The thermal conductivity of the ceramic tile body directly affects the variation of 

thermal stress on the body. Quartz plays a major role in the fracture strength of ceramic 

tile bodies. Because of the thermal expansion mismatch with quartz, other phases can 

occur during the sintering cycle. It leads to appearing cracks. The fracture strength and 

 

Figure 6.9 Density variation of ceramic tile body during sintering -maximum 
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thermal stress developed in a ceramic tile body changed with the sintering profile. 

Figures 6.10, 6.11, 6.12 and, 6.13 show the variation of thermal stress and mechanical 

stress of the ceramic tile body during the heating stages. The mechanical breaking 

strength of the ceramic tile body and thermal stress is increased with the heating rate. 

Thermal expansion significantly increased between 550-573 °C due to quartz alpha 

conversion to quartz beta. Therefore, the thermal stress of ceramic body is suddenly 

increased after 550 0C. the heating rate of ceramic body need to be controlled without 

getting high thermal stress rather than mechanical stress. In this study, Thermal stress 

is greater than mechanical stress on the ceramic body when the heating rate is increased 

by 30.0 °C/min. Then microcracks can appear during the heating process above 30.0 

°C/min. So most optimum heating rate for ceramic tile is 27.6 °C/min.  

When the mechanical stress and thermal stress values are compared up to 550 °C, there 

is a possibility to increase the heating rate of ceramic tile to more than 27.6 °C/min. 

According to Figure 6.14and 6.15 the thermal stress of the ceramic body is higher than 

the modulus of rupture value during hearing rate above 54.0 °C/min. Thus, the data 

indicates that the maximum heating rate in the range of 30 to 550 °C is 51.6 °C/min. 

 

 

 

Figure 6.10: MOR and thermal stress variation of ceramic tile during heating 

stage. heating rate is 9.2 0C/min 
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Figure 6.12: MOR and thermal stress variation of ceramic tile during heating 

stage. heating rate is 30.0 0C/min 
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Figure 6.11: MOR and thermal stress variation of ceramic tile during heating 

stage. heating rate is 4.6 0C/min 
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Figure 6.13: MOR and thermal stress variation of ceramic tile during heating stage. 

heating rate is 19.8 0C/min 
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Figure 6.14: MOR and thermal stress variation of ceramic tile during heating 

stage. (a) heating rates are 54 0C/min between 30-550 0C, 30 0C/min between 550-

1200 0C  
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Figure 6.16, 6.17, 6.18 and, 6.19 show the variation of thermal stress and mechanical 

stress of the ceramic tile body during the cooling stage. The mechanical breaking 

strength and thermal stress are changed with the cooling rate. Elastic characteristics 

gradually return when the ceramic body cools down. In this time, the glassy phase's 

viscosity increases. The ceramic material becomes porcelain. The cooling period can 

be divided into two parts. The volume of the quartz grain is nearly constant between 

1200- 575 °C, but the glassy cladding begins to lose volume. The relatively large 

volume change accompanying the β → α transformation of the unsolved quartz grains 

is the basic source of microcracking of ceramic tile bodies during the cooling period. 

Thermal stress is increased more than mechanical stress of the ceramic body when the 

cooling rate is increased by 21 0C/min. Then micro-cracks can appear during the 

cooling process above 21 0C/min. So, the optimum cooling rate of the ceramic tile body 

is 19.8 0C/min. Figure 6.20 shows the variation of thermal stress and MOR of ceramic 

tile for dynamic cooing rates.  

When the mechanical stress and thermal stress values are compared up to 800 °C, there 

is a possibility to increase the cooling rate of ceramic tile to more than 19.8 °C/min. 

 

Figure 6.15: MOR and thermal stress variation of ceramic tile during heating 

stage. heating rates are 51.6 0C/min between 30-550 0C, 27.6 0C/min between 

550-1200 0C 
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The glassy phase must be transformed throughout the glassy phase transition procedure 

without experiencing internal softening or surface hardening. The midway temperature 

of the ceramic body was less than 1118 °C when the surface temperature reached 1000 

°C. As a result, the temperature change of the ceramic tile body with cooling rates is 

shown in Figure 6.21. The data indicates that the maximum cooling rate in the range of 

1200 to 1000 °C is 57 °C/min.  

 

 

Figure 6.16: MOR and thermal stress variation of ceramic tile during cooling 

stage. cooling rate is 3.6 0C/min   

0

2

4

6

8

10

300500700900110013001500

S
tr

es
s 

(M
P

a)

Sintering Temperature (K) 

MOR Thermal Stress



87 

 

Figure 6.17: MOR and thermal stress variation of ceramic tile during cooling stage. 

cooling rate is 6.0 0C/min 

 

 

 

Figure 6.18: MOR and thermal stress variation of ceramic tile during cooling stage. 

cooling rate is 18.0 0C /min 
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Figure 6.19: MOR and thermal stress variation of ceramic tile during cooling stage. 

cooling rate is 21.0 0C/min 
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Figure 6.20: MOR and thermal stress variation of ceramic tile during cooling 

stage. cooling rates are 57 0C/min between 1200-1000 0C, 19.8 0C /min between 

1000-30 0C 
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The optimal sintering cycle is shown in Figure 6.22, and the constant rate cycle was 

made by considering only internal thermal and mechanical stress through the sintering. 

The dynamic rate cycle was prepared by comparing internal stress and reaction 

completion ability. The constant rate cycle included the optimum heating and cooling 

rates of 27.6 °C/min and 19.8 °C/min, respectively.  

Total sintering time variation with sintering cycle type is shown in Table 6.2. The total 

time of the optimum constant sintering curve is 112.7 minutes, with 10 minutes of 

soaking time. The dynamic rate cycle included 51.6 °C/min heating rate between 30-

550 0C, 27.6 °C/min heating rate between 550-1200 0C, 57 °C/min cooling rate 

between 1200-1000 0C, and 19.8 °C/min cooling between 1000-30 0C. The total time 

of the optimum dynamic rate sintering curve is 96 minutes.  

 

Figure 6.21: Temperature variation of ceramic tile body with cooling rate 
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In this research, the total time period of the sintering curve is 700 minutes with 30 

minutes of soaking time. The optimum sintering time of the ceramic tile is 96 min, an 

82.2% reduction compared to the reference sintering time. This significantly lowers 

production costs and improves productivity in the sintering process. Additionally, the 

shorter time reduces energy costs by minimizing heat loss. 

  

Table 6.2: SINTERING TIME VARIATION FOR DIFFERENT SINTERING 

CYCLE TYPE 

Sintering Cycle 

Type 

Preheating 

Time 

(min) 

Soaking 

Time (min) 

Cooling 

Time 

(min) 

Total Time 

(min) 

Total Time 

Reduction w.r.t. 

Reference (%) 

Reference 260 30 410 700 - 

Constant rate 

Cycle 
43.48 10 59.24 112.72 83.8 

Dynamic Rate 

Cycle 
33.35 10 52.65 96.0 86.2 

 

Figure 6.22: Optimum sintering cycle of ceramic tile-maximum sintering temperature 

1200 0C 

300

500

700

900

1100

1300

1500

0 10 20 30 40 50 60 70 80 90 100 110 120 130

T
em

p
er

at
u

re
 (

K
)

Time (min) 

Sintering cycle-Constant Rate

Sintering Cycle-Dynamic Rate



91 

The linear shrinkage variation for optimum sintering cycles is shown in Table 6.3. The 

linear shrinkage values for the sintering cycles with constant rate and dynamic rate are 

5.38% and 5.33%, respectively.  

 

Table 6.3: LINEAR SHRINKAGE VARIATION OF CERAMIC TILE WITH 

OPTIMIZE SINTERING CYCLE 

Sintering Cycle 

Type 

Reference 

Constant Rate 

Cycle 

Dynamic Rate Cycle 

Linear 

shrinkage (%) 

7.4 5.38 5.33 

 

The average MOR variation of heating and cooling stages of ceramic tile for optimum 

dynamic rate cycles and constant rate cycles is shown in Figures 6.23, 6.24, 6.25, and 

6.26. The MOR increased with sintering temperature during the heating stage for both 

graphs. The decrease in the viscosity of the glassy phase during the heating stage 

caused the elastic characteristics of the ceramic body to weaken over time after 1110 

0C. The ceramic body cools down and eventually regain its elastic properties. The 

glassy phase becomes more viscous at this period. Thus, as the cooling process begins, 

MOR increases, as shown in Figure 6.24.  

 

Figure 6.23: Average MOR variation of ceramic tile during cooling stage- Optimum 

dynamic rate cycle 
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The cooling rate affects the glassy phase retention time. The MOR of the ceramic tile 

developed as it started to cool, as shown in Figure 6.17(a). However, after a while, it 

abruptly dropped as a result of the ceramic tile body turning porcelain or solid. Figure 

6.17(b) has a low cooling rate, and the MOR of the ceramic body is increased gradually. 

 

 

 

 

 

Figure 6.24: Average MOR variation of ceramic tile during heating stage- 

Optimum dynamic rate cycle 
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Figure 6.25: Average MOR variation of ceramic tile during cooling stage- 

Optimum constant rate cycle 
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In this research, ceramic tile size 80×60×10 mm was used for only model validation. 

Geometry of the tile is a state parameter for the developed model. The physical and 

chemical transformation of the ceramic tile is independent of the size of the tile. The 

sintering temperature is a major factor in developing the linear shrinkage, MOR, and 

thermal stress of ceramic tile. In the sintering model, heat loss quantities are dependent 

on the surface area of the ceramic tile. When the dimension of the ceramic tile is 

increased, the temperature gradient throughout the ceramic tile is increased. Then the 

spatial and temporal variation of linear shrinkage, MOR, and thermal stress also 

increased. This tile size, 80×60×10 mm, was selected to match the UOM laboratory 

facility. The validated model can be utilized for any geometry of tile in the ceramic 

industry. 

6.5. Utilize the Drying and Sintering Model in an Industrial Setting   

The developed drying and sintering both models can be applied directly for industrial 

applications to produce ceramic tile by adhering to study findings on the body 

composition of ceramic tile. The drying temperature, packing density, and initial 

moisture content are main phase parameters for drying model. The packing density of 

the green ceramic tile can be determined experimentally, which depends on the particle 

size distribution of the body mix and powder pressing pressure. The initial moisture 

content and drying temperature can be changed based on the specific requirements of 

 

Figure 6.26: Average MOR variation of ceramic tile during heating stage- 

Optimum constant rate cycle  
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the drying process. The main outcome of the drying model is the drying profile related 

to drying temperature. The CFD model of the drying process has the capability to find 

spatial variation of moisture exchange rate, and it is a great advantage for estimating 

the optimum drying temperature for minimum drying time by considering the spatial 

variation of moisture exchange rate of ceramic tile. 

The sintering profile and density of ceramic tile are the main phase parameters in the 

sintering model. The sintering profile can be defined by the model user, and the user 

needs some knowledge regarding the ceramic tile sintering process. The density of the 

tile also can be determined experimentally. According to the size of the tile, the number 

of mesh and tile dimensions must be adjusted. The CFD model of the sintering process 

is capable of predicting the temporal and spatial changes in linear shrinkage, MOR, 

and thermal stress in ceramic tile during the sintering processes. The model is used to 

find the most appropriate sintering cycle for linear shrinkage and MOR. In the 

optimization of the sintering process, temporal and spatial changes in MOR and 

thermal stress of ceramic tile were obtained, and the optimum dynamic temperature 

profile for minimum sintering time was estimated using a developed sintering model. 

Finally, the quality of the ceramic tile is improved, and the drying and sintering times 

of ceramic tile are reduced. The developed CFD models for the drying and sintering 

processes enhance the productivity of the ceramic tile industry. If those ceramic tile 

industries utilise distinct body compositions for this study, ceramic body composition-

related parameters have to be taken into consideration, such as thermal conductivity, 

specific heat capacity, sintering parameters, and Young’s modulus. One of the goals 

of this research was to estimate linear shrinkage, thermal stress, and MOR for ceramic 

tile bodies without experimental work, which is required in the ceramic industry. 

Further, this model can be used for different geometries of ceramic products with the 

same body composition as the industrial requirements. The geometry and meshing 

generation are required to be modified in the model. 
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CHAPTER 7 

7. CONCLUSIONS, CONTRIBUTION TO KNOWLEDGE, 

LIMITATIONS AND RECOMMENDATION FOR FUTURE 

WORKS  

7.1. Conclusions  

The present research established a robust numerical model for the drying and sintering 

process of ceramic tiles using computational fluid dynamics (CFD). A numerical 

model was developed using FVM, and OpenFOAM is used as a model simulation 

program. Drying and sintering temperature are the main phase parameters for drying 

and sintering models, and drying temperature was constant and the sintering 

temperature varied with time. The CFD drying model facilitates finding the moisture 

variation of the ceramic tile body with drying temperature and time. The CFD model 

for the sintering process exhibits that there are temporal and spatial changes in 

temperature, linear shrinkage, and modulus of rupture of ceramic tiles. 

To validate the developed model for ceramic tile bodies, M2 Kaolin was utilised as the 

major raw material for ceramic tile bodies. The green ceramic tile body mix contained 

quartz, kaolinite, feldspar, and dolomite. The main components of the body mix are 

20% quartz, 30% clay with kaolinite and bentonite, 45% feldspar, and 5% dolomite. 

According to the chemical analysis, the total R2O (K2O + Na2O) and RO (CaO + 

MgO) contained in the green ceramic tile body mix are 5.59% and 3.75%, respectively. 

The loss on ignition (LOI) of the green ceramic tile body mix is 10.41%. M2 Kaolin 

particles spread between 0.05 and 16.32 µm, and the average size of the green body 

mix particle was 24.012 µm. Thermal characterisation of the green ceramic tile body 

mix by DTA and TGA confirmed that it contains quartz, kaolinite, and dolomite. XRD 

analysis and SEM-EDA analysis of sintered ceramic tiles confirmed that they 

contained mullite, quartz, and glassy phases. The moisture variation of green ceramic 

tile with time was determined. The linear shrinkage and MOR variation of each 

sintered tile was determined according to the ISO 13006 standard. The raw material 

preparation, body preparation, and sintering procedures adopted with the ceramic tiles 

for this research were comparable with existing techniques in the local tile industry. 

Therefore, based on this study, the developed body composition is recommended for 

the ceramic tile manufacturing industry in Sri Lanka. 
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A mathematical 3D model for the drying process was simulated using the effective 

moisture diffusion coefficient (Dm). The results of the developed model were validated 

and complied with experimental results with an R2 value of 0.9. 

The developed drying model was simulated with varying drying temperatures, and the 

moisture exchange rate variation of the green ceramic tile body was analysed using 

simulation results. It was confirmed that the maximum drying temperature of this 

ceramic tile is 180 °C. The optimum drying time of the green ceramic tile body was 

60 minutes, and it was reduced by 72.6% of drying time compared to the reference 

sample. The created CFD drying model facilitates finding the drying profile related to 

drying temperature and the optimum drying cycle of ceramic tile without laboratory 

experimental effort. 

The results obtained from the CFD sintering model and the experimental outcomes of 

linear shrinkage and MOR were compared. The simulated results of the linear 

shrinkage and MOR of the ceramic tiles was compiled to the value obtained 

experimentally. The simulated results of the established sintering model for ceramic 

tile were validated and complied with experimental results with an R2 value of 0.9. 

The CFD model of the sintering process is capable of predicting the temporal and 

spatial changes in linear shrinkage, MOR, and thermal stress in ceramic tile during the 

sintering processes. The model is used to find the most appropriate sintering cycle for 

linear shrinkage and MOR. In the optimization of the sintering process, temporal and 

spatial changes in MOR and thermal stress of ceramic tile were obtained, and the 

optimum dynamic temperature profile for minimum sintering time was estimated 

using a developed sintering model. It confirmed that the optimum sintering cycle 

included 51.6 °C/min heating rate between 30-550 °C, 27.6 °C/min heating rate 

between 550-1200 °C, 57.0 °C/min cooling rate between 1200-1000 °C, and 19.8 

°C/min cooling between 1000-30 °C. The optimum sintering time was 96 minutes, and 

it was reduced by 82.6% of sintering time compared to the reference sample. 

Finally, the quality of the ceramic tile is improved, and the drying and sintering times 

of ceramic tile are reduced. The developed CFD models for the drying and sintering 

processes enhance the productivity of the ceramic tile industry.  

If those ceramic tile industries utilise distinct body compositions for this study, 

ceramic body composition-related parameters have to be taken into consideration. This 
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model can be applied to any dimension of ceramic tiles by changing main phase 

parameters such as drying temperature and sintering cycle. The suitable mesh 

development process according to the dimension of the tile needs to be done.  Further, 

this model can be used for different geometries of ceramic products and different M2 

Kaolin base body compositions of ceramic products by changing body composition-

related parameters in the model. The geometry and meshing generation are required to 

be modified in the model. 

One of the goals of this research was to estimate spatial and temporal variation of linear 

shrinkage, thermal stress and, MOR for ceramic products without experimental work, 

which is required in the ceramic industry. This same model can be utilized for different 

shapes of the ceramic body with M2 Kaolin base body composition with the industrial 

requirements. 

7.2. Contribution to Knowledge 

This research enhanced knowledge of both the drying and sintering processes of 

ceramic tile. This study developed a CFD model for the drying process, especially to 

examine the spatial variation of moisture and the moisture exchange rate within the 

green ceramic tile body with dying temperature and time. This approach offers a 

significant advantage in determining the optimum drying temperature for minimum 

drying time by accounting for the spatial differences in moisture exchange across the 

ceramic tile without laboratory experimental effort. 

The CFD model developed in this study for the sintering process can predict the 

temporal and spatial changes in linear shrinkage, MOR, and thermal stress in ceramic 

tile through the sintering. The model is used to find the most appropriate sintering 

cycle for linear shrinkage and MOR. In optimising of the sintering process, temporal 

and spatial changes in MOR and thermal stress of ceramic tile were obtained, and the 

optimum dynamic temperature profile for minimum sintering time was estimated 

using a developed sintering model. This sintering model offers a significant advantage 

in determining the appropriate sintering cycle for linear shrinkage and MOR and, the 

optimum dynamic temperature profile of ceramic tile without laboratory experimental 

effort. 
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As a result, the quality of the ceramic tile is enhanced, and the drying and sintering 

times are reduced. The developed CFD models for the drying and sintering processes 

improve ceramic tile productivity. 

7.3. Limitations and Recommendation for Future Works  

In this study, the kinetics model related to MOR variation of sintering model is based 

on Kaolin materials, and it is the main limitation in this research. This kinetics model 

of MOR needs to be modified for all types of ceramic materials. Then the developed 

model can be applied to any type of body composition of ceramic product by changing 

body composition-related parameters in the model. This model does not include 

variation of physical and mechanical properties of ceramic tile with decoration code, 

and the model needs to be modified considering decoration code also.  Then, this 

model can be applied directly to any geometry of products in the ceramic industry. 

This research outcome provides recommendations for a developed drying and 

sintering model that can be applied to ceramic tile manufacturing industries. The 

developed sintering model can be used to find exact sintering cycles associated with 

linear shrinkage and MOR variation of ceramic tiles. The water absorption, fatigue 

strength, and thermal shock resistance variation are also the most important physical 

and mechanical properties for ceramic tiles. The developed sintering model can be 

modified by including kinetics models for water absorption, fatigue strength, etc. It is 

most applicable for the ceramics industry to improve the quality of the product. 

The developed drying model can be modified by considering variations in drying 

shrinkage and dynamic state parameters. Managing the drying process is a significant 

challenge for the roofing tile industry in Sri Lanka and comparing the roofing tile 

industry to the ceramic tile industry, the forming process is entirely different. The 

initial drying stage of roofing tile has a moisture level of above 18%, and the drying 

process takes longer than five days. It is possible to optimize the drying profile of 

roofing tiles by modifying the drying model that was created for ceramic tiles to take 

roofing tiles into account. 

The future work related to the drying and sintering model was focused on industrial 

applications, and it was a great help improving the quality and productivity of ceramic 

products. Consequently, the ceramic industry's production costs have decreased. 
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 SPECIFIC NOMENCLATURE 

 

T,D            Drying temperature of green ceramic body (K)  

Dm        Moisture diffusion coefficients green ceramic body (m2/s)                    

⍴D         Bulk density of green ceramic body (kg/m3) 

D0         The variable dimensional parameter depends on bulk density (m2/s) 

b, r,       Constant  

 θk, θD          Constant (K)  

aD , bD       Constant 

T,D            Drying temperature of green ceramic body (K)  

T,D,S         Drying temperature of green ceramic body surface (K)  

T,D,S         Drying air temperature (K)  

mD        Moisture content of green ceramic body (kg/m3)  

mD,s      Moisture content of ceramic body surface ( kg/m3)  

mD,e      Equilibrium moisture content of green ceramic body with the surrounding air  

( kg/m3) 

mv         Vaporized Moisture content from green ceramic body (kg/m3) 

Cp,D          Heat capacities of green ceramic body (J/(kg.K)) 

KD             Thermal diffusion coefficients green ceramic body (W/(m.K))                   

⍴D         Bulk density of green ceramic body (kg/m3) 

GE         Source term for drying process (J/(m3.s)) 

γ           Latent heat of water (J/kg) 

k0          Constant (1/s) 

JD          Moisture diffusion rate green ceramic body (kg/s)                    

α           Moisture exchange coefficient (m/s) 

R,i          Reaction rates of each transformation (kg/s) 

Ai           Pre-exponential factor (1/s)  

Ei           Activation energy (J/mol)  

Qheat of reaction,i     Heat of each transformation (J/(m3.s))  

∆hi             Enthalpy of each reaction (J/kg)  

Qconvection   Source term for convection (J/(m3.s)) 

Qradiation     Source term for radiation (J/(m3.s)) 

hcon          Conversion heat transfer coefficient (W/(m2.K))  
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hrad      Radiative heat transfer coefficient (W/(m2.K)) 

AS       Particle surface area (m2)  

DS        Surface area based mean diameter (𝜇m) 

Tg        Gas phase temperature (K)  

Ts         Solid phase temperature (K)  

εm        Wall emissivity  

σ        Stefan-Boltzmann constant (W.m/K4)  

ug        Gas phase velocity (m/s)  

p        Gas pressure (Pa)  

SR            Gas flow resistance 

Ktile    Permeability of tile  

Ytile    Mass fraction of tile. 

Cp;g       Specific heat capacity of gas phase (J /(kg.K))  

Cp;s       Specific heat capacity of solid phase (J/(kg.K))  

𝜌g        Density of gas phase (kg/m3) 

𝜌s        Density of solid phase (kg/m3)   

kg        Thermal conductivity of gas phases (W/(m.K))                   

ks        Thermal conductivity of solid phases (W/(m.K))   

mi;g       Mass variation of gas phase (kg )  

Di;g       Gas diffusion coefficient (m2/s)  

Mair     Molecular weight of air (kg/mol)  

Ms       Molecular weight of solid phase (kg/mol)  

σi         Average collision diameter (Å)  

Ωi          Diffusion collision integral    

ꜫ         Porosity of the ceramic materials  

Ꞃs       Viscosity of liquid phase (Pa.s)  

Pc       Capillary pressure (Pa) 

γ        Glassy phase surface tension (mN/m) 

 r        Radius of porous (μm)  

k0         Frequency factor 

EA        Activation energy for shrinkage (J/mol) 

ts            Sintering time (s) 

 n         Sintering factor 
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σF_C_heating   Fracture strength of ceramic tile during heating (N/m2)  

σF_C_cooling   Fracture strength of ceramic tile during cooling (N/m2)  

σF_G_cooling   Fracture strength of glassy phase during cooling (N/m2)  

σthermal,heating  Thermal stress of quartz during heating (N/m2)  

σthermal,cooling  Thermal stress of quartz during cooling (N/m2)  

σmax, fired      Maximum stress of fired ceramic tile (N/m2)  

Efired            Young’s modulus of tile after fired (N/m2) 

EC_heating     Young’s modulus of tile during heating (N/m2) 

EC_cooling     Young’s modulus of tile during cooling (N/m2) 

EQ_heating     Young’s modulus of quartz during heating (Nm-2) 

EQ_cooling     Young’s modulus of quartz during cooling (N/m2) 

αC_heating      Coefficient of Linear Thermal Expansion of tile during heating (1/K) 

αC_cooling      Coefficient of Linear Thermal Expansion of tile during cooling (1/K) 

αQ_heating     Coefficient of Linear Thermal Expansion of quartz during heating (1/K) 

αQ_cooling      Coefficient of Linear Thermal Expansion of quartz during cooling (1/K) 

µC_heating     Poisson’s ratio of tile during heating  

µC_cooling    Poisson’s ratio of tile during cooling  

µQ_heating     Poisson’s ratio of quartz during heating  

µQ_cooling     Poisson’s ratio of quartz during cooling  

λC_heating      Thermal conductivity of ceramic tile body during heating (W/(m.K))           

λC_cooling      Thermal conductivity of ceramic tile body during cooling (W/(m.K))    

CC_heating      Specific heat capacity of ceramic tile body during heating (J/(kg.K)) 

CC_cooling     Specific heat capacity of ceramic tile body during cooling (J/(kg.K)) 

k                 Curvature of ceramic tile during the deflection (m)  

h                 Deflection in the Centre of the ceramic tile (m) 

L                 Length of the ceramic tile (m) 

t                 Thickness of the ceramic tile (m) 

Hr               Ceramic tile heating rate (0C/s)  

Cr                 Ceramic tile cooling rate (0C/s)  

A                 Shape factor of the ceramic tile body 

r                 Characteristic dimension of the tile body during heating or cooling (m) 

ρ                  Density of ceramic tile body during heating or cooling (kg/m3) 
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