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Abstract 
A porcelain powder was sintered using different rapid sintering techniques 

including direct sintering (DS), spark plasma sintering (SPS), microwave sintering 
(MWS), and flash sintering (FS). Densification, phase evolution, and 
physicomechanical properties of the fully sintered porcelain samples were 
investigated to improve understanding of the role of particular process 
parameters.  

Densification of the porcelains was controlled by liquid phase formation. 
Study of the DS revealed that formation of liquid glass is rapid even at 780 C/min 
heating rate, and the porcelain was fully densified within 15 min dwelling at 
1175 °C. SPS enhanced densification rate about 10 times greater over that of 
conventional sintering, starting at 920 C. The dwelling step was negligible due to 
the rapid flow of the liquid glass filling the pores, assisted by the applied pressure. 
On using microwave energy, the sintering temperature of the porcelain was 
reduced by ~75 °C and dwell time from 15 min to 5 min compared to conventional 
sintering. Formation of the liquid phase was observed at 900-1000 °C and it was 
the key for the rapid densification because it promoted microwave absorbability. 
Densification in FS was difficult to resolve, but it could be deduced that by 
applying an electric potential of 1.5 kV/cm for 30 seconds, large amounts of glassy 
phase were produced. 

Various microstructures were observed as a result of the different 
processing routes. DS and MWS produced a typical porcelain microstructure 
which is dense but has numbers of residual pores embedded in the glassy phase. 
SPS produced a highly dense microstructure with a few residual pores assisted by 
applied pressure. FS, in contrast, produced a nonuniform microstructure 
containing under-sintered, well-sintered, and over-sintered regions due to 
localised melting. Etched microstructures revealed special mullite morphologies. 
The applied pressure in SPS caused mullite orients perpendicular to the direction 
of the applied load. SPS also induced mullite dissolution at 1200 °C. Microwave 
produced fibre-like mullite via a vapour-liquid-solid mechanism having Fe(l) as a 
catalyst. Flash sintered samples contained dendritic mullite and some mullite 
needles were formed via a screw dislocation mechanism. However, mullite 
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crystallite sizes calculated by the Scherrer equation revealed that in fully dense 
samples from each processing route, mullite crystallite sizes were in a narrow 
range of 25-40 nm. 

Physicomechanical of the porcelains produced using the different processing 
routes were similar; for example, apparent bulk density ranged 2.35-2.46 g/cm3 
(MWS<DS<SPS), water absorption <0-0.5 wt.% (MWS>DS>SPS), hardness varied 
5-7 GPa (MWS<SPS<DS) while fracture toughness varied from 3-6 MPa· m1/2 
(MWS<DS<SPS).  

A comparison of energy consumption during the various sintering routes for 
this porcelain composition showed that DS consumed ~11 MJ/kg, MWS ~18 MJ/kg, 
FS ~3060 MJ/kg and SPS ~1612 MJ/Kg. While, the energy consumption listed 
here must be viewed with caution, the values are useful for comparison of the 
amounts of energy required for the different rapid sintering processes. 
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Chapter 1 

 

Introduction and objective of the research 

 

 
1.1 Introduction 

Sintering is the final process in producing ceramics and has a great impact 
on the properties of the final products. Sintering requires a high temperature to 
densify a loose powder compact to a dense ceramic article. Densification needs a 
high temperature which may also cause grain growth, which may have an 
undesirable effect on the properties of the ceramics such as lower strength and 
toughness. Commercial benefit may result from producing ceramics in a more 
competitive way using lower sintering temperature and so reducing grain growth. 

There has been continuous technological development in the sintering of 
ceramics over the past century. New technologies have been recently introduced 
with lower energy consumption as well as reduce of grain growth. Researchers 
have reported that rapid sintering techniques, including direct sintering (DS), 
spark plasma sintering (SPS), microwave sintering (MWS) and flash sintering 
(FS) are all beneficial by providing faster heating and cooling rates, lower 
sintering temperatures, shorter sintering times and smaller grain growth 
compared with conventional sintering (CS). These new approaches have made a 
significant contribution in terms of energy reduction as well as reduction of 
processing time. 

Japan, for instance, leads in implementing SPS in the production of 
ceramics, metallic, and composite components in very short processing times (a 
few minutes) compared to hours and days using conventional processes [1]. For 
example, it is reported that SPS reduces power consumption during production of 
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functionally graded materials (FGMs) i.e. WC-Co by 1/5 to 1/3 of conventional 
sintering techniques such as pressureless sintering, hot pressing, and hot isostatic 
pressing [2]. In addition, it is reported that SPS can save significant energy (60 to 
70% of total energy) when used to sinter copper-diamond, Cu-W, W, and WC [3]. 

Comparative study by Rajeswari showed that yttria stabilized zirconia 
(8YSZ) powder was fully sintered (99% theoretical density) after 2 h dwell at 
1550 °C in a conventional sintering process but was fully sintered in SPS at 
1250 °C after only 5 min and in 15 mins by MWS at 1525-1550 °C [4]. 

1.2 Objective of the research 
Rapid sintering techniques have been successfully applied to many oxide 

and non-oxide ceramics, to great benefit such as reduced energy consumption, and 
processing time. However, there is a lack of research attempting to sinter 
porcelains using these rapid sintering techniques, therefore this study the effect 
of DS, SPS, MWS, and FS on sintering of porcelains aims to address this gap. The 
results obtained by such techniques will be compared with the well-established CS 
process by means of processing time and temperature, as well as the phase and 
microstructural development. In addition, this study aims to explain and improve 
the understanding of densification and phase evolution of a porcelain body under 
such processes. The results and knowledge gained will have an impact on both 
academic and industry in terms of reduced energy consumption in porcelain 
production.  

Chapter 2 of this thesis presents research challenges for the whitewares 
industry. A literature review in Chapter 3 outlines the fundamentals of sintering 
from solid state sintering to vitrification as well as porcelains including their raw 
materials, chemical reactions, and phase evolution under a conventional sintering 
process are addressed.  The working principles of the new rapid sintering 
techniques (SPS, MWS, and FS) and some published research results on 
porcelains are also reviewed. Chapter 4 summarises experimental methods used 
in this work and basic knowledge of working principles for each instrument used. 

Chapter 5 summaries the porcelain sample properties as a function of 
temperature (up to 1200 C). Chapter 6 examines the effect of rapid heating rate 
(DS) on densification, microstructural evolution and physicomechanical properties 
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of the porcelain. Chapter 7 gives results of densification, physicomechanical 
properties and mullite formation under the SPS setup. Densification and mullite 
formation during MWS are examined in Chapter 8 while the effect of the FS on 
porcelain is studied in Chapter 9. Chapter 10 further discusses and compares 
densification, physicomechanical properties, mullite formation, and energy used 
in each technique. Finally, Chapter 11 gives overall conclusions of this work and 
suggestions for future work. 
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Chapter 2 

 

Current challenges for the whitewares industry 

 

 

Whitewares, which are eathernware, stoneware, porcelain and china, have 
a rich history of impact on human civilisation, and are widely used from simple 
household appliances, such as tableware, cookware, and building materials—
wall/floor/roof tiles, sanitaryware, to scientific and engineering applications such 
as laboratory-wares and electrical insulators. From an economical perspective, in 
2016 the EU-28 (the major ceramic producing countries, Italy, Germany, Spain, 
France, the UK, Poland, Portugal and Austria) accounted for 25% of global 
ceramics production, which was worth €28 billion of which whitewares shared 
about 66% [5]. On a global scale, whitewares were produced in massive quantities, 
for instance, 13,056 million m2 of ceramic tiles (including wall and floor tiles) were 
produced worldwide. Global production of sanitaryware reached 137.60 million 
pieces or 2.9 million tons in 2016 and the global demand is still growing [6,7]. 

There are several significant current developments in the whitewares 
industry such as changing from wet to dry processing, extrusion to dry pressing, 
double firing to single firing, pressureless casting to high pressure casting and 
screen printing to digital ink-jet printing decoration. Whitewares research still 
mainly focuses on the processing, raw materials, microstructural evolution, and 
properties to improve understanding of the forming operations, defect elimination, 
microstructure control, and mechanical properties.  Recently, the whitewares 
research field has been extended to the area of additive manufacturing [8], 
functional glazes such as self-cleaning, anti-bacterial [9-11], thermochromic 
whitewares [12], extra-large, thin and light weight porcelain stoneware tiles [13]. 
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Additive manufacturing or 3D-printing of whitewares has been successfully 
demonstrated by a number of research groups such as those at Alfred University 
and Bowling Green State University (USA) [14], and the University of the West of 
England (UK) [14]. Moreover, 3D printing machines are commercially available 
for producing whiteware products such as the WASP clay extruder (Italy), 3D 
Potter Bot (USA), LUTUM 3D Clay printer (Netherlands) [8]. 3D-printing 
technology of whitewares allows artists, designers, and consumers to produce 
whiteware objects with ease and freedom of shape complexity. However, the 
whiteware body needs to be reformulated since the clay negatively affects the 
printing process because clays need time to set causing an unstable printed 
structure and shift during printing. Thus, replacing clays with non-plastic 
materials, adding organic binders and a well-controlled particle distribution of the 
mixture, are key to making 3D printing of whitewares possible [8]. 

Due to a better understanding of nanotechnology, the addition of a 
photocatalytic material, i.e. TiO2 into the outer surface of whitewares, by means 
of coating, allows these surfaces to have more functionality, such as water and air 
purification, self-cleaning, anti-bacterial behaviour, decomposing atmospheric 
pollution, and self-sterilization. The coatings also provide a good aesthetic 
appearance because they are transparent thanks to the incorporation of nano-size 
particles [9-11]. 

Light weight and thin porcelain tiles are beneficial for both production and 
application. Light weight and thin (3.5 mm thick) porcelain tiles are easy to install 
and 1/3 of the weight of traditional tiles, but they can be as large as 1x3 m2. For 
the production side, thin tiles require less raw materials to be used, less energy 
consumption, and lower CO2 emission [13]. 

These examples reflect the final application of whitewares by adding 
functionality on their surface and making them more aesthetically pleasing. 
Nevertheless, the driving factor for making the whitewares industry more 
competitive, is to reduce energy consumption. The energy cost of a range of ceramic 
products reported by the British Ceramic Confederation such as bricks, roof tiles 
and drainage pipes, tableware, giftware, sanitaryware, wall and floor tiles, 
refractories, technical ceramics (sensors, filtration, prosthetics, armour, wear 
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components, and abrasives is 30 % of the total cost (firing temperatures between 
900 and 2750 °C) [15]. In Spain, in addition, the energy cost during tile 
manufacture is about 15-20% of the total manufacturing cost [16-18] and the firing 
cost in tile manufacturing covers about 55% of this total energy cost [16].  

Therefore, a vital area of research within the whitewares industry is the 
firing process. Most recently, researchers have attempted to shorten firing cycles 
and reduce firing temperatures by adopting Field Assisted Sintering (FAS). 
Lucideon Co., Ltd, Stoke-on-Trent, UK reported that they successfully developed 
a commercial FAS kiln, which has the potential to revolutionise the firing of 
whitewares [19]. 
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Chapter 3 

 

Literature review 

 

 

3.1 Chapter review 
This chapter reviews current understanding of the sintering of ceramics 

including solid state sintering, liquid phase sintering, and vitrification. It also 
introduces field assisted sintering techniques (FAST)—spark plasma sintering 
(SPS), microwave sintering (MS), and flash sintering (FS). Porcelains, including 
their raw materials, and phase evolution on conventional sintering, are also 
addressed. Examples of densification behaviour and physical properties of 
porcelains sintered by different FAST techniques are also reviewed to establish a 
background for this research. Many of the results presented in the following 
chapters are developed from this current understanding. 

3.2 Sintering of ceramics 
Sintering is a key process in ceramic manufacture because the properties of 

the finished products depend on an interplay of raw materials and sintering 
conditions (time, temperature, pressure, and atmosphere). Different types of 
ceramic products require different sintering conditions to obtain the desired 
properties. The thermal energy required to convert porous compacted powder 
(initial state of high free energy) to the consolidated dense body (the final state of 
lower free energy) varies for different ceramics. Different ceramics use different 
mass transport mechanisms to complete their densification including e.g. vapour 
phase, liquid phase, volume diffusion through a crystal, or viscous flow of a glass 
[20]. Fig. 3.1 illustrates different types of ceramic products and their sintering 
temperatures. Silicate ceramics or traditional ceramics, for example, are in the 
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range of 800-1500 °C (via liquid phase sintering, vitrification) while advanced 
ceramics (oxide and non-oxide ceramics) require higher sintering temperatures of 
1200-2000 °C (predominantly via solid state sintering)[21]. 

 
Figure 3.1: Ceramic products and their sintering temperatures [adapted from 

Ref. 21]. 
 

3.3 Fundamentals of sintering 
 Sintering is defined as a process of elimination of pores located between 
particles in powder compacted. It involves the shrinkage of the component and 
grain growth. From the thermodynamic point of view, sintering is a process of 
surface free energy reduction, from porous compacted powder to the consolidated 
dense body. There are different types of sintering depending on the relationship 
between the three components (solid particles, liquid phase, and porosity), 
including (1) solid state sintering (SSS), (2) liquid phase sintering (LPS), (3) 
viscous glass sintering (VGS), and (4) viscous composite sintering (VCS) [22].  

In summary, solid state sintering involves only solid and pores, e.g. 
sintering of alumina while liquid phase sintering involves solid, liquid (<20 vol.%) 
and pores. An example of liquid phase sintering is the sintering of Si3N4 with 5-
10 wt.% of Y2O3, SiO2 and Al2O3 added. The sintering type involving only liquid 
and pores is the viscous glass sintering which can be seen in glazing and 
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enamelling. Viscous composite sintering is similar to the liquid phase sintering, 
but a greater liquid content (>20 vol.%) is used to densify the samples, this is seen 
in whitewares production [22]. 

3.3.1 Solid state sintering 
 Solid state sintering of single phase ceramics provides the foundation of our 
understanding of sintering. Consider a compacted porous powder of a single phase 
ceramic is heated; the porous powder becomes a dense and strong compact. The 
driving force for sintering is the reduction of surface area by densification and 
grain growth. Densification reduces the surface area of the loose powder compact 
by reducing the solid-vapour (pore) surfaces with increased solid-solid grain 
boundary. Grain growth reduces the number of grain boundaries (grain boundary 
area) to lower the energy of the system.  
 In the global (macro) scale, sintering is monitored using densification 
(development of sample’s density) or shrinkage of the sample as a function of 
temperature (Fig. 3.2). The plot of sample’s density against firing temperature is 
a common plot to study the sintering process. From the plot in Fig. 3.2, the 
sintering can be distinguished into three stages: initial, intermediate and final. 
 Fig. 3.3 schematically presents the three stages of solid state sintering. The 
initial stage of solid state sintering (Fig. 3.3b) involves the rearrangement of 
particles at a global scale and neck formation at a local scale. Particle 
rearrangement is the movement and/or rotation of particles increasing the 
numbers of contact points leading to neck formation. During the initial stage, 
densification is relatively small compared to the other two stages as there is no 
significant mass transport. The intermediate stage (Fig. 3.3c) involves increasing 
neck area, from sharply concave to moderate concave, and formation of 
interconnected pores. At the intermediate stage, significant densification is 
observed as presented in Fig. 3.2. Densification occurs by shrinking the pores as 
well as by grain growth. Since the necks and grains continue to grow, the pores 
become isolated indicating the final stage of sintering (Fig. 3.3d). 
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Figure 3.2: Sample density against firing temperature is commonly used to study 

the sintering process [22]. 

 
Figure 3.3: Development of the sample microstructure during sintering shows 

the sintering stages [author’s figure]. 
 
 

 At the local scale (Fig. 3.4), consider two spherical particles in two 
dimensions connecting each other, the minimum surface free energy of the system 
is obtained when the contact angle between the two particles or dihedral angle (e) 
is in equilibrium which is mathematically expressed by Eq. 3.1 

 훾
훾

= 2	푐표푠	(
휑
2

) (3.1) 

 
where 훾  is the specific grain boundary energy (solid-solid), 훾  is the specific 
surface energy of solid particle and vapour phase (solid-vapour) [23-25]. The 
dihedral angle is solely defined by the interfacial energies and it is independent of 
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the pressures in the phases. In other words, the dihedral angle is constant, 
regardless of the pressure of vapour phase [23].  

 
Figure 3.4: Two-dimensional schematic diagram of the solid particles represents 

dihedral angle [adapted from Ref. 23]. 

 
3.3.1.1 Mass transport mechanisms 

 The driving mechanism for sintering process is provided by mass transport. 
The two main mass transport mechanisms are surface transport and volume 
transport, each of which differently contributes to the sintering. Surface transport 
including surface diffusion and vapour transport (evaporation-condensation) occur 
at the particle surfaces generating neck growth but contribute little to 
densification while bulk transport including volume diffusion, grain boundary 
diffusion, and transport via dislocations result in shrinkage of the sample because 
the mass flow is within the interior. Fig. 3.5 illustrates the driving mechanism 
provided by the different mass transport processes on sintering. Mass comes from 
different paths—surface or interior—but always sinks at the neck because of the 
effect of different surface curvatures.  

The surface curvature plays an important role in reduction of surface free 
energy because the different curvatures provide different vapour pressure and 
chemical potentials, these chemical potentials drive atomic diffusion. Consider the 
numbers of atoms and vacancies on the curvatures; the convex (positive curvature) 
(Fig. 3.5a) has higher chemical potential compared to a flat surface (a reference 
surface), and when the two particles join, they create a neck which is concave 
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(negative curvature) (Fig. 3.5b). The diffusion of atoms then moves from convex 
site to the concave site and the vacancies move in the opposite direction. 

 
Figure 3.5: Schematic representation of mass transport mechanisms in 

polycrystalline ceramics [22]. 

 

 3.3.1.2 Grain growth 

 As previously mentioned, sintering involves shrinkage and grain growth. 
Grains with curved surface always either shrink or grow depending on the 
curvature types and their number of surrounding grains. A two-dimensional model 
in Fig.3.6 shows that grain boundaries always move towards their concave of the 
curvature so the grains with concave curvature (considered from their centres) 
tend to shrink but the convex grains tend to grow (Fig.3.6a). In the case of number 
of surrounding grains (Fig. 3.6b), grains having more than 6 surrounding grains 
are convex (labelled as no. 10 and 50) and grains with less than 6 surrounding 
grains are concave (labelled as no.3 and 4). Thus, the grains with more than 6 
surrounding grains tend to grow and vice versa. The grain labelled as no.6 is the 
ideal case which has six boundaries and no boundary curvatures making the 
grains stable.  

The grain labelled as no. 50 in Fig. 3.6b can also represent abnormal grain 
growth. In general, abnormal grain growth occurs when most boundaries of a grain 
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are immobilised while one boundary is not constrained making this boundary free 
to move. However, the abnormal grain growth can be inhibited by the presence of 
pores, second phase or inclusions at the grain boundary. As the grain boundary 
moves (to reduce the free energy), the free energy is decreased when it reaches the 
pore, inclusion or the second phase. In other words, the grain boundary drags these 
obstacles and becomes less mobile. In addition, second phases can inhibit grain 
growth because mass transport (diffusion) from the grain boundary to the second 
phase is more favoured than diffusion to move the grain boundary. 

 
Figure 3.6: (a) Schematic diagram shows grain boundary moving towards 

concave curvature, and (b) different grain boundary curvatures produced by 
surrounding grains [22].  

  

3.3.2 Liquid phase sintering 
 Most commercial ceramics are produced by liquid phase sintering because 
the presence of liquid phase during sintering process can densify ceramics at lower 
temperature compared to solid state sintering. The liquid phase provides a high 
diffusivity path and causes capillary forces that pull the solid particles together, 
enhancing densification. However, to achieve an effective liquid phase sintering, 
the liquid must spread over the solid particles, which is explained by the wetting 
behaviour. 

Fig. 3.7 presents the interactions between solid particles and liquid phase 
showing wetting behaviours. The wetting behaviour can be explained using the 
contact angle between a solid surface and the tangent of liquid surface, expressed 
by Eq. 3.2.  
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  = 훾 + 훾 푐표푠휃 (3.2) 

 
The wetting behaviour of the solid-liquid is represented by their interfacial 

energy (sl). The liquid phase wets a solid particle when the contact angle is <90°. 
In the ideal case, which the contact angle is 0, the liquid phase completely wets 
the solid particles as presented in Fig. 3.7a. If the solid-liquid interfacial energy is 
high, the liquid does not spread over the solid particles producing poor wetting 
behaviour (Fig. 3.7c).  

In contrast, if the solid-vapour interfacial energy (sv) is high, the liquid 
tends to spread over the solid particles to lower the solid-vapour interfacial energy 
(Fig. 3.7b). In other words, the driving force for liquid phase sintering is the 
reduction of solid-vapour interfacial energy by the solid-liquid interfacial.  

 
Figure 3.7: Wetting behaviours of the liquid phase in solid surface [adapted from 

Ref. 20]. 
 

During sintering, the liquid phase also interacts with the solid particles 
changing the chemistry of the liquid which may change its wetting behaviour. 
Thus, transient liquid phase sintering is often observed because the liquid phase 
can disappear by incorporating into the solid particles or it de-wets the solid 
particles (chemistry changed) and stays at either grain boundaries or grain 
junctions. 

The stages in liquid phase sintering are different from the stages of solid 
state sintering. Starting with the loose particles compacts (Fig. 3.8a). The first 
stage involves rearrangement of the solid particles (Fig. 3.8b). This rearrangement 
of the solid particles is rapid (compared to the same stage of solid state sintering) 
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when the liquid phase forms because the solid particle can easily rotate and slip 
over other particles. The second stage is called solution-precipitation, which 
involves dissolution of the solid particles into the liquid phase. Grains can grow by 
two ways including Oswald ripening and/or reprecipitation (Fig. 3.8c). 

Oswald ripening occurs when smaller particles dissolve in the liquid phase 
and redeposit on the larger particles because the smaller particles have high 
surface energy and they need to reduce the high surface energy by reprecipitation 
onto the larger one. If the solid particles dissolve in the liquid phase, solute 
reprecipitation takes place if this is thermodynamically possible leading to grain 
growth. 

The final stage of liquid phase sintering is coalescence, elimination of closed 
porosity (Fig. 3.8d). In this stage, densification is slow and eventually stopped 
because grain growth (from the second stage) produces a dense solid bulk, and only 
closed pores are present. Closed pores can be eliminated by buoyancy driven pore 
migration. However, bloating can occur if closed pores remain in the liquid phase 
and the internal pressure of the gas in the pore increases. 

 
Figure 3.8: Development of the sample microstructure during liquid phase 

sintering shows the sintering stages [22]. 
 
 

3.3.3 Vitrification 
 Vitrification is the typical method to produce whiteware products. 
Vitrification is similar to liquid phase sintering, but the liquid content is larger 
(>20 vol. %. liquid compared to ~5 vol.%. in liquid phase sintering). Vitrification 
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enhances densification not only by producing the capillary force but also by flow 
of the large amount of liquid and filling of pores between the solid particles 
(viscous flow).  

The flow of liquid phase during vitrification is governed by the three factors 
including surface tension of the liquid phase (), viscosity of the liquid phase (), 
and pore size (푎). Surface tension affects wetting behaviour as previously described 
in liquid phase sintering. However, the effect of surface tension of the liquid phase 
can be negligible since it does not significantly change with the chemistry over the 
firing temperature range of whitewares (1200-1400 °C). In contrast, the viscosity 
of the liquid phase changes with the chemistry and temperature. The densification 
rate (ρ) during vitrification can be predicted by Eq. 3.3.  

 ρ	~

휂푎

 (3.3) 

 

Since there is a large volume of liquid phase involved, significant dissolution 
and crystallization of new phases are also possible. For example, quartz 
dissolution and mullite formation are commonly found in whitewares. However, 
the presence of large volumes of liquid during vitrification may lead to deformation 
of the products by so-called pyroplastic deformation [20]. 

3.3.4 Pressure assisted sintering 
 To sinter a ceramic compact powder with an externally applied pressure is 
called pressure assisted sintering. The applied pressure enhances densification by 
providing additional force as well as increasing the rate of particle rearrangement, 
plastic deformation, and viscous flow. There are three types of pressure assisted 
sintering including hot uniaxial pressing (HUP), hot isostatic pressing (HIP), and 
sinter forging (SF). In brief, hot uniaxial pressing applies uniaxial pressure to the 
powder in a die while sinter forging uses uniaxial pressure but no die. In hot 
isostatic pressing, isostatic pressure is applied to the sample in all directions via 
pressurized inert fluid (gas or liquid). 
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3.4 Development of rapid sintering techniques 
 New sintering techniques have been successfully applied to sinter ‘hard-to-
sinter’ materials including fast firing (FF), hot press (HP), spark plasma sintering 
(SPS), microwave sintering (MWS) and flash sintering (FS) all of which have been 
beneficial by providing faster heating and cooling rates, lower sintering 
temperatures, shorter sintering times, and smaller grain growth, compared with 
conventional sintering (CS) [20,26-30]. These new approaches have made a 
significant contribution in terms of energy reduction. Fig. 3.9 presents 
development of sintering process in terms of time and temperature. The processing 
time can be reduced to minutes or even seconds instead of hours in conventional 
sintering process.  

 
Figure 3.9: Development of advanced sintering techniques in terms of time, 

furnace temperature and energy consumption [adapted from Ref. 31]. 

 

3.5 Fast firing (FF) 
The term ‘fast firing’ in ceramic manufacture was introduced in 1965 with 

the concept of optimum firing cycle [28]. Fast firing is used to sinter various 
ceramic materials such as lead zirconate titanate (PZT) [28,32-34], alumina [35, 
36], clay bricks [37], tiles [38], and red clay products [39]. It has been reported that 
the final properties of fast-fired products are comparable with the conventionally 
fired products [38,39]. In modern porcelain manufacturing, for instance, the 
fastest sintering cycle times are 35 minutes for mosaic tiles, 40 minutes for wall 
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tiles, 60 minutes for porcelaneous-stoneware floor tiles, 7 hours for sanitaryware, 
and 2 hours for dinnerware (Fig. 3.10) [28].  

The fast firing process has been used to produce porcelain tiles for more 
than 30 years. It is applied extensively in the porcelain industry because it 
substantially reduces production cost by consuming energy more efficiently [40, 
41]. Development of the porcelain fast firing process required knowledge of raw 
materials used, chemical reactions and microstructure development during the 
firing process [42]. In addition, several factors are involved in the fast firing 
development including work piece thickness, thermal expansion, sintering rate, 
the kiln furniture used, kiln design, microstructure development, carbon and 
organic substances burnout, and shape of work piece [40]. 

Fig. 3.10a illustrates a typical roller kiln with 90 m long used to produces 
porcelain tiles. It presents an example of temperature profile and processing time 
(Fig. 3.10b). This kiln uses energy efficiently because fuel is only used in the firing 
zone, the preheated zone uses hot air flow from the firing zone via flue gas. 

 
Figure 3.10: (a) Schematic diagram of a roller kiln for a fast firing process, and 

(b) an example of temperature profile in a roller kiln [16]. 
 
 

3.6 Spark plasma sintering (SPS) 
 Field Assisted Sintering Technology (FAST), Pulsed Electric Current 
Sintering (PECS), Electric Pulse Assisted Consolidation (EPAC), and Plasma 
Activated Sintering (PAS) are alternative names for Spark Plasma Sintering 
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(SPS) [43]. SPS is defined as a consolidation process of powder utilising a low 
voltage of pulsed (on-off) direct current (DC), and externally applied pressure. SPS 
is similar to a hot uniaxial pressing (HUP) process; both techniques employ 
uniaxial pressure, and graphite dies to improve the sinterability of powder, but 
the heat supply source is different. In SPS, powder is loaded in a set of conductive 
dies—normally made of graphite. Pulsed DC current is applied to the graphite die, 
then heat is generated by resistive heating or ‘Joule heating’ in the die and then 
heat transfers to the sample. Unlike SPS, powder in a graphite die in hot pressing 
is sintered by conventionally radiative heat. The advantages of SPS over HUP are 
(i) rapid heating and cooling rates (500 °C/min or faster depending upon the 
sample size) by volumetric heating (in case of conductive materials), (ii) shorter 
and lower temperature in sintering process resulting from applied pressure and 
Joule heating, and (iii) smaller grain size is obtained due to lower activation 
energy of consolidation process [27,44-46]. Many materials are successfully 
sintered using SPS, for instance, metal alloys, pure metals, ceramics, composites, 
functionally graded materials, semiconductors, and thermoelectric materials. 

Since graphite is required in the SPS process, graphite contamination must 
be considered. Graphite is considered to be chemically inert and it can be used at 
high temperature up to 2200 °C under inert or vacuum atmosphere [47] but it can 
be oxidized if exposed to oxidising atmosphere above 1200 °C [20].  Graphite can 
also react with metal oxides to form carbides at certain temperatures such as with 
SiO2 at 1250 °C, Al2O3 at 1350 °C and Fe2O3 at 485 °C. However, these reactions 
occur when metal oxide powder and graphite are mixed together in stoichiometric 
proportion [47]. 

Graphite contamination can also be found at the sample surface because 
during sintering carbon can diffuse into the sample over short distances (~10 μm) 
e.g. for SmCo based magnets produced by SPS using 100 °C/min heating rate, 
1100 °C sintering temperature, 5 min holding time and a maximum pressure of 51 
MPa [49]. Carbon uptake by the sintered samples during SPS becomes more 
significant at high sintering temperatures (>1550 °C) [27]. At lower temperature 
(<1550 °C), the carbon-contaminated layer either did not form or was so thin, 
which can be removed easily from the sample’s surface [27]. It has been reported 
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that at the fast heating rate used by SPS, the interaction between the sintering 
samples and graphite tools can also be reduced due to the short time for carbon 
diffusion [27]. Carbon contamination can also be addressed by placing Ta foil 
between the graphite die and sample to prevent carbon diffusion into the samples 
[50]. A practical approach used to get rid of carbon contamination is to polish the 
surface of the sample with diamond paper [27]. 

A problem of the use of graphite, in addition, is the reactivity of graphite 
towards the ceramic sample leading to sticking at the contact of the die and sample 
surface. However, this problem can be resolved by coating the inside die wall with 
boron nitride but not above 1350 °C because at this temperature boron nitride can 
react with the graphite foil used as a liner to prolong the life of the die [48].  

3.6.1 Working principle 
 A mechanical loading system—uniaxial pressing is simultaneously applied 
with low voltage pulsed DC current (typical below 10V applied constantly to the 
whole set-up) produce high currents (typical from 1 to 10 kA) leading to ‘Joule 
heating’ in the graphite die. It is believed that this process generates spark 
discharge at the particle contact points, and the local temperature at particle 
contacts can be several thousand degrees Celsius. 

 
Figure 3.11: (a) Schematic diagram of a typical SPS apparatus, (b) current 

passes through a conductive sample, and (c) current does not pass through a non-
conductive sample [author’s figure]. 
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Fig. 3.11a shows a typical SPS unit. SPS can reduce sintering temperature 
by 200-500 °C compared with conventional sintering process. In the case of 
conductive materials, Joule heating also takes places volumetrically in the sample 
bulk because current passes through the sample body (Fig. 3.11b). However, in the 
case of non-conductive materials, heat transfers quickly and efficiently from 
graphite die to sample body and no current passes through the sample (Fig. 3.11c). 

3.6.2 Process parameters 
Effect of pressure—when a compact powder is heated under applied 

pressure, higher consolidation rate can be achieved compared with the same 
sintering parameters when pressureless sintering [15]. Typical pressures used in 
SPS are less than 200 MPa because of strength the limit of the die materials such 
as graphite (70 MPa), zirconia (100 MPa), and SiC (280 MPa). The uniaxial 
pressure has a mechanical effect on the particle re-arrangement, destruction of 
agglomerates, and collapse of large pores [41]. The presence of an externally 
applied pressure can increase densification rate as presented in Eq. 3.4 [20]. 

 푑휌
(1 − 휌)푑푡

= 퐵(푔
훾
푑

+ 푃) (3.4)  

 
where 휌 is the density,	푡 is time, 퐵 represents the term of diffusion coefficient and 
temperature, 푔  is geometric constant, 훾  is surface energy, dp is particle size 
parameter, and 푃 is applied pressure. The applied pressure also influences the 
temperature distribution across the punch/die/sample assembly because it 
introduces significant changes in bulk electric and thermal fields, including Joule 
heating. For example, increasing applied pressure can reduce the temperature 
difference in the die as well as in the sample [51].  

Effect of electrical field—the effect of electrical field (voltage) influences 
mass transport, grain boundary migration and related defect formation [52,53]. 
However, since SPS employs a low voltage the particular effects can be difficult to 
observe [27]. However, this effect can be significant in high-dielectric materials 
[54].  
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Effect of electric current—when electric current flows through a conductive 
material, Joule heating occurs, and it is speculated that this current induces 
plasma at the interfaces between the particles. Experiments on SPS were 
conducted by Zhang et al., [55], Omori [43], and Groza et al., [56] to understand 
the SPS mechanisms. Based on the results of the direct visual observations and 
sample microstructure analysis, they believed that spark discharge does indeed 
occur during the SPS process. The high-temperature spark plasma could be 
generated in the microgaps due to the discharge effect [43,55,56]. Fast and 
efficient sintering can be achieved under the combined action of spark discharge, 
Joule heating, electrical diffusion and plastic deformation effect in the SPS process 
[55]. Plasma subsequently cleans the particle surfaces resulting in the 
enhancement of consolidation via vaporisation. However, some have proposed that 
when the powder in the die is uniaxially pressed, the contact between particles is 
large and as a result the plasma discharge becomes small [46]. Thus, in this case, 
there is still no strong evidence of plasma generation in SPS. 

Effect of pulsing—the pulse cycle plays an important role in the sintering 
process, and final properties of the products. For instance, by changing the DC 
pulse on–off patterns during SPS of ZrB2, the density, and fracture toughness of 
ZrB2 sample changes. Chakraborty et al., reported that that maximum relative 
density (98.65%) and fracture toughness (4.69 MPa·m1/2) of ZrB2 samples is 
achieved with 50 ms pulse on and 5 ms pulse off time conditions [57]. In addition, 
changing the pulse pattern modifies the current peak intensities, and influences 
the microstructure of alumina-hematite powder. The SPS sintered sample is 
composed of a Fe-Al2O3 composite layer at the outer surfaces (top, bottom and 
radial), a biphasic core (FeAl2O4 and Al2O3) and a depletion layer without Fe or 
FeAl2O4 near the cathode [58]. However, others report that there is no effect of 
pulsing pattern on the physical properties of SPS-fired material e.g. the growth 
rate of MoSi2 (using Si and Mo under SPS with different pulse patterns at three 
temperatures in the range 1070-1270 °C) showed no dependence on the pulse 
pattern. The reason was that the effect of pulsed current on mass transport across 
particle–particle interfaces in a powder compact is the same as in the case of a 
multilayer system [59]. In addition, Al powder was sintered using SPS with 
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different pulse frequency. Xie et al., concluded that the effects of pulse frequency 
on densification, deformation and microstructure of the Al compacts sintered by 
SPS were not significant because the change of activation energy of densification 
at different pulse frequency was insignificant for the pulse frequencies ranged 
from 0 Hz to 40 kHz [60]. However, it is evident that even though pulse patterns 
are different, the amplitude of the pulse (the voltage) either increases or decreases 
to compensate the power requirements under the particular temperature. In other 
words, the root mean square of the current is independent of the changing pulse 
pattern [59].  

3.7 Flash sintering (FS) 
Flash sintering is an active research topic in ceramics since it was 

introduced by Cologna et al., [61] and it has been extensively studied and 
developed by many researchers [62]. A great benefit of the flash sintering process 
is that highly dense ceramics can be produced within a few seconds. It is hoped to 
replace the existing sintering processes of ceramics with significant reduction in 
energy consumption and produces a unique microstructure to improve material 
technological properties [62-66]. 

Yu et al., [62] provide an overview of the flash sintering technique stating 
that “Flash sintering (FS) is an energy efficient sintering technique involving 
electrical Joule heating, which allows very rapid densification (<60 s) of 
particulate materials”. They also highlighted that many ceramics (i.e. 3YSZ and 
its composites, 8YSZ and its composites, yttria, and alumina and its composites) 
were successfully sintered by flash sintering techniques with much shorter 
processing time compared to conventionally pressureless sintering processes. Yu 
et al., [62] also mentioned that a large flash sintering furnace (25 m long) has been 
developed to process conventional floor tiles, which can be operated 300 °C below 
the conventional sintering furnace.  Gonzalez‐Julian and Guillon [63] showed that 
densification rate of alumina sintered via liquid phase using calcium-aluminium-
silicate glass was enhanced under an AC electric field because current flowed 
through the liquid phase at high temperature, enhancing densification by Joule 
heating and athermal response pf the liquid phase under the applied electric field.   
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Zapata-Solvas et al., [64] concluded that a novel technique called flash 
spark plasma sintering (FSPS, use of an SPS machine to perform FS experiments) 
using an electrically insulated graphite die allowed MoSi2 and ZrB2/20 vol. % 
MoSi2 to be sintered in less than 60s at heating rates of 2000 °C/min and consumed 
much lower energy compared to conventional SPS. 
          Zapata-Solvas et al., [65] also concluded that SiC with Al2O3 and Y2O3 as 
sintering aids can be sintered using flash sintering with low energy consumption 
at furnace temperatures as low as 1170 °C, 100 V/cm with flash sintering times of 
150 s. Cubic nano-SiC can be sintered using SPS at 1700 °C under an applied 
pressure of 40 MPa. Additive-free-SiC was sintered using SPS at 2200 °C under 
an applied pressure of 150 MPa. In addition, by using Al2O3 and Y2O3 as sintering 
aids, reduces sintering temperatures of SiC to ∼1900 °C. Thus, the low furnace 
temperature and rapid sintering times confirm the commercial advantage of flash 
sintering SiC with suitable sintering aids and thermal management. 
          In addition, Cologna et al., [66] presented that flash sintering had an effect 
on the microstructure of alumina. They found that conventionally sintered 
alumina specimens had an average grain size of 1.9 μm, while the flash-sintered 
specimens had a smaller grain size of 0.8 μm. 

Heat produced in the sample during flash sintering comes from Joule 
heating. However it has been also reported that the Joule heating might not be 
responsible for rapid densification process because the temperature generated by 
the Joule heating is not high enough to densify a ceramic body [67] but instead the 
densification of ceramics is due to thermal runaway [68]. Due to the complex 
interplay between material chemistry, furnace temperature, and applied electric 
field, various mechanisms during flash sintering including local melting at grain 
boundaries, pore migration, Frenkel-pair, defect generation, electroluminescence 
and photoemissions have been proposed [52,69-74]. 

Flash sintering process involves an externally applied electric field to the 
sample whereby the mechanisms behind flash sintering are different from a 
conventional sintering process. It has been reported that Joule heating and 
dielectric breakdown are possible mechanisms of the rapid sintering rates [75-77]. 
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Figure 3.12:  Various types of ceramics sintered by flash sintering showing power 

density and furnace temperature required to trigger flash sintering [78]. 
 

 
Various types of ceramics (ionic conductors, ferroelectrics or 

semiconductors) have been successfully flash sintered, such as YSZ (3YSZ, 8YSZ) 
[79-81], Co2MnO4 [82], BaTiO3 [83], SrTiO3 [84], TiO2 [85], ZnO [86], and SiC [65] 
as shown in Fig. 3.12. Even different parameters and experimental setups were 
used for different samples, the power required for triggering flash sintering is in 
a similar range of 10-50 mW/mm3  as shown in Fig. 3.12 [78]. 

Composite materials, which contains different volume fraction of phases 
such as alumina-titania composite [77], alumina doped zirconia [87], SiC whisker 
reinforced ZrO2 composites [88], Al2O3-Y3Al5O12-ZrO2 [89], 90 wt.% alumina-
10 wt.% calcium–aluminium–silicate glass [62] and 90 wt.% alumina containing 
10 wt.% magnesia silicate glass [90] were successfully flash sintered. However, the 
secondary phases present in these composites were small (<10 wt.%), hence the 
mechanism behind the flash sintering of composite materials containing large 
volume of foreign phases (>10 wt.%) might be different compared with that which 
occurs in monolithic materials and it is still an open question. 
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Figure 3.13: (a) A schematic diagram of a flash sintering setup using a 

dog-bone shape sample, (b) pellet sample, and (c) a typical result of a flash 
sintering process at a constant furnace temperature [author’s figure]. 

 
 

Fig. 3.13a presents a schematic of the flash sintering process (to be 
discussed in section 3.7.1) and its process parameters (Fig. 3.13b) shows a change 
of the applied electric field, current density, power density and density of the 
sample before and after the flash events. Fig. 3.13c represents the typical data 
acquired from a flash sintering process including furnace temperature, electric 
field, current density, power density, and sample density. In flash sintering, firstly 
the furnace temperature is kept constant at TF, and the electric field (E0) is then 
applied before flash event occurs, which is indicated by the rapid increases of 
current density (E(t)) and power density (J(t)). The electric field strength decreases 
after the flash event to maintain the current and power density at the current 
limit. 

3.7.1 Working principle 
A green sample either in dog-bone or pellet shape is sandwiched between 

two metal electrodes to make electrical contact so current flows through the 
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sample body (Fig. 3.13a-b). At laboratory scale, sample surfaces are coated by 
conductive paste, usually Pt paste and electrically connected through Pt 
conductive wires. In the case of pellets, a minimal pressure of ~1 MPa may be 
uniaxially applied to ensure that both surfaces are properly contacted to the power 
source. The process control of flash sintering is critical because the material’s 
conductivity changes with temperature resulting in changing power dissipation in 
the sample. 

The furnace temperature can be ramped up (Fig. 3.14a) or kept constant 
(Fig. 3.14b) while an electric field (E) is applied to the sample. Once the applied 
electric potential and furnace temperature reach an onset point, the flash 
sintering event occurs indicating a sudden increase of the electric current. The 
flow of electric current (J) must be controlled closely since it can lead to thermal 
runaway. Generally, a voltage control is used in the first step then switched to a 
current control when the flash event takes place [77,91]. 

A constant voltage, which is called ‘voltage control step’ (labelled as (1) in 
Fig.3.14c), is applied to the sample being heated under simultaneous increase of 
furnace temperature (Fig. 3.14a). Once, the furnace temperature reaches an onset 
value (depending on material characteristics) an abrupt increase of current flow 
(J) and power dissipation (W) occurs and the process switches to ‘current control 
step’ (labelled as (2) in Fig. 3.14c) in order to control power dissipation. The power 
dissipation during flash sintering expressed by Ohm’s law can be divided into two 
regimes. The first regime, labelled as (3) in Fig. 3.14c is the power dissipation 
which depends on the magnitude of the electric field, while the power dissipation 
of the second regime (labelled as (4) in Fig. 3.14c) depends on the current as 
presented by Eq. 3.5 and 3.6. 

 푊 = 푉 /푅 (3.5)  

 푊 = 퐼 푅 (3.6)  

 
where V is the applied electric field, I is electric current, and R is the electrical 
resistance of the sample.  
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Figure 3.14: (a) Ramping up furnace temperature, (b) constant furnace 

temperature, and (c) the flow of electric current (J) in the voltage (1) and current 
control (2), the power dissipation according to the control modes (3), and (4) 

[author’s figure]. 

 

3.7.2 Process parameters 
Effect of voltage—studies on electric field effect of flash sintering 

demonstrates that flash sintering of TiO2 occurs at lower furnace temperature 
(1150 °C) with increasing electric field. The greater the electric field applied the 
lower the furnace temperature needed for flash sintering to occur. It can be 
concluded that there is some combination of furnace temperature and electrical 
field applied which can activate the flash sintering [92].  

Effect of electrical conductivity—conductivity is the key for making flash 
sintering possible. The electrical conductivity of materials is affected by electronic 
structure, chemical bonding, defects, grain size, density, crystallinity, and 
impurities. It also can be controlled by other external parameters such as 
temperature, pressure, and magnetic fields [62]. In general, electrical conductivity 
of ceramics is temperature dependence. With increasing temperature, the 
electrical conductivity of most ceramics increases. The charge carriers in ceramics 
are mainly ions but as temperature increases ceramics can become electronically 
conductive. For example, when α-alumina (high purity >99.99%) is heated, it can 
be an ionic conductor at temperatures below 873 °C, but when temperature is 
higher than 1323 °C, α-alumina becomes an electronic conductor and its electrical 
behaviour changes. In the case of flash sintering, good understanding of electrical 
conductivity of the samples is important because it also changes the powder 
dissipation as temperature increases affecting Joule heating of the sample. 
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Joule heating (during flash sintering)— is defined as the heat generation in 
a material body via power dissipation of electric current. The sample temperature 
increases as a function of power dissipation as previously mentioned. However, 
temperature of the sample generated via Joule heating cannot be directly 
measured because a thermocouple cannot be inserted to the sample body. The 
sample temperature can be indirectly measured using a calculation of the power 
dissipation (푊 ) and the black body radiation model as expressed by Eq. 3.7 [78, 
93]. 

 푇
푇

= 1 +
1000푊
휎푇

푉
퐴

/

 (3.7)  

where 푇  is the specimen temperature (K), 푇  is the furnace temperature (K), 푊  is 
the power dissipation per unit volume (mW/mm3), 휎 is the black body radiation 
constant (5.67x10-8 W·m-2 K-4), and 푉 퐴⁄  is the volume per unit surface area (mm). 

3.8 Microwave sintering (MWS) 
Microwave sintering (MWS) is a field assisted sintering technique but is 

different from those already described. Microwave sintering exploits an ability of 
materials to absorb and transform electromagnetic energy to heat. Heat is 
internally generated in the material bulk by the interaction of microwaves with 
atoms, ions, and molecules. However, interactions of microwave radiation and 
materials vary and are divided, by dielectric loss factor, into three groups 
including opaque (reflector, conductor), transparent and absorber (Fig. 3.15) [94-
96]. 

Opaque materials or conductors such as metals possess infinite dielectric 
loss factor. When an opaque material is subjected to microwave radiation, 
microwaves are reflected from the material surfaces; thus, it will not be absorbed 
and there is no heat generation in the material bulk. However, heat can be 
generated at the material’s surface by the Ohmic heating mechanism where 
electrons are free to move under microwave field resulting in production of electric 
current and heat. Plasma or arcing can also be produced because free electrons are 
excited by microwave energy to jump and collide with air molecules.  
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Transparent materials such as insulators exhibit low dielectric loss factor, 
in contrast to conductive materials, electrons in insulators do not move under an 
electromagnetic field. So, microwaves can pass through insulators without any 
absorption. 

 Absorbers have high dielectric loss factor and can be polarized under 
microwave radiation. When a dielectric material is subjected to microwaves, 
electric charges do not flow through the material, but only slightly shift from their 
average equilibrium positions causing dielectric polarization which creates 
induced dipoles. When dipoles are oriented by microwaves, they collide with one 
another; thus, dissipating energy. In this context, only the absorbers will be used 
to explain the microwave sintering process. 

Fig. 3.15 presents the microwave absorption of some materials as a function 
of loss factor and penetration depth. For example, alumina and quartz are 
transparent to microwaves so all the microwave radiation passes through the 
material bulk. Because there is no absorption, the penetration depth is large. In 
contrast, microwaves cannot pass through the bulk of the opaque materials where 
the penetration depth approaches zero. Thus, all microwave radiation reflects. In 
the case of absorbers some microwaves are absorbed to a certain penetration 
depth. So, a good microwave absorber should have a great penetration depth 
allowing microwaves to range throughout the sample bulk.  

 
Figure 3.15:  Relationship between the dielectric loss factor and microwave 

power absorption of some common materials at 2.45 GHz [97]. 
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3.8.1 Working Principle 
Most ceramic materials (dielectrics or insulators) are transparent to 

microwave radiation at room temperature but they can absorb microwaves when 
heated above a critical temperature depending on their dielectric characteristics. 
To describe microwave absorption mechanisms quantitatively, a complex 
dielectric constant (ɛ*) is used as presented in Eq. 3.8 [98]. 

 휀∗ = 휀 − 푗휀  (3.8)  

  휀 =  휀 + 휀 + 휀 + 휀 + 휀  (3.9)  

where 휀  is the real part of the complex dielectric constant (or relative 
permittivity; 휀 = 휀 휀⁄ ), 푗휀  is the imaginary part of the complex dielectric 

constant also known as ‘loss factor’ indicating ability of the material to dissipate 
energy. 휀  is the permittivity of vacuum (8.854x10-12 F/m),	and 휀  is the effective 

dielectric loss under an electromagnetic radiation. The 휀  is the summation of 

휀 , 휀 , 휀 , 휀 	and 휀  which are loss by conduction, loss by interfacial polarisation, 
loss by dipolar polarisation, loss by ionic polarisation, and loss by electronic 
polarisation, respectively. However, at the microwave frequency, the major loss 
mechanisms of ceramics (non-magnetic materials) are dipolar polarisation loss 
and conduction loss. Dipolar loss is the energy dissipation resulting from re-
alignment of the polarisation direction under oscillating electromagnetic radiation 
while conduction loss results from long-range charge flow through the material. 

Another equation used to explain losses in dielectric materials under 
microwave radiation is ‘loss tangent’ (푡푎푛	훿) which is simply calculated by a ratio 
of 휀 and	휀  or calculated using ionic conduction as presented in Eq. 3.10. 

 푡푎푛	훿 = 	
휀
	휀

=
휎

2휋푓휀 휀
 (3.10)  

where 휎 is the total effective conductivity (S/m) caused by ionic conduction, and 푓 
is the frequency (Hz). The loss tangent is temperature, and frequency dependent. 
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An explanation of temperature dependence of loss tangent is that kinetic energy 
of the dipole increases as a function of temperature making it easier to couple with 
the microwaves. In other words, 휀  decreases by increasing temperature which 
results from poor alignment under the electromagnetic field (an effect of thermal 
motion) [94,95]. 

3.8.2 Process parameters 
Power dissipation—microwaves interact with ceramics via ionic conduction 

and dipolar polarization. Total power dissipation per unit volume,	푊  is 
expressed by the sum of the two mechanisms [99]. Eq. 3.11 presents the power 
dissipation caused by ionic conduction. 

 푊 = 퐸 푞푛푢 (3.11)  

where 푊  is the power dissipation resulting from ionic conduction, 퐸  is internal 
electric field, 푞 is amount of electrical charge of each of ion, 푛 is the number of ions 
per unit volume, and 푢 is permitted level of ion mobility.  

The power dissipation per unit volume of dipolar rotation, 푊  is expressed 
by 

 푊 = 휔휀 휀 퐸  (3.12) 

where 휔 is angular frequency which is 2휋푓 (f is frequency of the applied 
microwave), 휀 	is permittivity of free space (8.85x10-12, V/m3), 휀 	is the effective 

dielectric loss, 퐸  is internal electric field intensity (V/m).  
However, ionic conduction decreases with increasing frequency, but it is 

negligible at microwave frequencies. Therefore, the total energy dissipation in a 
ceramic material resulting from microwave radiation is; 

 푊 = 	2휋푓휀 휀 퐸  (3.13)  
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The total power dissipation results in increased sample temperature (Δ푇) 
which is expressed by Eq. 3.14 [99]. 

 Δ푇
Δ푡

=
휔휀 휀 퐸

휌퐶
 (3.14)  

where 휌 is bulk density of the material (kg/m3) and 퐶  is the heat capacity of the 

material at constant pressure (J/g·K). 
Penetration depth—power dissipation is strongly restricted by an 

attenuation factor of microwaves within the material bulk. The penetration (	퐷 ) 

is used to define the distance which allows microwaves to travel.  퐷 	value is a 

calculated distance from the material surface toward the bulk which is expressed 
by Eq. 3.15 [99].  

 퐷 =
퐶휀

2휋푓휀
 (3.15)  

where C   is the speed of light. For a given microwave frequency, microwave 
absorption depends on effective dielectric loss (휀 ) and magnitude of the internal 

electric field	(퐸 ) (Eq. 3.13). In other words, the higher these values, the greater 
power can dissipate. In contrast, the microwaves are converted to heat limited by 
퐷 	as in Eq. 3.15. For instance, in a highly effective dielectric loss material, 

microwave heating occurs at the material’s surface because it has small 
penetration depth. In addition, as the effective dielectric loss increases, the 퐷  

approaches zero.  This phenomenon acts similarly to conventional heating so that 
the bulk is not heated uniformly resulting in a temperature gradient.  

A microwave frequency of 2.45 GHz, this frequency is used for material 
processing. By considering this frequency, most ceramics are transparent to the 
microwaves because they exhibit a low		휀 	 (<0.08) at room temperature, but 

when temperature is greater than 400 °C, the		휀 	is high enough (		휀 	>1) to 

couple with the microwave. Therefore, microwave heating for ceramics is possible 
[99]. In addition, microwave heating is developed to process ceramics by employing 
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a 'susceptor’, which has high	휀 . The susceptor couples with microwaves at room 

temperature, and acts as a heat source to raise the ceramics temperature. Once, 
the ceramic sample reaches high enough temperature, the ceramic sample starts 
to absorb microwaves and heats by itself [96].  

Since microwave heating is volumetric heating, the temperature profile in 
the sample bulk is inverse due to thermal heat loss at the sample surface (inside 
is hotter than surface); thus, a potential drawback of microwave heating, in 
samples with low thermal conductivity, is the ‘thermal runaway’ (an uncontrolled 
temperature rises inside the sample). Thermal runaway may lead to a non-
uniform microstructure or localised melting [100,101] but it can be minimised by 
using the heating associated with conventional firing so called hybrid microwave 
heating  [102-104]. 

Fig. 3.16 compares of the sintering techniques in terms of process setups 
and process parameter profiles including temperature, applied pressure (in SPS), 
and power density (in FS). 
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Figure 3.16: Schematic diagram of sintering techniques and their sintering 

profiles [author’s figure]. 
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3.9 Porcelains 
Porcelains are defined as a fired silicate ceramic product, which have fine 

and dense microstructure. They are used in many household, scientific and 
engineering applications. High mechanical strength, low water absorption, 
translucence and durability are key technological advantages of porcelains 
[42,105]. Porcelains are commonly glazed, but sometimes unglazed depending on 
the application [105]. A porcelain body is typically made of clays, feldspars, and 
quartz along with other constituents (e.g. alumina to increase toughness) to 
promote desired characteristics [42,105,106]. 

Compositions for the various types of industrial porcelains and their firing 
temperatures are presented graphically in the clays, feldspars, and quartz phase 
diagram as presented in Fig. 3.17. 

 
Figure 3.17: Formulation range of porcelains in the clay–quartz-feldspars 

ternary diagram (wt.%) [107]. 

 

Porcelain microstructures are complex because of the interplay between 
raw materials, reactions on firing, precipitation of mullite, and slow dissolution of 
quartz into the glass phase. Fig. 3.18 presents a typical porcelain microstructure 
(50 wt.% clays, 25 wt.% feldspars, and 25 wt.% quartz) produced in a conventional 
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sintering process. Fig. 3.18a shows the polished surface of the porcelain having 
residual pores. Glass is the most abundant phase in the porcelain microstructure 
shown in Fig. 3.18b. Fig. 3.18c reveals the etched microstructure (using 5% HF 
with 10s) containing primary mullite (PM), secondary mullite (SM), and quartz 
(Q) embedded in the glassy phase. Porcelains, moreover, have been extensively 
studied and well understood in several aspects including effect of starting 
compositions, phase evolution, process parameters, and firing conditions on their 
technological properties [106,108-111].  

 
Figure 3.18: SEM images of porcelain microstructures fired at 1200 °C, 

30 °C/min, and 15 min dwell, (a) represents a low magnification of a polished 
microstructure, (b) represents a high magnification of the polished 

microstructure showing glassy phase, the major phase in porcelain, and (c) 
reveals three constituents; PM is primary mullite, SM is secondary mullite, Q is 

Quartz [author’s figure]. 

 

3.9.1 A brief description of porcelain raw materials 
A typical porcelain composition is 50 wt.% clays, 25 wt.% feldspars, and 

25 wt.% quartz. Clays provide plasticity and green strength to the mixture in the 
forming process. Feldspars are fluxing agents which reduce sintering temperature 
and promote glass formation by reacting with other constituents to form a melt. 
Quartz controls the porcelain characteristics both in green and fired stages. In the 
green stage, quartz prevents cracking during drying process and disperses in the 
fired body as a skeletal network, but the large residual quartz grain can reduce 
mechanical strength of the final porcelain. 
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3.9.1.1 Kaolinitic clays 
Kaolinite is a 1:1 sheet silicate clay mineral composed of a [Si2O5]-2 layer 

and [Al(OH)4]+2 layers. The chemical formula is Al2O3·2SiO2·2H2O (39.8% Al2O3, 
46.38% SiO2, and 13.9% H2O by wt.%). Kaolinite is also called as china clay or ball 
clay, which are distinguished by their origin. Kaolinite is a primary clay which is 
formed by the decomposition of feldspathic rocks and it deposits at the origin, thus 
it contains fewer impurities, coarse particles and low plasticity. Ball clay is the 
secondary clay which is transported away from its origin hence it contains more 
impurities (both chemical and organic matter), finer particles, but it provides 
better plasticity. From the chemistry point of view, kaolinite and ball clay exhibit 
similar chemical composition but ball clay may have more impurities such as iron 
oxide, titania and quartz [42,112,113]. When kaolinite is heated, several thermal 
events take place, which will be discussed in section 3.9.2. 

3.9.1.2 Feldspars 
Feldspars are aluminosilicate minerals originated from crystallization of 

granitic melts. They contain different alkaline or alkaline-earth minerals. 
Microcline and orthoclase are potash feldspars (K2O·Al2O3·6SiO2), albite is sodium 
feldspar (Na2O·Al2O3·6SiO2), and anorthite is calcium feldspar (CaO·Al2O3·2SiO2). 
During heating of feldspars at about 700-1000 °C, they form a solid solution of 
sanidine (3K2O·Na2O·4Al2O3·24SiO2) before melting to form liquid glass at 
~1100 °C. A major function of feldspar in porcelains is to form liquid glass phase 
at low temperature to promote vitrification.  

Mixed feldspars lower the glass formation temperature compared with pure 
feldspar. For instance, pure potash feldspar begins to melt at ~1150 °C, pure soda 
feldspar melts at ~1118 °C but when potash and soda feldspar are mixed together, 
they melt at ~1050 °C.  

Moreover, feldspars in a triaxial blend react with other constituents such 
as liberated amorphous silica (from kaolinite decomposition) to form liquid glass 
at eutectic points. A eutectic melt of potash feldspar in a K2O·Al2O3·SiO2 phase 
diagram appears at ~990 °C while a eutectic temperature of soda feldspar is at 
~1050 °C, in the Na2O·Al2O3·SiO2 ternary phase diagram [42,114]. 
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3.9.1.3 Quartz 
Quartz and flint are sources of silica used in porcelain bodies. Their crystal 

structure is built up from continuous frameworks of SiO4 tetrahedra. The SiO4 
tetrahedra share their oxygen atoms giving an overall formula SiO2. Quartz 
transforms from an original alpha polymorph to beta when it is heated at 573 °C 
which changes in structure, density, and thermal properties. Upon further 
heating, beta quartz transforms to tridymite at 870 °C before the third 
transformation to cristobalite occurs at 1470 °C. Since, the melting point of quartz 
is ~1700 °C, the quartz present in the porcelain body only partially melts when it 
is fired at 1200 C and leaves residual quartz in the fired products. Residual 
quartz particles remaining in porcelains after firing decrease the mechanical 
strength by initiating microcracks in the microstructure. In addition, alumina is 
used as a filler to increase elastic modulus and thereby reduces the weakening of 
the quartz inversion [42,115,116]. 

3.9.2 Chemical reactions 

3.9.2.1 General chemical reactions 
Several chemical reactions occur when a porcelain body is being fired. 

Fig. 3.19 presents a series of common reactions and phase transformations of a 
typical porcelain body during firing. 

To begin with, a drying process occurs at about 100-150 °C during which 
the physically absorbed water evaporates.  Some organic compounds (raw material 
impurities) and additives are burnt out in the temperature range of 250-650 °C, 
depending on their types and content. Dehydroxylation of clay minerals occurs at 
~450-700 °C resulting in metakaolin (Al2O3· 2SiO2).  

A displacive transformation of quartz theoretically occurs at 573 °C. It has 
been believed that it is the most critical point during firing, and cooling processes 
because the volumetric change during this transformation is approximately 
1.6 vol.% [117].  However, alpha to beta quartz transformation generates no 
defects during firing because of a great flexibility of the green body [42].  Sanidine 
formation—a mixed alkalis of both potash and soda feldspars—occurs at above 700 
to 1000 °C which depends on the ratio of sodium to potash in the composition [42, 
118]. 
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Figure 3.19: Sketch illustrating the chemical reactions of a typical porcelain body 

during sintering from room temperature to 1300 °C. The irreversible thermal 
expansion of the three main constituents, and a green porcelain body are 

presented as well as thermal behaviours using TGA/DTA [author’s figure]. 

 
Furthermore, metakaolin transforms to a spinel-type structure, and 

liberates amorphous silica at ~950 to 1000 °C. This amorphous silica helps to form 
an eutectic point as previously addressed [119,120]. Decomposition of metakaolin 
forms fine needles of primary mullite discussed in detail in the next section. 
Quartz dissolution starts at above 1200 °C which increases the viscosity of the 
liquid glass [42,121,122].  

3.9.2.2 Mullite formation 
Mullite (3Al2O3·2SiO2) is the only stable intermediate compound in the 

Al2O3-SiO2 binary system at atmospheric pressure. It has chemistry 
(alumina/silica ratio) ranging from silica-rich mullite (3/2) to alumina-rich mullite 
(2/1) which are 60 and 66 mol.% of Al2O3, respectively, and was initially believed 
to be sillimanite (1/1) but later identified as mullite [123]. Mullite is a major 
constituent of many whitewares and refractory products [42,106]. Mullite has 
several useful technological properties i.e. low thermal expansion, good chemical 
and thermal stability, high thermal shock and creep resistance, and good corrosion 
resistance in severe conditions [124-128]. Mullite is stable in orthorhombic crystal 
structure having lattice parameters a=7.545 Å, b=7.689 Å, and c=2.884 Å (JCPDS 
Card#15-776) but the tetragonal structure is also observed and referred to as an 
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unstable phase [129-131]. The lattice parameters of mullite, moreover, are 
dictated by its chemistry; the a and c-parameters increasing with increasing 
alumina content while b decreases [124,132-135]. Mullite can be produced in large 
quantities either as a solid solution of alumina-silica mixture or by transformation 
of kaolinitic clays [136-140].  Mullite produced from kaolinite, however, is the main 
topic of this thesis and hence, the other production routes will not be addressed. 

Mullite formation from kaolinitic clays under normal heat treatment 
condition (pressureless with heating rate of 5-60 °C/min) is well known, starting 
from dehydroxylation at around 450-600 °C and formation of metakaolinite 
(Al2O3·2SiO2) with a disordered crystal structure. Metakaolinite, later transforms 
to a spinel structure in the temperature range 950-1050 °C and liberates highly 
reactive amorphous silica as a by-product. However, some authors suggest that 
metakaolinite transformation at 980 °C can be Al-Si spinel, -alumina or primary 
mullite depending on its chemistry (Fig. 3.20) [42,106,110,119,120,147-159]. 

Although there are debatable results about the mullite transformation at 
980 °C, it is fundamental to investigate how the metastable spinel phase 
transforms into mullite above 1100 °C and how this transformation can be used to 
design microstructure. For example, mullite in porcelains has been reported as 
primary, secondary and tertiary (all of which exhibits orthorhombic crystal 
structure) depending on its source and aspect ratio [122]. Primary mullite is 
generally located in the clay relicts exhibiting low aspect ratio (1-3:1). Secondary 
mullite is found embedded in the glassy matrix (feldspar relicts) with high aspect 
ratio of (3-10:1), while tertiary mullite, which is rarely formed, is located at the 
interface between alumina particles and glassy matrix [122]. Since mullite is 
typically produced from cheap and naturally occurring raw materials, the level 
and types of impurity (i.e. TiO2, Fe2O3, alkali/alkali earth) also play an important 
role in its properties. For example, Fe3+ and Ti4+ can enter the mullite structure 
by substituting for Al3+ at the octahedral site resulting in a reduction in its 
mechanical strength [141-144]. In addition, alkali and alkaline earth elements can 
react with alumina and silica producing liquid phase at lower temperatures (1450-
1550 °C compared to 1587 °C in pure system) [145-146]. 
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Figure 3.20: Tree diagram of proposed kaolinite-mullite phase evolution from 
400-1200 °C reported in the literature.  The phases evolve from kaolinite to 

metakaolinite at 450-600 °C then 6 routes of mullitization at 980 °C have been 
suggested [42,106,110,119, 20,147-159] [author’s figure].  

 
Mullite formation in porcelains under conventional firing has been also 

extensively studied, and it is clear that mullite starts to form between ~1050-
1200 °C and its transformation completes in the temperature range of 1200-
1400 °C [106,160-162,163,164].  In general, porcelains contain two types of mullite; 
primary and secondary mullite. The primary mullite forms ~1100 °C in clay relicts 
whilst secondary mullite forms at above 1200 °C in the melt. From the chemistry 
point of view, primary mullite is believed to have 2:1 (Al2O3:SiO2) because it is 
purely derived from the decomposition of clay species whereas secondary mullite 
tends to have 3:2 (Al2O3:SiO2) resulting from the chemical reaction of feldspars, 
clays, and quartz [161,165]. In porcelains, moreover, the amount of mullite is 
believed to be independent of temperature, dwell time, and heating rate above 
1200 °C [110,160].  

The amount of mullite formed in a porcelain body can be calculated by using 
the concept of ‘glass composition boundary’ which is described in section 3.9.2.4 
[110,160]. Mullite crystallite size also increases as a function of temperature, dwell 
time, and chemical composition [105,166-168].   
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3.9.2.3 Quartz dissolution 
Quartz in porcelain bodies provides excess silica for the glass phase, but the 

dissolution rate is insignificant below 1200 °C [169-171]. Quartz dissolution in a 
fast-fired porcelain body, however, was reportedly observed at 1100 °C [163]. It is 
widely accepted that the dissolution rate of quartz is dependent on starting 
particle size [172-173]. In contrast, a recent work has demonstrated that quartz 
dissolution is independent of particle size, with the dissolution rate limited by the 
diffusivity [111]. Dissolution of quartz is a function of dwell time, and temperature 
regardless of the heating rate effect [160]. Due to the dissolution of quartz, silica 
in the glass phase increases; thus increasing the viscosity of the liquid glass, and 
reducing the tendency for pyroplastic deformation at peak temperature [171]. 

3.9.2.4 Glass formation boundary and its chemistry 
Liquid glass in porcelains is produced at different temperatures depending 

on the chemical compositions, especially the types of fluxing agents used as 
previously mentioned. The amount of glass phase formed in a porcelain body is 
determined by the amount of flux (RO+R2O), dwell time, and peak temperature 
[171].  In general, the amount of glass phase formed in typical porcelain bodies is 
about 30-70 vol.% [121,165]. Recent research shows that chemistry of the glassy 
phase in porcelains can be calculated using the overall chemistry of porcelain 
composition. 

It is proposed that compositions of the glassy phase locate on ‘the glass 
phase composition boundary’ over the temperature range of 1200-1400 °C in a 
flux–alumina–silica system [171]. The glass phase composition boundary is a 
practical approach allowing ceramists to calculate the chemistry of glass phase, 
and amount of mullite formed in porcelains. The amount of alumina which 
dissolves in the glass phase is proposed on the molar basis as 1.19±0.1: 1 [Al2O3 
:(RO+R2O)].  Any excess alumina in the system is used for mullite formation. This 
ratio is measured to be constant over industrial firing temperatures and it can be 
applied to all commercial porcelain compositions [110,160]. 

The glass chemistry, however, changes above the quartz dissolution 
temperature which resulted from introducing more silica into the glass phase. 
Consequently, the silica level in the glass chemistry is increased while the alumina 
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to alkali ratio remains constant [174]. However, in the literature, it is reported 
that glass chemistry in porcelains has different compositions because alumina, 
and silica have different dissolution limits at different temperatures [175-178].  

3.10 Densification and microstructural development of porcelains using a 
conventional sintering process 

Densification of a porcelain body is dictated by the development of apparent 
bulk density (Fig. 3.21a-d). With increasing temperature, the density increases 
which results from elimination of open pores via vitrification process [179-181]. 
Generally, densification in a porcelain body is insignificant from room 
temperature to ~1000 °C because there is a small change in chemical reactions 
and phase transformation (a) [106,182]. The apparent bulk density sharply 
develops above 1000 °C (b) to the peak temperature (e.g. 1200 °C) by formation of 
liquid glass. The density remains constant at peak temperature for a certain time 
(c) before it decreases due to bloating (d) [37,42,121,164].  

Due to the presence of liquid phase around solid particles, wetting plays an 
important role in the densification process. The wetting mechanism is penetration 
of liquid phase in a porous structure of solid particle clusters via capillary action. 
Capillary action brings particles closer together, resulting in shrinkage and lower 
porosity leading to densification [37,183]. It has been proposed that surface 
tension in porcelain systems can be negligible since it is not changed much by 
altering the composition [184,185]. 

Fig. 3.21e-g schematically presents the microstructural evolution during 
development of porcelain density based on SEM study. As mentioned in section 
3.9.2 several chemical reactions occur. At 600 °C (Fig. 3.21e, the mixture of clays, 
feldspar and quartz particles is evident because there is little reaction. At 
>1000 °C (Fig. 3.21f), spinel forms in the clay relict and feldspar melts to form 
liquid glass while quartz remains intact. At this stage, pores can develop in the 
liquid glass. At >1200 °C (Fig. 3.21g) mullite develops from reaction between 
spinel and liquid glass and quartz starts to dissolve into the glassy phase. Pores 
are enlarged at higher temperatures. 
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Figure 3.21: Development of apparent bulk density (a-d) and microstructure 
development (e-g) of a porcelain body sintered using a conventional sintering 

process (5 °C/min) [author’s figure]. 

 

3.11 Case studies in rapid sintering techniques of porcelains 
 To the best of the author’s knowledge there is little works has been done on 
the field assisted sintering of porcelain materials. In this section some recent 
works are reviewed and summarised. 

3.11.1 Spark plasma sintering 
A utilisation of the SPS technique to porcelain materials was reported by 

Tsukada et al., [186]. A zirconia/porcelain functionally graded composite was used 
as the starting material to fabricate restorative dental porcelain. The SPS 
conditions used to sinter this dental porcelain composite were 1380 °C peak 
temperature, 4 minutes dwell time, 88 °C/min heating rate, and partial vacuum 
under 10 MPa uniaxial pressing. 

The results showed that when the porcelain powder was mixed with Y-TZP 
(70:30 by volume), the porcelain peaks were not observed in the XRD patterns at 
1350 °C because the fusing point of this porcelain body in a conventional sintering 
process was 1290 °C. The author concluded that porcelain was completely 



77 
 

transformed to glassy phase and this glassy phase was believed to exist between 
the Y-TZP particles. In addition, the glassy phase was believed to prevent the 
generation of the plasma during sintering process in the SPS, which resulted in 
lower density of the 70/30 Y-TZP/porcelain composite compared with the pure SPS 
sintered Y-TZP [186]. 

3.11.2 Flash sintering 
Flash sintering of whiteware was first reported by Trombin and Raj [91]. 

They developed a sintering map using current density, holding time, and furnace 
temperature to study microstructure of a whiteware body. The whiteware 
composition used was reported as a mixture of feldspars and 10 vol.% of calcium 
silicate glass. The sintering temperature of this whiteware composition using 
conventional firing process is 1150 °C. The experimental setup of flash sintering 
used in their work was simple using two metal punches which acted as electrodes. 
A cylindrical sample was pressed under 1 MPa uniaxial pressure between the two 
electrodes. Instead of using a combination of constant applied electric field and 
increasing furnace temperature at constant heating rate, they used a constant 
furnace temperature and applied a step function in time of electric field. The good 
microstructure (the detail of the good microstructure was not provided but can be 
indicated as ‘no localised melt’) indicated the suitable sintering conditions. For this 
whiteware body, the furnace temperature 950 °C was kept as constant. The 
maximum current density and the holding time which gave good microstructure 
(no localised melt) were 1.4 mA/mm2 and 2-70 s, respectively. They suggested that 
the liquid glass phase formed at lower temperature and flowed abruptly under 
applied electric field to bond the other constituents [91]. 

3.11.3 Microwave sintering 
Porcelains and their raw materials are poorly microwave absorbing 

materials, all of which do not couple well with microwaves at room temperature, 
but they can effectively absorb microwaves above a critical temperature [138,187] 

Uses of microwave energy to sinter porcelains have been reported. Menezes 
et al.,[188] conducted a microwave sintering experiment on porcelains. Different 
porcelain compositions including sanitaryware, dental porcelain, and electrical 
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porcelain were successfully sintered using microwaves. The microwave sintered 
samples were compared to conventionally sintered samples. A 2.45 GHz hybrid 
microwave sintering system (a combination of infrared heat, susceptor and 
microwave radiation) was used for the microwave sintering study. The microwave 
sintered samples exhibited better bulk density and modulus of rupture compared 
with conventionally sintered samples. The water absorption was in a similar range 
for both processes, but the peak temperature of the microwave sintering was 
higher than conventional process by ~20 °C. However, a substantial reduction of 
dwell time was the advantage of microwave sintering. For example, the similar 
water absorption was obtained by dwelling 6-10 minutes at the peak temperature 
using  microwaves whereas conventional sintering process required 60 minutes 
[188].  

Another study on a high voltage porcelain insulator was conducted by 
Satapathy [189]. Satapathy showed that microwave sintering produced better 
final properties of the samples compared to conventionally sintered samples at the 
same peak temperature. The total firing cycle was also reduced approximately 
80% by using a 6kW/2.45 GHz microwave power. The porcelain samples were 
sintered at 1240 °C and dwelled for 65-70 hours in conventional process but 8-
10 hours in microwave sintering. The apparent bulk densities were 2.35 and 
2.38 g/cm3 for conventional and the microwave sintered samples respectively. The 
three-point bending strength of the microwave sintered samples was slightly 
higher than conventional sintered ones. Moreover, the microwave sintered 
samples exhibited better dielectric properties [190].  

Allan et al., [191] successfully produced a large-cross section (12 cm of 
diameter) electrical porcelain insulator using Microwave Assisted Technology 
(MAT), a combination of electric furnace and microwave heating, with 5 times 
shorter processing time compared to the conventional process. 

A recent experiment conducted by Santos et al., [190] used 1kW/2.45 GHz 
microwave power in a multimode cavity furnace. A SiC slab was used as a 
susceptor. Whole pieces of tableware (with glaze): a dish, a cup and a bowl were 
successfully sintered at 1284 °C and the total cycle time was 150 minutes whereas 
these products needed to be fired at 1380 °C for 200 minutes in the conventional 
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firing cycle. The MWSed porcelains showed similar impact resistance, porosity, 
water absorption, and phase compositions to conventionally sintered porcelains. 
The microwave sintering process was faster resulting in lower processing costs. 
An important aspect of their work was the effect of microwave power distribution 
in the cavity resulting in homogeneity in the sample. A critical problem in 
microwave sintering was thermal runaway due to inhomogeneous microwave 
absorption. To combat the inhomogeneous microwave absorption problem, 
Monteiro et al., [192] developed a control system which created a uniform 
electromagnetic field and therefore more uniform heating, even at high heating 
rates. Even though there have been several studies dealing with microwave 
sintering of porcelains, none have reported in detail the effect of microwave 
heating on microstructural evolution. 
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Chapter 4 

 

Experimental methodology 

 

 

4.1 Material 
 The material used in this work was an industrially processed porcelain 
composition obtained from a porcelain tile factory in Thailand, which composes of 
clays, feldspar, and quartz. The powder was received in a sprayed dried powder 
form and this powder was used throughout the work. The powder was 
characterised in terms of chemical composition, particle size distribution, thermal 
behaviours including thermal expansion, electrical and physical properties.  

Fig. 4.1a shows spherical morphology of the porcelain spray dried powder, 
which also varied in its size, about 50-300 µm. Fig. 4.1a (inset) also indicated that 
the powder has donut shape resulting from the spray dried process.  Fig. 4.1b show 
a high magnified SEM image of the spray dried powder showing clay particles with 
particle size <5 µm. 

 
Figure 4.1: SEM images of the spray dried powder obtained from the porcelain 

tile factory [author’s figure]. 
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4.2 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 
 ICP-AES is an analytical technique used for detection of trace elements 
(0.002-1000 ppm) and all elements in the Periodic Table can be identified. The 
basic principle of the ICP-AES is to use high temperature argon plasma to 
thermally excite electrons from their ground to an excited state (the argon plasma 
temperature is ~6000 to 10000 K). When electrons fall back to their ground state 
they emit a unique energy (wavelength) dependent on their electron 
configurations. Thus, different elements can be differentiated from their specific 
emitted energy. The intensity of the energy emitted, moreover, is representative 
of the concentration of elements in the sample. Thus, by comparing their emitted 
energy and intensity with reference elements, the ICP-AES can qualitatively and 
quantitatively determine the elements in the sample [193,194]. 
 Fig. 4.2 presents a work diagram of ICP-AES, the sample, which is in a 
liquid form, is transported by the pump into the nebulizer where the liquid sample 
turns into an aerosol and goes into the ICP torch. The high temperature argon 
plasma in the ICP torch turns the sample into ionised ions. The ionised ions emit 
their characteristic wavelength, which is sorted by the diffraction grating and 
collected by a photodetector, to lose their energy. The photodetector converts the 
collected photons to an electrical signal, which is amplified and processed, which 
is then displayed and stored in the computer. The total number of emitted photons 
is directly proportional to the elements concentration in the sample [194]. 

 
Figure 4.2: Schematic diagram of an inductively coupled plasma-atomic emission 

spectroscopy [author’s figure]. 
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In this study, ICP-AES (iCAP 6500, Thermo Scientific, Cambridge, UK) was 
performed at the Imaging and Analysis Centre (IAC)&Earth Sciences, Natural 
History Museum, London. 2 g of the porcelain spray dried powder was well 
sampled from the mass of 5000 g at different part of the container using a small 
spatula. There is no settlement or composition gradient since every spray dried 
powder has similar composition, only different in granulation size. The 2 g of the 
porcelain spray dried powder was melted to a glass form before being dissolved in 
HNO3 solution. The solution was then feed into the spectroscope where it was 
atomised. The atomised solution was carried into the argon plasma via argon gas.  

To ensure the accuracy of the ICP-AES measurements, three reference 
materials were analysed alongside the porcelain sample as presented in Table 4.1. 
The chemical composition of the reference materials obtained from ICP-AES were 
compared to the certified values and used to calculate the percentage of difference 
of each atom. Measurements were reported 3 times to calculate mean and 
standard deviations of the sample. 

Table 4.1: Calculation of accuracy of the ICP-AES measurements. 

 

Thus, chemical composition of the porcelain powder was 74.32±0.68 
wt.% SiO2, 17.43±0.27 wt.% Al2O3, 0.68±0.01 wt.% TiO2, 1.24±0.04 wt.% Fe2O3, 
0.74±0.02 wt.% CaO, 0.49±0.03 wt.% MgO, 1.24±0.01 wt.% K2O and 3.77±0.06 
wt.% Na2O. 

 

 

Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 TiO2 Total
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

SdAR-L2 11.55 1.11 3.64 4.11 0.42 2.71 74.95 0.64 99.31
DBC-1 31.33 0.18 0.88 2.61 0.33 0.39 51.48 1.12 88.39
WG-1 14.11 8.18 11.24 0.84 7.32 3.13 52.44 1.75 99.46

SdAR-L2 11.58 1.06 3.63 4.10 0.43 2.66 74.48 0.62 98.74
DBC-1 31.82 0.00 0.94 2.64 0.36 0.00 51.98 1.12 88.92
WG-1 14.35 8.40 11.31 0.84 7.55 3.10 52.23 1.74 99.95

SdAR-L2 0.24 4.36 0.24 0.22 2.42 2.17 0.64 3.59 0.58
DBC-1 1.55 0.00 5.96 0.97 6.95 0.00 0.97 0.05 0.60
WG-1 1.66 2.59 0.61 0.28 3.06 1.11 0.39 0.58 0.50
Average % difference 1.15 2.32 2.27 0.49 4.14 1.09 0.67 1.41

Porcelain 17.43 0.74 1.24 1.24 0.49 3.77 74.32 0.68 100.00
Standard deviation 0.27 0.02 0.04 0.01 0.03 0.06 0.68 0.01 n/a

Oxide

Analysed reference materials

Certified values

Difference (%)

Sample
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4.3 Particle size distribution 
The particle size distribution measurement is determined using a laser 

particle size analyser. The technique relies on the relationship between light and 
particle scattering. The technique measures particle size by measuring the 
scattering angle and intensity of the incident light passes through a dispersed 
sample (a laser beam (λ=nm) is employed). Large particles scatter light at small 
angles relative to the laser beam and small particles scatter light at large angles 
as illustrated in Fig. 4.3. 

 
Figure 4.3: Light scattering from large and small particles [author’s figure]. 

 
When light strikes a particle, several phenomena occur: diffraction, 

refraction, reflection, and absorption. The large particle (>1 μm) is determined 
from small scattering angle and high intensity of diffracted light, which is easy to 
calculate the particle size using Fraunhofer diffraction approximation. However, 
small particles (<1 μm), refraction is more pronounced because the diffracted light 
becomes wide angle and low intensity, which make the Fraunhofer diffraction 
approximation invalid. The current generation of laser particle size analysers 
employ the Mie theory to calculate the particle size [195], but the absorption 
coefficient and refractive index of both the materials and medium must be known 
for an accuracy measurement otherwise an error becomes large. The particle size 
is reported as volume equivalent sphere diameter [196]. 

Particle size distribution of the porcelain powder was measured, 3 
measurements, by using a laser particle size analyser (Mastersizer 2000, Malvern 
Instruments Ltd., Malvern, Worcestershire, UK) and the refractive index of the 
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sample was not considered. Fig. 4.4 shows the particle size distribution of the 
porcelain sample having mean particle size (D50) of 10-20 μm. 

 
Figure 4.4: Particle size distribution of the porcelain spray dried powder 

measured using laser diffraction analyser. 

 

4.4 Thermal analysis 
 Thermal analysis (TA) is a set of analytical techniques measuring physical 
(dimension, mass) and chemical (phase) property changes of materials as a 
function of temperature. The gained thermal energy increases vibration and 
rotation of atomic bonds resulting in events such as phase transformation, glass 
transition, melting, sublimation, and thermal decomposition such thermal events 
arises from heat (푄) flow between the material and its surroundings and can be 
endothermic (absorbing heat) and exothermic (releasing heat). The change of 
internal energy (푈) at constant pressure (푃) is the amount of heat (푄) give to the 
system, minus the amount of work done (푊) by the system on its surroundings, 
the work done by the system is defined as volume change in the system under 
constant pressure (푉). In addition, enthalpy (퐻) is a thermodynamic parameter 
which can be directly determined by the change of heat flow (푄). Eq. 4.1-4.5 
present the relationship of enthalpy and heat flow [197].  

 푈 = 푄 −푊 (4.1) 
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 푈 = 푄 − 푃푉 (4.2) 

 퐻 ≡ 푈 + 푃푉 (4.3) 

 퐻 ≡ 푈 + 푃푉 = (푄 − 푃푉) + 푃푉 (4.4) 

 훥퐻 = 푄 (4.5) 

The three major types of the thermal analysis are thermogravimetry (TG), 
differential thermal analysis (DTA), and differential scanning calorimetry (DSC). 
The schematic diagram of the three techniques are presented in Fig. 4.5 a, b and 
c respectively.  

TG is generally employed to determine mass changes as a function of 
temperature. DTA and DSC are generally used for examining phase change with 
temperatures [197]. 

 
Figure 4.5: Schematic diagrams of different instruments used in thermal 

analysis: (a) thermogravimetric analysis (TGA), (b) differential thermal analysis 
(DTA), and (c) differential scanning calorimetry (DSC) [author’s figure]. 
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TGA (Fig. 4.5a) measures changes of sample mass upon increasing 
temperature using a highly accurate balance. Samples are subjected to a 
controlled temperature change and in a controlled atmosphere. The mass change 
is plotted against temperature. The working principle of DTA (Fig. 4.5b) is that a 
sample and a reference in crucibles are simultaneously heated under identical 
conditions. The temperature difference (∆T) between sample and reference is 
recorded then plotted against time or temperature. DTA determines the difference 
in temperature between a sample and a reference by keeping heat flow constant. 
DSC (Fig. 4.5c) measures the amount of heat needed to increase sample 
temperature and the heat required to increase the reference temperature. The 
measured signal is the temperature difference between the sample and the 
reference and this difference in temperature is used to calculate the heat flow. 

In this study, thermal behaviour (TGA, DTA) of the porcelain powder was 
characterised using simultaneous thermogravimetry-differential thermal analysis 
in a TG-DTA (Netzsch STA 449C, Jupiter, Selb, Germany) from 25 to 1200 °C at 
a heating rate of 10 °C/min and instrument cooling rate. The instrument operated 
under continuous air flow at a rate of 50 ml/h. DSC was used to determine Cp of 
the porcelain sample which is discussed in section 4.5. 

4.5 Heat capacity 
 Heat capacity (Cp) can be determined using a DSC. Heat capacity is directly 
proportional to the heat flow in DSC. To determine heat flow in a DSC, a slow 
heating rate (5 °C/min) is used to ensure that the system reaches equilibrium. The 
measurement starts with measuring an empty pan, reference material (known Cp 
i.e. sapphire), and the porcelain sample. The Cp of the porcelain sample is then 
obtained from Eq. 4.6. 

 퐶푝 =
퐻
ℎ

·
푀
푀

· 퐶푝  (4.6) 

 
where 퐶푝  is Cp of the porcelain sample, 퐻 is heat different between sample and 
empty pan, ℎ is heat difference between reference and empty pan, 푀  is mass of 
the reference, 푀  is mass of the sample, and 퐶푝  is Cp of the reference [198,199].  
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 In this study, a small amount (0.2 g) of the porcelain sample was pressed 
into 5mm diameter and 1mm thick pellet and stored in an oven at 110 °C prior to 
the Cp measurement, which was performed in a DCS instrument (Netzsch STA 
449C, Jupiter, Selb, Germany) using sapphire as the standard. The measurement 
was done from 25-1200 °C at a heating rate of 5 °C/min and with instrument 
cooling rate after switching off. The instrument operated under continuous air flow 
at a rate of 50 ml/h. The Cp result was used to calculated thermal conductivity of 
the porcelain sample, which is discussed in section 4.6.1. 

4.6 Thermal conductivity and thermal diffusivity by laser flash method 
4.6.1 Thermal conductivity 
Thermal conductivity (푘) represents the transport of heat through the mass 

of materials resulting from a temperature gradient. In ceramics heat propagates 
from the surface to the mass of materials largely via lattice vibration waves or 
phonons. Phonons are predominantly responsible for thermal conductivity in 
traditional clay-based ceramics since thermal conduction from electrons is small. 
In addition, at high temperature (>800 °C), heat can also move via phonon 
radiation. Factors which affect thermal conductivity in ceramics are types of 
chemical bonding, purity, and density. Strong bonds, high packing density of 
atoms, high crystallinity, and light elements are the keys for having high thermal 
conductivity because of high mean free path of phonons [22,200,201].  

In general, to quantify thermal conductivity, a relationship between heat 
flow over time (푑푞/푑푡) and the temperature gradient (푑푇/푑푥) through an area (A) 
is employed as expressed in Eq. 4.7. 

 푞 = −푘
푑푇
푑푥

 (4.7) 

where 푞 is heat flow per unit time per unit area, 푘 is thermal conductivity, and 
푑푇/푑푥 is temperature gradient through the material. However, this equation is 
valid only for steady state condition [201].  



88 
 

In addition, a simple, fast, and reliable method to determine thermal 
conductivity is to employ the relationship between thermal diffusivity (푎), density 
() and specific heat capacity (퐶푝) as presented in Eq. 4.8. 

 푘(푇) = (푇) · 퐶푝(푇) · 푎(푇) (4.8) 

 

4.6.2 Laser Flash Analysis (LFA) 
The term thermal diffusivity (푎) is defined as how fast temperature change 

in unit volume of material during changes of surrounding temperature as a 
function of time. In other words, it measures the rate of transfer of heat from the 
hot side to the cold side of a material.  

A versatile technique to measure thermal diffusivity (푎) is the laser flash 
method which uses a laser pulse to heat the sample on one side and a detector 
measures temperature versus time on the opposite side [202,203]. The laser flash 
method employs non-contact sensing, which greatly reduces error from the contact 
thermal resistance [204].  

Fig. 4.6a presents a laser flash analyser (LFA) which is comprised mainly 
of a laser source, a furnace, and an IR detector, and a data acquisition system. The 
sample is heated and stabilised in the furnace at desired temperatures. The pulse 
laser strikes and is absorbed by the front surface of the sample, which rises the 
sample temperature only 0.5-2 °C. The heat pulse then travels through thickness 
of the samples and reach the back of the sample. An infrared detector measures 
the temperature rise at the back of the sample with respect to time and sends this 
information to the data acquisition system. The temperature obtained at the back 
of the sample is plotted as a function of time (Fig. 4.6b) and Eq. 4.9 is used to 
calculated thermal diffusivity. 

 푎 = 0.1388
푑
푡 /

 (4.9) 

where 푑 is the thickness of the sample, 푡 /  is the time where the increase in 

temperature (훥푇) is at half of the maximum. 
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Figure 4.6: Schematic diagram of a laser flash analyser (LFA) [author’s figure]. 

  

A pellet (well plane-parallel) sample is required for the laser flash analysis. 
Samples must be coated by a thin layer of graphite emulsion (~5 µm) to help 
increase the energy absorbed on the laser side and to increase the temperature 
signal on the detector side.  
 In this study, a porcelain pellet with 10 mm diameter and 2 mm thick was 
coated by graphite spray (Graphit 33) on both sides. 2-3 spray passes over the 
samples and allow it to dry on forming a graphite layer (~5 µm). The pellet then 
was examined in a LFA instrument (LFA 427 (Netzsch, Selb, Germany). The 
measurement was made from room temperature to 1200 °C with increments of 
100 °C. Three measurements were made at each temperature obtaining average 
values and standard deviations. The thermal diffusivity result was used to 
calculated thermal conductivity of the porcelain sample using Eq. 4.8. However, 
the errors in the sample thickness and density measurements can result the 
overall error of the thermal conductivity results.  

4.7 Dilatometry 
Dilatometry is a technique to measure dimension change caused by a 

physical or chemical process as a function of temperature. The coefficient of 
thermal expansion is calculated using Eq. 4.10 [205]. 
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  =
1
퐿
∆퐿
∆푇

 (4.10) 

where  is the coefficient of thermal expansion, 퐿  is initial sample length, ∆퐿 is 
change in length of the sample, ∆푇 is temperature change. 
 In this study, the porcelain powder was uniaxially cold pressed into 5mm 
diameter and 20 mm long pellets at 35 MPa using a metallic uniaxial die. 
Measurements were made in a dilatometer (Netzsch 402E dilatometer, Netzsch, 
Selb, Germany) using a heating rate of 10 °C/min from room temperature to 
1200 °C under normal atmosphere (air). 

4.8 Impedance Spectrometry 
Impedance Spectroscopy (IS) is an in-situ technique used to measure 

electrical resistivity of a circuit (then the resistivity is converted to electrical 
conductivity). It is a useful tool for studying bulk conduction of materials and 
electrochemical reactions at interfaces of an electrolyte and electrodes. IS can 
measure resistivity of solid and liquid electrolytes involving movement of ions, 
dipole rotation (grain interior), and electronic conduction. IS can also determine 
the electrical responses from different components in a multiphase material and 
can identify conduction types (magnitude of the electrical response) because 
conduction steps have a unique time constant depending on frequency. Brantervik 
and Niklasson [206] suggested that the four main conduction mechanisms are (i) 
polarization effects at a molecular level, (ii) conduction through the solid bulk, (iii) 
conduction of ions through the pore network, and (iv) ion conduction at the bulk-
electrode interface. 

The IS measurements (setup shown in Fig. 4.7) are made with a frequency 
response analyser (FRA) which is controlled by a computer. The setup employs a 
two electrodes configuration, usually Pt electrodes, where sample is placed 
between the electrodes. Both surfaces of the sample are Pt-coated to establish a 
good electrical contact to the electrodes. During the measurement the sample is 
place into a tube furnace whose temperature is controlled by a thermocouple close 
to the sample. The AC signal is set cross the sample and the corresponding current 
as a function of frequency is recorded by the FRA. 
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Figure 4.7: Schematic diagram of the impedance spectroscopy apparatus. The 
inset shows the coated sample and two electrodes which were used [author’s 

figure]. 
 

 

IS measures electrical response using a small amplitude of AC potential 
(100mV) applied across the sample and measuring the phase angle of current as a 
function of frequency. Once the AC potential is applied (푉(푡)), the current (퐼(푡)) is 
measured and the impedance (푍(푡)) is obtained as expressed by Eq. 4.11 [207]. 

where    푉(푡) = 푉  sin 휔푡 

  퐼(푡) = 퐼 	sin(휔푡 + 휃) 

  휃 = Phase angle between 푉(푡) and 퐼(푡) 

The data from an IS measurement is given in the form of the Nyquist plots, the 
real impedance (푍 ) and the imaginary impedance (푍′′) are obtained as shown in 
Fig. 4.8a [208]. 

 푍 = 푍 + 푍′′ (4.12) 

where 푍 is impedance, 푍  is the real part, and 푍′′ is the imagination part.  

 푍(푡) =
푉(푡)
퐼(푡)

 (4.11) 
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Figure 4.8: (a) Nyquist plot with impedance vector, (b) schematic diagram 
showing equivalent circuit (R (resistance)-CPE (constant phase element)) 

[208,209]. 

 
To obtain impedance data, an equivalent circuit analysis is employed. An 

equivalent circuit is a set of resistors and capacitors arranged either in series or 
in parallel. The constant phase element (CPE) is widely used in equivalent 
electrical circuits for fitting an experimental impedance data. It is used to replace 
the capacitor in an equivalent parallel circuit of an R which has a practical 
advantage for the conductivity.  

In the case of mantle minerals (i.e. olivine, anorthite, diopside) and 
ceramics; pores, cracks or grain boundaries do not contribute significantly to the 
IS data [210-213].  

 
Figure 4.9: (a) Ideal impedance spectra employed by analysing IS data, (b) 

resistance as a function of temperature [adapted from Ref. 214]. 
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Fig. 4.9a depicts using IS to identify different types of resistance. A Nyquist 
plot shows the imaginary Z against the real Z of a material. The overall resistance 
(RDC) of the sample can be broken down into 2 arcs. The arc at the high frequencies 
is attributed to the bulk resistance (Zb). The intermediate arc is attributed to the 
grain boundary resistance (Zgb). The third arc is measured at low frequencies 
which attributes to the electrode resistance (Ze).  Fig. 4.9b represents a decrease 
in impedance as a function of temperature suggesting that at elevated 
temperature resistivity of the material decreases. 

To perform IS measurements, both surfaces of the green porcelain pellet 
were coated with platinum paste and dried for 1h at 110 °C prior to IS 
measurement. Impedance data were collected from 100 °C to 950 °C at 50 °C 
intervals using a Solartron 1260 frequency response analyser (FRA), coupled with 
a Solartron 1296 dielectric interface (Solartron Analytical, Farnborough, 
Hampshire, UK). A 100 mV-AC current was applied over the frequency range 
1 mHz-1.3 MHz, with 30 data points collected per decade; at each point, 10 s 
integration time was applied for data collection. IS measurement was performed 
during both heating and cooling conditions to investigate the hysteresis of 
resistivity. The IS data were analysed using the Zview package (v3.2, Scribner 
Associates, Southern Pines, NC, USA) to calculate the conductivity of the porcelain 
sample from the obtained resistivity.  

4.8.1 Electrical conductivity 
To extract electrical conductivity values from the impedance measurement, 

an equivalent circuit with 푅 (resistance)-CPE (constant phase element) was used 
in this study as presented in Fig. 4.8b. In this porcelain sample, only one R-CPE 
component was used for the fitting of the impedance data, as the grain boundaries 
contribute little to the overall resistance. The overall resistance (푅) of the sample 
was determined as the interception of the real part (푍 ) of the impedance at low 
frequency on the x-axis. The resistances from the impedance were used to 
calculate the conductivity. The total conductivity (휎) was calculated using 
Eq. 4.13. 
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 휎 = 	
1
푅
∙
푙
퐴

 (4.13)  

where 푅 is the resistance obtained from the fitted impedance data, 푙 is the sample 
thickness, and 퐴 is sample area.  

As IS was performed to determine electrical conductivity at different 
temperatures thus the change of the electrical conductivity on temperature can be 
evaluated by the Arrhenius Equation, Eq.4.14. 

 휎 = 휎 푒푥푝
퐸
푘푇

 (4.14) 

where 휎  is the pre-exponential factor, 퐸  is activation energy, 푘 is the Stefan-
Boltzmann constant, and 푇 is temperature in Kelvin. 

4.8.2 Dielectric constant (풌) and loss tangent (풕풂풏	휹) 
Dielectric constant (푘) and loss tangent (푡푎푛	훿) were calculated from the 

impedance data. From Eq. 4.12, 푍  is the real part of the impedance relating to a 
resistance of the system (푅) while 푍′′ is the imaginary part relating to capacitance 
as expressed using Eq. 4.15 [215].   

 푍 =
1
푗휔퐶

 (4.15) 

where 푗=√-1 and 휔 is angular frequency (2휋푓). In this study capacitance (퐶) is 
obtained from a Nyquist plot. Then dielectric constant (푘) can be calculated using 
Eq. 4.16. 

 퐶 = 푘
퐴
푑

 (4.16) 

where 푘 is dielectric constant,   is permittivity of the free space (8.854x10-12 F/m), 
퐴 is the area of the sample, and 푑 is the separation of the two plates, either side of 
the sample. 
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Loss tangent (푡푎푛	훿) can be estimated using the electrical conduction value 
and dielectric constant at a particular frequency as presented by Eq. 4.17 [216]. 

 푡푎푛 =
휎

2휋푓푘휀 	
 (4.17) 

 
4.9 X-ray Diffraction (XRD) 

X-ray diffraction is a powerful tool to determine structure of crystals. 
Generally, X-rays are produced in a vacuum tube by heating a filament (i.e. 
tungsten, W) to produce electrons via thermionic emission. The produced electrons 
are accelerated and collide with a metal target i.e. copper by applying a high 
voltage of 40 kV. Once high energy electrons collide with the Cu target, they excite 
the electrons in Cu atoms and cause X-ray to emit. Many X-rays are produced 
during the collision, but the two useful X-rays produced by Cu, namely Cuk, and 
Cuk  correspond to 1.5406 Å and 1.392 Å. However, the 1.5406 X-rays are widely 
used to determine crystal structure because of their high intensity [217]. 

When a crystalline material is irradiated with a parallel monochromatic X-
ray beam (with high energy electromagnetic radiation (10 eV to 100 keV), the 
atomic lattice of the materials diffracts the X-ray to specific angles which satisfy 
Bragg’s Law;  

 푛 = 2푑 sin휃 (4.18) 

where 푛 is an integer,  is the wavelength of the X-ray, 푑 is the atomic lattice 
spacing (d-spacing), and 휃 is half of the diffraction angles. The crystal structures 
can be identified against databases using the atomic lattice distances (or peak 
positions) and peak intensities. 

In this study, phase contents of the samples were characterized using a 
Bruker D2 Phaser diffractometer (Bruker, Coventry, UK). XRD data were 
collected from 15° to 65°2θ with CuKα radiation (λ=0.154 nm) at 30 kV and 10 mA 
with a step size of 0.03° and a count time of 1 s.  Diffraction patterns were analysed 
using commercial software (X’pert high score plus software, PANalytical, Almelo, 
Netherlands). The phases in the samples were listed as albite (NaAlSi3O8, 
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(Triclinic), JCPDS: 09-0466), kaolinite (Al2Si2O5(OH)4), (Triclinic), JCPDS: 14-
0164), quartz (SiO2, (Trigonal, alpha quartz), JCPDS: 65-0466), and mullite 
(Al6Si2O13, (Orthorhombic), 15-0776). Please note that the samples (CS, DS, SPS 
and MWS) were ground using a mortar and pestle to obtain fine powder and 
passing through 325 mesh before performing XRD for mullite crystallite size 
(section 4.10), chemical composition of mullite (section 4.11) and phase 
quantification using modified Internal Standard (section 4.12). However, the 
study of mullite orientation in SPSed samples was performed using polished 
samples (pellets). 

4.10 Mullite crystallite size calculated by Debye-Scherrer’s equation 
Mullite crystallite size was evaluated from line profile analysis of the (110) 

reflection. All the observed XRD peaks were approximated by using the Pearson 
VII functions in commercial software (Origin 2015, OriginLab, Northampton, MA, 
USA). The Scherrer equation was employed to evaluate the mullite crystallite 
coarsening. The Scherrer constant (퐾) of 0.94 was used [147]. Therefore, in this 
case the Scherrer equation was given in Eq. 4.19. 

 퐿( ) =
0.94휆
Β	푐표푠휃

 (4.19) 

where Β is Full Width Half Maximum of the diffraction peak, 퐿 is the mullite 
crystallite size (nm), 휃 is the diffraction angle from X-ray diffractometer, 휆 is 
wavelength of the incident X-ray. 

4.11 Chemical composition of mullite using Ban and Okada’s method 

 Mullites formed in porcelains may have different chemical composition 
compared to mullite formed via solid solution of alumina and silica powder 
(60 mol.% alumina). This is because mullite in porcelains forms via decomposition 
of clays and further reaction may occur between liquid phase and the mullite. Ban 
and Okada [135] used the ratio of integral XRD peak areas of the (220) and (111) 
reflections to estimate the alumina content (mol.%) of mullite and this method is 
applicable for both tetragonal and orthorhombic mullite because it uses both of 
(220) and (111) reflections. The two reflections are suitable for obtaining reliable 
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data because they have strong intensities, and no overlap with other peaks. Ban 
and Okada found that the integral area of the two reflections relates directly to 
the structure of mullite, both atomic positions and chemical composition. The 
change of area of these two peaks arises from change of mullite chemistry. More 
Al3+ can be accommodated in mullite structure by replacing Si4+ at tetrahedral site 
and creating oxygen vacancies to maintain charge neutrality. When the 
substitution occurs, position of the cations (Al, Si) changes. However, taking the 
peak area ratio to determine the chemical composition is not easy since the peak 
area is governed by crystal structure, elements, substitutions, thermal vibrations, 
diffractometer geometry, variable or fixed apertures, X-radiation and homogeneity 
of the sample. In addition, the lattice parameters indicate where the peaks appear 
in the XRD graph while the structure of the crystals is responsible for the peak 
intensity. Whether alumina contributes more to (220) than to (111) depends on the 
electron density, because Al3+ has larger atomic radius (68 pm) compared to Si4+ 
(54 pm) so, when S4+ is substituted by the larger Al3+, the intensity of the plane is 
greater. This is described by the term in the structure factor.  In summary, when 
mullite has more alumina in its crystal structure Al3+ moves closer to the (220). 
So, the use of (111) and (220) peaks area ratio suggests that if I220/I111 is high, 
there is a greater number of Al3+ and if I220/I111 is low, there is a smaller number 
of Al3+. This calculation is known to be simple and reliable [135]. In this study, the 
chemistry of mullites formed in the porcelain samples under different sintering 
conditions was determined using the Ban and Okada method, the calculation is 
simple as presented in Eq. 4.20. 

 퐴푙 푂 	(푚표푙. %) = 41.77	
퐼
퐼

+ 27.6 (4.20) 

where 퐼  and 퐼  are the integrated peak areas of the mullite (220) and (111) 
reflections. The XRD patterns of porcelain were obtained as presented in section 
4.9. The integrated peak area was calculated from Person VII functions using 
commercial software (Origin 2015, OriginLab, Northampton, MA, USA). 
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4.12 Phase quantification using modified Internal Standard 
XRD is also useful for phase quantification and the reference intensity ratio 

(푅퐼푅) method takes advantage of the XRD data based on measuring the intensity 
of one or more peaks of the phases of interested and comparing to an added 
internal standard (i.e. corundum). Quantification is done by mixing corundum and 
the sample (analyte) at 50:50 wt.% and calculating the 푅퐼푅 (I analyte/I corundum) from 
the most intense peak of the analyte (I (hkl), analyte) and the most intense peak of 
corundum (I (113), corundum). The 푅퐼푅 method can be simplified by discarding the effect 
of matrix absorption (matrix flushing) [218,219]. The simplified equation of the 
푅퐼푅 is shown in Eq. 4.21, which is fully explained elsewhere [220]. 

 푅퐼푅 , =
푋
푋

퐼( )

퐼( )
 (4.21) 

where 푋 is the weight fraction, 퐼 is integrated peak intensity of the respective 
peaks in the XRD, and the subscripts 푖 indicates the unknown phase and 푠 is the 
standard phase, respectively. Furthermore, to quantify the concentration of any 
phase (푋 ), the RIR is used as presented in Eq.4.22.  

 푋 =
푋
푅퐼푅

퐼( )

퐼( )
 (4.22) 

where 푋  is the weight fraction of corundum, 퐼( )  and 퐼( ) 	 are the XRD 

integrated peak intensity of the most intense corundum peak, and from the most 
intense peak from phase 푖, in a 50:50 mixture by weight, respectively. 푅퐼푅  is the 
ratio of 퐼( ) 	퐼( )⁄ . 

In this study, CaF2 is used as the standard instead of corundum because it 
has no peak overlap with mullite. The standard mullite (mullite, Sigma-Aldrich, 
Gillingham, UK) is dry mixed with the standard calcium fluorite (CaF2, Sigma-
Aldrich, Gillingham, UK) at 50:50 wt.% in a mortar using a pestle and then the 
mixed powder is characterised by XRD. The 푅퐼푅 of mullite and fluorite (푅퐼푅 ) is 

calculated from a peak of fluorite (111) and three peaks of mullite (001,220,111) to 
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minimise any effect of preferred orientation of the mullite, which may occur during 
the powder mounting in a front-loading holder by applying a shear motion to make 
the surface of the powder mount smooth and flat [160]. The X-ray background is 
estimated via the Pearson-VII distribution function (with residual error less than 
5%) as shown in Fig. 4.10. 

 
Figure 4.10: XRD pattern of the mixed powder—fluorite (F) and mullite (M). i 

and ii present the area under peaks for the RIR calculation, (i) fluorite (I111), and 
(ii) mullite (I001,220,111) [author’s figure]. 

 

푅퐼푅  is calculated using Eq. 4.23.  

 푅퐼푅 =
푥
푥

퐼( ) + 퐼( ) + 퐼( )

퐼( )
 (4.23) 

  푅퐼푅 =
50
50

18574
61754

= 0.301  

where 푥  is the weight fraction of fluorite, 푥  is the weight fraction of mullite. 

퐼( )  is integrated peak intensities of mullite, and 퐼( )  is integrated peak 

intensity of fluorite. The  푅퐼푅  calculated from Eq. 4.22 is 0.301.  

In addition, to determine the reliability of the 푅퐼푅 , porcelain samples 

(conventionally sintered at 1200 °C, 5 °C/min, 15 min dwelled) were mixed with 
different wt.% of fluorite to determine mullite in the porcelain because the 
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porcelains sintered at the same temperature produce the same amount of mullite 
[110,160]. 

Table 4.2 presents three mixtures of porcelain and fluorite with different 
wt.% used to determine the reliability of the 푅퐼푅 , for example, mixture no.1 is 

composed of 90 wt.% porcelain and 10 wt.% fluorite. The mixtures were 
characterised by XRD to obtain integral peak intensity of the particular peaks as 
mentioned in Eq. 4.23. The wt.% mullite (푋 ) in porcelain was then determined 
using Eq. 4.24.  

 푋 =
푋

푅퐼푅
퐼

퐼( )
 (4.24) 

where 푋  and 푋  are wt.% of mullite and fluorite respectively, 푅퐼푅  is 0.301, 퐼  

is mullite integrated peak intensity found in the porcelain sample (퐼( ) +

퐼( ) + 퐼( ) ) and 퐼( )  is fluorite peak intensity. 

Table 4.2: Quantifying phase contents using RIR. 

  

Table 4.2 shows that mullite is found in this porcelain sample 
(conventionally sintered at 1200 °C, 5 °C/min, 15 min dwelled) at a level of 
9.72 wt.% with standard deviation of 0.21 wt.%.  

4.13 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 
Scanning Electron Microscopy (SEM) is one of the most useful instruments 

for analysing microstructural characteristics of materials. An electron beam is 
used to examine the sample surface instead of the light because electrons give high 
resolution thanks to their short wavelength (i.e. the wavelength of an electron 
beam generated from 20 kV is 0.06 nm while an optical microscope uses white 
light with wavelength about 500 nm). Images are produced by interaction of the 

Mixture no. 푋푝표푟푐푒푙푎푖푛  푋퐶푎퐹2  퐼푚  퐼(111)퐶푎퐹2  푋푚  
1 90 10 4677 16476 9.44 
2 80 20 3975 27544 9.59 
3 50 50 3777 61940 10.13 
    Average 9.72 
    StDev 0.21 
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electron beam and the sample (Fig. 4.11a). When an electron strikes the sample, 
several events occur i.e. production of backscattered electrons, secondary 
electrons, characteristic X-rays, Auger electrons, cathodoluminescence etc. but the 
major events of interest regarding to image production are production of 
backscattered electrons (BSE) and secondary electrons (SE). 

 
Figure 4.11: (a) The interaction zone of a primary electron beam and the sample 

bulk showing relative interaction volume, (b) a schematic diagram represents 
electron beam interacts with an atom [adapted from Ref. 197]. 

 
 
Fig. 4.11b illustrates that electrons (in the incident electron beam) interact 

with atoms in the sample. BSEs are produced when the electron beam elastically 
scatters with a sample atom and loses no energy. Thus, BSEs have the same 
energies as those of the primary electron beam (up to 10’s of keV). On the other 
hand, SEs are generated by inelastic scattering and have low energy (typically 
~20 eV). SEs can escape from the sample surface to a detector from a depth of 5-
50 nm whilst BSEs come from about 50-300 nm. Therefore, SEs give better 
resolution of the sample topography than BSE. In addition, BSE signal is 
dependent on the atomic number of the atoms in the sample it interacts with so 
BSEs can provide information about the compositional contrast in the sample. The 
larger atomic number will, therefore, appear brighter as higher energy electrons 
can reach the BSEs detector [197,221]. 
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Energy dispersive spectroscopy (EDS) takes advantage of the production of 
characteristic X-rays during the interaction between the electron beam and 
sample atoms. The high energy electron strikes core shell electrons leaving 
electron holes then the higher energy electrons from higher energy shell fall to fill 
the holes producing characteristic X-rays associated with the atom type (element). 
A typical EDS instrument is capable of detecting characteristic X-rays of elements 
above boron (Z=5) since a Be window is used. The energy of the characteristic X-
ray emission of the K series ranges from 0.185 keV for boron to tens of kilo-
electron-volts for heavy elements.  

The penetration depth of the electron beam depends on its accelerating 
voltage and the sample density. For example, the interaction volume at 30 kV for 
an iron sample (ρ=7.874 g/cm3, Z=26) reaches a depth of 3.1 µm, and at 5 kV;a 
depth of 0.16 µm [222]. 
         Generally, the interaction volume (penetration depth x penetration width) of 
SEM depends on the accelerating voltage and density of the sample. The 
interaction volume of the SEM can be estimated using the Eq. 4.25-4.26 [223]. 

 

푃푒푛푒푡푟푎푡푖표푛	푑푒푝푡ℎ	(푥) =
0.1	퐸 .

휌
 

 
4.25 

          The width of the excited volume (y) can be approximated by 

 
푃푒푛푒푡푟푎푡푖표푛	푤푖푑푡ℎ	(푦) =

0.077	퐸 .

휌
 

 
4.26 

where 퐸 is accelerating voltage in kV, and 휌 is density of the sample (g/cm3). 
 In this study, all samples were 10 nm-chromium-coated using a high-
resolution sputter coater with chromium target (Q150T-S, Quorum Technologies, 
Lewes, UK) before undergoing a SEM-EDS analysis. A SEM (Auriga, Carl Zeiss, 
Oberkochen, Germany) equipped with an EDS unit (X-Max 20, Oxford 
Instrument, Abingdon, UK) was employed and the signal was analysed using a 
commercial software (Inca, Oxford Instrument, Abingdon, UK). Accelerating 
voltages of 5 and 20 kV were used for all measurements. Working distance was 
5 mm. 5 kV was used to give high-resolution due to the presence of nanoscale 
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mullite. Eq. 4.25 and 4.26 suggest that the interaction volume of mullite (density 
3.17 g/cm3) at 5 kV is about 0.35x0.27 μm (depth x width). So, it can be deduced 
that the semi-quantitative EDS analysis at 5 kV to determine the chemical 
composition of the mullite is reasonable because the interaction volume indicates 
a significant proportion of the mullite needles. 

4.14 Transmission Electron Microscopy 
Transmission electron microscopes (TEMs) are instruments used to 

generate images at the nanometre scale revealing ultrafine detail of materials. To 
achieve high resolution, TEMs operate at high acceleration voltages of 100-200 kV. 
The electron beam interacts with the sample in different ways—diffraction, 
transmission, and absorption. High-resolution images are produced by 
transmitted and diffracted electrons whilst absorbed electrons play a minor role 
in TEM [197]. 

4.14.1 TEM sample preparation  
TEM samples must be thin enough to allow the incident electron beam to 

pass through (<100 nm). In this study, the samples were prepared using a grinding 
and ion milling apparatus [197,224].  

Porcelain samples were cut into small 3x3 mm2 squares with thickness of 
0.5 mm using a diamond saw (Fig. 4.12a(i)). The samples were then mounted on 
metallic stubs and put in a hand grinding jig then polished down to 100 µm thick 
using 2000-4000 grit-SiC papers (Fig. 4.12a(ii)). The samples were polished again 
using a dimple grinding machine (Fig. 4.12b) to produce a dimple area with 
thickness of 20 µm in the centre (Fig. 4.12a(iii)). The samples were then mounted 
to a copper ring using thermoplastic wax to strengthen the sample during ion 
milling. 
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Figure 4.12: Schematic diagram of TEM sample preparation, (a) thickness of the 
sample at each stage of grinding and polishing, (b) dimple machine, and (c) ion 

milling machine [adapted from Ref. 197].  
 
 

The dimpled samples (Fig. 4.12a(iv)) were ion milled in an Ar ion beam 
thinner (Gatan Precision Ion Polishing System: PIPS™ Model 691, Gatan Inc., 
Pleasanton, CA, USA) as shown in Fig. 4.12c. The ion beam energies, angles and 
milling time used are shown in Table 4.3. 

Table 4.3: The condition used in the ion milling process (PIPS). 

 

4.14.2 Operation modes 
TEMs have two operation modes, the image modes and diffraction modes 

(DP). The difference between image and diffraction modes is that in diffraction 
mode, the lenses in the imaging system are adjusted (objective aperture is moved 
out, the selected-area diffraction (SAD aperture is moved in) allowing the back-
focal plane (BFP) of the objective lens acts as the object plane for the intermediate 
lens (Fig. 4.13a). In image mode, the intermediate lens are readjusted which its 
object plane is the image plane of the objective lens (Fig. 4.13b) [197,225]. 

Energy (keV) Current (µA) Angle (degree) Time (min) 
5 2 10 90 
5 2 8 90 
4 2 6 60 
3 2 4 60 
2 2 2 60 
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Images obtained via DP can be (1) spots arranged in rings for polycrystalline 
materials, (2) halos for amorphous compounds and (3) ordered spots for single 
crystals. When ordered spots for a single crystal are obtained, it is possible to 
determine the 푑 −spacing of the investigated compounds by using Bragg’s law. 
The investigated compound is then identified for the possible phases present in 
the system by comparison of the calculated 푑 −spacing with the ones in the PDF 
from the ICDD database [225]. 

 
Figure 4.13: The two-operation mode of TEMs, (a) diffraction mode (DF), (b) 

image mode, (c) a BF image formed from the transmitted electrons, (d) DF image 
formed with a specific off-axis scattered electrons [adapted from Ref. 197,225]. 
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The two imaging modes in a TEM—bright field (BF) and dark field (DF). In 
general, BF is used to produce general images while the DF is used to study defects 
in crystals. BF images are produced by using the transmitted electrons 
(unscattered electrons) to generate images. In other words, the BF image is a 
shadow of the sample, more electron transmitted area is brighter. DF images are 
produced by the scattered electrons which are selected by objective aperture, more 
scattered electrons detected is brighter (Fig. 4.13c and d).  

 
Figure 4.14: BF image formation in the TEM showing different intensity of the 
image depends on mass-thickness contrast (i) aluminosilicate glass, (ii) mullite. 

[adapted from Ref. 197,225]. 

 

The contrast of phases present in a sample depends on the thickness and 
density (mass-thickness contrast) (Fig. 4.14) [22,197]. For example, in BF imaging 
thicker areas appear dark because fewer electrons are transmitted. Consider the 
same thickness areas, high atomic number produce dark region in the resulting 
images because there is more probability of interaction, or diffraction, between the 
electrons and the nucleus in high atomic number areas (Fig. 4.14). Fig. 4.14 shows 
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the mass-thickness on a BF image generation of a porcelain. The low intensity 
area (i) is glass, which has lower density compared to mullite needle (ii). In 
comparison to BF imaging, DF imaging acts in a opposite way, thicker and high 
atomic number areas result in bright region in the resulting images (Fig. 4.14). 

In this study, JEOL 2100Plus microscope (JEOL, Tokyo, Japan) was used 
to examine mullite in fired porcelain samples. Double tilt holder was employed, 
allowing samples to be tilted along two axes. Bright-field (BF) micrographs and 
selected-area diffraction (SAD) patterns were also taken. The TEM was operated 
at an accelerating voltage of 200 kV. Imaging in TEM was done primarily in the 
bright-field and SAD modes. The SAD patterns were indexed by matching the 푑  
values with PDF reference patterns obtained from the ICDD database, thanks to 
Dr. Ayan Bhowmik at Imperial College London. 

4.15 Physical property measurements  
 Apparent bulk density (ABD) and water absorption (WA) were obtained 
using an immersion method based on a modified ASTM standard (C20-00). Bulk 
density was calculated using Eq.4.27 [226]. 

 퐴퐵퐷 =
퐷

(푊 − 푆)
 (4.27) 

where 퐷 is dry weight (weight of the sample after drying at 110 C for 24 h), 푊 is 
saturated weight which has been saturated with water after removing of external-
residue water, 푆 is suspended weight after boiling for 2 hours and suspended in 
water.  Water absorption (푊퐴) was calculated using Eq. 4.28. 

 푊퐴 =
(푊 −퐷)

퐷
푥100 (4.28) 

At least 5 samples were used for each measurement to calculate the standard 
deviation of the average values. Although the 5 pellets were crushed to produce 10 
samples and the 10 broken-samples were used to determine ABD and WA. In this 
sense, the mean and standard deviation value are sufficient to represent the result 
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since the WA and ABD are continuous data (not binary). It has been shown to be 
accurate for small sample sizes [227,228]. In this study, descriptive statistic (mean 
and standard deviation) was used to present the experimental data to show how 
the average value and spread of data would be. In addition, green density of the 
porcelain sample was determined in the same fashion but using kerosene with 
density of 0.81 g/cm3 as the medium. 

4.16 Porosity analysis 
 While average porosity may not be the best way to present the mechanical 
properties of the porcelain, it is acceptable and well established as indicated by 
numbers of references [229-236]. Stathis et al., [229] reported that the bending 
strength of sanitaryware porcelain decreased with increased total porosity with no 
effect of pore size or shape was reported. Kurama et al., [230] demonstrated that 
Young’s modulus of porcelain tiles measured by ultrasonic testing was solely 
dependent on total porosity values. Cannillo et al., [231] studied a relationship 
between elastic modulus and total porosity at the different part of porcelain tiles. 
They found that total porosity significantly controlled the elastic modulus of the 
porcelain tile samples. Maity et al., [232] was another example of using total 
porosity as an indicator to develop high strength whiteware body. They concluded 
that total apparent porosity affected modulus of elasticity of the whitewares, the 
higher porosity value, the lower modulus of elasticity. Pérez and Romero [233] also 
pointed out that lower porosity of fired porcelain tiles produced higher values of 
bending strength. In addition, a decrease of 8% total porosity increase 34% 
bending strength of the porcelains. Batista et al., [234] compared fracture 
toughness and Young’s modulus of bone china and hard porcelain using 
percentage porosity. They concluded that the hard porcelain had lower fracture 
toughness but higher Young’s modulus, which was believed to result from its lower 
porosity. 

Nyongesa et al., [235] studied thermal shock in porous clay ceramics using 
total porosity. They found that residual strengths after thermal shock were 
strongly dependent on the volume fraction of porosity. Thermal shock resistance 
parameter (an ability to resist crack propagation under loading and reduction of 
strength on thermal shocking), in addition, increased with an increasing volume 



109 
 

fraction of porosity while the room-temperature residual strengths decrease with 
increasing porosity fraction.  

Martín-Márquez et al., [236] studied effect of microstructure (open and 
closed porosity and mullite) on bending strength, Young’s modulus, Vickers 
hardness, and fracture toughness of porcelain stoneware. Their results showed 
that by plotting the bending strength against percentage porosity, the decreased 
bending strength resulted from increasing open porosity but independent on 
closed porosity. They also concluded that Young’s modulus and Vickers hardness 
had similar behaviour to bending strength and these properties were controlled by 
the same factors (porosity), no effect of pore size or shape was reported.  

Thus, in this study, the effect of average percentage porosity on mechanical 
strength of porcelain is considered rather than the pore size distribution. In this 
study, we attempt to understand the effect of firing conditions (heating rate, dwell 
time and temperature) on apparent bulk density and water absorption and the 
water absorption is directly related to the percentage open porosity, not the pore 
size. 

ImageJ® (National Institute of Mental Health, Bethesda, MD, USA) was 
used to determine pores (2D pores) in samples via SEM or optical microscopy 
images. A segmentation process is required to convert grey scale images (standard 
8-bit digital images having 256 intensity levels, ranging from pure black (lowest 
intensity of 0) to pure white (highest intensity of 255) into binary images (black 
and white) based on the grey scale histogram. An automatic thresholding function, 
which is calculated based on the Isodata algorithm [237], integrated in ImageJ is 
employed to binarize the images. The images are converted into black and white 
in which white usually represents solid phase and black represents pores. After a 
well-binarized image is obtained, the Analyze function in ImageJ is employed to 
calculate the percentage area of interest (i.e. black-porosity) present in the images. 

To determine percentage porosity of a sample begins with scale setting 
(Fig. 4.15a) and selecting the area of interest (Fig. 4.15b). Fig. 4.15a shows that 
the 250 pixels are equal to 50 μm (yellow line above the SEM scale bar) while 
Fig. 4.15b shows the selected area used to calculate the percentage porosity.  
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To transform the selected image (grey scale image) to a binary image (black 
and white), requires using Image>Adjust>Threshold (Fig. 4.16a,i). At first, the 
automatic threshold value is generated based on the Isodata function (yellow box 
in Fig. 4.16a,i). The red area (Fig. 4.16a, ii), which represents pores, is dependent 
on the threshold value. 

However, if the automatic thresholding value is not satisfied by the visual 
examination, the threshold value can be manually optimised (red box in 
Fig. 4.16a, i) to obtain the best red area according to the actual pores. So, the 
threshold value needs to be carefully adjusted. After applying the best threshold 
value, the binary image of the selected area is obtained (Fig. 4.16a, iii), which 
contains black (pores) and white (solid phase). 

To calculate the percentage area of pores, requires using Analyze>Set 
Measurements (enable Area, and Area fraction)>Measure (Fig. 4.16b, i). 

 
Figure 4.15: Image preparations, (a) scale setting, (b) image area selection 

[author’s figure]. 
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Figure 4.16: Calculation of percentage porosity of the SPSed 1200 °C, 5 min 
dwell sample, (a) segmentation with thresholding window, and (b) Analyse 

window [author’s figure].  
 

In this study, three areas of each sample were chosen, and 5 replications 
were made to obtain average and standard deviation of porosity for each area by 
automatic and manual adjustment of the threshold (Fig. 4.16b, ii). Features 
smaller than 5 μm2, which is about 10 pixels on the images (yellow arrow in 
Fig. 4.17), were not included as pores because features at this size could be 
mistaken for background noise. 
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Figure 4.17: Small features (≤5 μm2 or 10 pixels) presented as yellow arrow and 

found in the SPSed 1200 °C, 5 min dwell [author’s figure]. 
 
 
4.17 Mechanical testing  

4.17.1 Diametral compressive strength  
Diametral compressive strength (DCS) or diametral tensile strength (DTS) 

are alternative measures of strength of brittle materials with no plastic 
deformation [238]. They are simple, reproducible, and reliability techniques and 
have been used to test the tensile or compression strength of several materials 
such as rocks [239], ceramics [240] and glass-ceramics [241]. The load applied in 
DCS generates compressive stress at the top and bottom of the sample while 
tension is generated in the samples (Fig. 4.18).  

DCS is different from bending strength testing in that latter employs 
rectangular bar samples subjected to three- or four-point bending. The tensile 
stress is generated on the lower surface of the sample because the compressive 
stress is generated on the upper surface, where load is applied [238,240].  
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DCS is done by subjecting pellets (or discs) of samples to compressive loads 
in the diametral plane until the samples fail. The maximum load is used to 
calculate the strength as shown in Eq. 4.29.  

 휎 =
2푃
휋퐷푇

 (4.29) 

where 휎  is diamentral strength, 푃 is the maximum applied load, 퐷 is sample 
diameter, and 푇 is sample thickness. 

 
Figure 4.18: Schematic diagram of the experimental setup of DCS, (a) front view, 

(b) side view [author’s figure]. 

 

In this study, a diametral compressive strength (DCS) measurement of the 
sintered samples under different sintering condition was made using a Zwick/Roell 
Z010 (Zwick-Roell, Ulm, Germany) at a crosshead speed of 1 mm/min with load 
applied until sample failure. Please note that the DCS was only performed for the 
conventionally sintered samples (CS) and direct sintering sample (DS) because 
this test was intended to compare mechanical properties of these two processes 
only. The sample dimension used in the DCS is ~12 mm diameter and ~7 mm thick 
(see more detail in section 4.18.1 and 4.18.2). 5 samples of each process were used 
to calculate the mean and standard deviation. The report of the mean and 
standard deviation of the experimental data (continuous data, not categorical 
data) is sufficient for the small number of samples because a practical way, 
number of samples is limited, cannot run many experiments. This allows to 
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calculate the sample mean and standard deviation [242]. In this study, descriptive 
statistic (mean and standard deviation) was used to present the experimental data 
to show how the average value and variability of data. Please note that the small 
number of samples can increase the spread of data compared with the large 
number of samples [242]. 

Furthermore, compressive strength in ceramics is known to increase with 
the crosshead speed because ceramics exhibit slow crack growth [243,244]. At the 
slower crosshead speed, more time allows to store strain energy to generate cracks, 
leading to more crack propagation with lower stress. On the other hand, at high 
crosshead speed, materials need more strain energy to generate cracks. Thus, at 
high crosshead speed may cause overestimation of DCS while at too low crosshead 
speed may cause underestimation of the strength. It has been suggested that 
reasonable crosshead displacement rates for metal tests are ~2 to 3 mm/min. 
Polymers may be tested between 2 and 500 mm/min. Ceramic and inorganic 
glasses are usually tested at cross head speeds of 1-2 mm/min. In other words, the 
greater the expected elongation of materials, the higher the crosshead speed 
[245,243]. Thus, in this study, 1 mm/min crosshead speed was used to determine 
diametral compressive strength.  

Weibull testing would have required 10-15 samples as a minimum. It was 
not chosen as there was insufficient material to prepare this number of samples 

4.17.2 Vickers hardness and fracture toughness 
 Indentation hardness test measures an ability of materials to resist plastic 
deformation when they are subjected to a penetration load, it is usually done at a 
microscale. Hardness of materials is not an intrinsic property and it is dependent 
on the measurement procedure such as Rockwell, Brinell, Vickers, and Knoop 
hardness testing [246]. 

The Vickers hardness (퐻 ) is calculated from the size of imprint produced 
by a square-based pyramid diamond indenter (with an angle of 136° between the 
opposite faces) on the sample surface. The indenter is pressed into the surface of 
the sample at load ranging up to 120 kgf to produce size of the imprint <0.5 mm. 
The diagonal lengths of the imprint (푑) are measured (Fig. 4.19a) then the Vickers 
hardness (퐻 ) is calculated by Eq. 4.30 [247]. 
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 퐻 =
1.8544푃

푑
 (4.30) 

where 푃 is the applied load (kgf), and 푑 is the length of diagonal.  

 
Figure 4.19: (a) Cracks generated by the indenter and the measurement 

parameters, (b) the two types of cracks generated in porcelains [adapted from 
Ref. 248]. 

 
 

In this study, Vickers hardness testing (퐻 ) was used to evaluate the 
hardness and fracture toughness of the porcelain samples because it is simple, 
economical, and reliable. In porcelains, the cracks generated by an indenter can 
be classified into two types including radial median cracks (half penny) and 
Palmqvist cracks (Fig. 4.19b). The half penny crack is used to measure low 
toughness porcelains while the Palmqvist is for high toughness porcelains [246].  

The equation used to calculate fracture toughness (퐾 ) of the samples is 
derived from Evans and Charles as shown in Eq. 4.31 [249]. 

 퐾 = 0.16(퐻 )(푎 )(
푐
푎

) /  (4.31) 

where 퐻  is Vickers hardness (GPa), 푎 is half of the indentation impression 
diagonal length and 푐 is the crack length measured from the centre of the 
indentation to the crack tip (Fig. 4.19b) [249]. In addition, the hardness is strongly 
dependent on the indentation load, the hardness decreases as the indentation load 
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increases because when a high magnitude of the load is applied, the indenter 
penetrates through the surface of the sample, cover larger area and reaches the 
deep microstructure of the materials. On the other hand, when a small magnitude 
of the load is applied, the indenter may not penetrate and reach the deep 
microstructure. Thus, the hardness of the same materials can be different for 
different applied load. 1 kgf is used in this study since it has been shown to be 
suitable for porcelains because this indentation load satisfies the requirement that 
the pattern be well developed (c>2a) [246].  

The duration of the indentation is also needed to ensure that the loading is 
stationary and to prevent dynamic loads, which will enlarge the indent size 
leading to inaccurate hardness reading. The maximum duration of the indentation 
is 10 s which is suggested by ASTM E384-17 [247]. 

Spacing of indents is also important because indentation produces plastic 
deformation and a stress field around the indent. If the spacing is too small, the 
new indent will be affected by the strain field around the previous indent. The 
stress field produced by the indentation is about the crack length (2C0) as 
presented in Fig.4.20. Fig. 4.20a depicts a typical indent crack system in brittle 
solids with ‘PZ’ indicates plastic zone; ‘RC’ indicates ring crack; ‘C0’ is median 
indent crack size; ‘A’ represents prospective locations of radial and ring crack 
origin, and ‘C’ represents the location of lateral crack initiation. Thus, the stress 
field under indent is about 2C0. In the brittle materials, i.e. calcium magnesium 
aluminosilicate and soda lime silica glass, C0 is directly proportional to the 
indentation load applied (P); log C0 ≈ log P2/3 [250]. 

The spacing between indentations is at least 2.5 Dv (where Dv is Vickers 
indenter diagonal) as also suggested by ASTM E384-17 [247]. In this study, the 
indent spacing was at least 3 times Dv and at least 2 times from the crack tip. 
Fig. 4.20 shows SPSed sample sintered at 1200 °C, heating rate 100 °C/min, and 
dwell 5min. Thus, the measurement of each indent was not interfered by others. 
Also, the indentation was done on the dense area, so the effect of pores should be 
minimal. 
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Figure 4.20: (a) Schematic diagram shows stress field produced by the 

indentation [250] and (b) the spacing between indentations made on SPSed 
sample sintered at 1200 °C, heating rate 100 °C/min, and dwell 5 min [author’s 

figure]. 
 
 

15 indents were made for each sample and used to calculate the average 
value and standard deviation using a microhardness tester Zwick/Roell Indentec 
ZHV (Zwick GmbH, Ulm, Germany) integrated with computer software at 1 kgf 
load (9.8 N), and loading duration of 10 s. The report of the mean and standard 
deviation of the experimental data is sufficient for the small number of samples 
as addressed in section 4.17.1. The sample surface, in addition, was polished finish 
using 400 grits SiC paper in order to minimise errors from the measurement of 
the 푎 and 푐 parameters. However, some indentations produced crack length <2a 
which may be a source of the Vickers hardness and fracture toughness 
measurements error. 

4.18 Sintering of porcelain samples 
4.18.1 Conventional sintering (CS) 
Porcelain pellets were produced by uniaxially cold-pressing at 35 MPa in 

13 mm diameter and 7 mm thick in a steel die, each pellet weighs 2±0.05 g. The 
pellets were also dried overnight at 110 °C and stored in an oven until further 
experiments.  Conventional sintering was performed by heating porcelain pellets 
in a front-loading box furnace (Carbolite CWF 1200, Carbolite, Sheffield, UK) 
using 5 °C/min to sintering temperatures of 1150, 1175 and 1200 °C and dwell for 
15 min. 5 pellets were produced for each sintering condition. The sample then was 
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cooled to 700 °C at 30 °C/min followed by natural cooling in furnace to room 
temperature. The sintered samples were used for further investigations. 

 4.18.2 Direct sintering (DS) 
Porcelain pellets were produced by uniaxially cold-pressing using the same 

condition to the CS samples and 5 pellets were produced for each sintering 
condition. Direct sintering was performed by transferring porcelain pellets directly 
into a preheated front-loading box furnace (Carbolite CWF 1200, Carbolite, 
Sheffield, UK) at sintering temperatures of 1150, 1175 and 1200 °C. All samples 
were dwelled for 15 min at the peak temperatures then was cooled to 700 °C at 
30 °C/min followed by natural cooling in furnace to room temperature. The 
sintered samples were used for further investigations. 

 
Figure 4.21: (a) Photo shows insertion of samples in the preheated furnace, and 

(b) temperature-time profiles with respect to change in heating rates  
[author’s figure].  

 
 

 4.18.3 Spark plasma sintering (SPS) 
 Spark plasma sintering of the porcelains was conducted using the SPS 
furnace at Queen Mary University London (FTC HP D20; FCT Systeme GmbH, 
Rauenstein, Germany) (Fig. 4.22a). The SPS has integrated computer software to 
input sintering conditions and retrieve post-sintering data for further analysis.  

The porcelain powder was loaded into a 20 mm diameter graphite die 
(Fig. 4.22b) and sandwiched between 0.3 mm thick graphite foils. The die was 
placed between the graphite punches which act as electrodes, and graphite felt 
was also wrapped around the die to reduce heat loss. A constant vacuum of 5 Pa 
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was used during the sintering. Three different SPS processing temperatures are 
used, 1000, 1100 and 1200 °C, with a constant heating rate of 100 °C/min, constant 
dwell time of 5 min and constant pressure of 25 MPa (the pressure is applied cold 
and left on until the end of the processing to study the effect of temperature).Four 
dwell times were also used, 0, 5, 10 and 15 min, at 1100 °C to study the effect of 
time. The samples were then cooled to room temperature at 100 °C/min. Sample 
temperature was measured using a pyrometer focused inside a hole in the top 
punch at a distance of 4 mm from the sample. 

One sample was produced for each sintering condition due to the high cost 
of each experiment. However, physical and mechanical properties measurement 
were done in various point of the samples. However, the sample was examined at 
various points across the sample body. Thus, each sample was representative of 
the sintering condition. SPSed samples were also polished using silicon carbide 
papers to get rid of any graphite foil contamination. The graphite contamination 
was examined by visual inspection. 

 
Figure 4.22: (a) The SPS machine, and (b) graphite die and its assembly  

[author’s figure].  
 
 

 4.18.4 Microwave sintering (MWS) 
The microwave sintering process was done in a collaboration with the 

Instituto de Tecnología de Materiales (ITM) and Instituto de Aplicaciones de las 
Tecnologías de la Información y de las Comunicaciones Avanzadas de la 
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Universitat Politécnica de Valencia (ITACA) at Universitat Politécnica de 
Valencia, Spain. Fig. 4.23a shows an MWS components including magnetron, 
waveguide, tuner, sample cavity and pyrometer. The basic operation of MWS is 
that microwave energy produced by the magnetron (microwave power source) then 
is transported to the sample cavity by the wave guide. The tuner is used to match 
the impedance between the sample (in the cavity) and the microwave power 
source. 

Porcelain pellets used in the microwave sintering process were produced as 
in the DS experiments. One sample was produced for each sintering condition due 
to the high cost of each experiment. However, physical and mechanical properties 
measurements were done at various points of the samples. Thus, each sample was 
representative of the sintering condition.  The pellets were sintered under air in a 
single mode cylindrical microwave cavity operating in the TE111 mode at a 
resonant frequency of 2.45 GHz (Fig. 4.23a). The TE111 mode is a fundamental 
mode of cylindrical cavity, which is widely used for material property 
characterisation [251]. In short, the electric field vectors are perpendicular to the 
cavity with the maximum field magnitude at the centre, where the samples are 
located (Fig. 4.23b) [252,253] thus the microwave power is greatly absorbed. The 
cavity has radius of 104 mm, and 200 mm height, which contains a quartz tube as 
the sample holder, the sample was being heated in the quartz tube (Fig. 4.23c).  

The final temperatures reached were 850, 900, 1000 and 1100 °C using a 
heating rate of ~30 °C/min with 5 min of holding time at the respective 
temperatures. The temperature of the sample was monitored using an infrared 
radiation thermometer (Optris CT-Laser LT, 8–14 µm), focused on the sample 
surface as presented in Fig. 4.23a. 
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Figure 4.23: (a) MWS system integrated with a computer software, (b) E-field 
distribution in TE111 mode cavity, and (c) the sample was being heated in the 

quartz tube [author’s figure]. 
 
 

4.18.4.1 Pyrometer calibration 
Sample temperature monitoring in a microwave cavity not possible by using 

a thermocouple since the thermocouple can interfere with the process. To 
determine the sample’s temperature and control the heating rates during 
microwave sintering, a pyrometer was used to monitor real‐time temperature 
information. Pyrometers measure temperature of objects using the Stefan‐
Boltzmann’s law, which relates to thermal radiation (푗) and temperature (푇) of the 
objects. In this sense, thermal radiation of objects also relates to emissivity () of 
the objects as presented in Eq. 4.32. 

 푗 = 푇  (4.32) 

where σ is the Stefan‐Boltzmann constant (5.670x10-8 W∙m‐2∙K‐4). 
In this study, emissivity of porcelain sample at elevated temperature (800 

and 1200 °C) was determined using an Optris CT Laser 2MH CF2 pyrometer 
(Optris GmbH, Berlin, Germany). A porcelain pellet was heated at 5 °C/min to the 
given temperatures and dwelled for 15 min at each temperature before the 
emissivity was measured (in an electrical laboratory furnace in air). The 
emissivity and temperature results are presented in Table 4.4.  

However, emissivity of materials also depends surface conditions i.e. 
roughness and viewing angles but both were kept the same during the 
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measurement to minimise the error. In this study, the accuracy of the pyrometer 
was considered as ±5 °C, since the maximum difference between pyrometer and 
furnace temperature was 3 °C at the 1000 °C of furnace temperature (Table 4.4).  
 
Table 4.4: Emissivity of the porcelain sample at the temperature range of 800-
1200 °C. 

 

4.18.5 Flash sintering (FS) 
Flash sintering was performed in the Department of Materials, University 

of Oxford. The porcelain powders were uniaxially pressed to pellets at 35 MPa to 
13 mm diameter and 2 mm thick dimension. One sample was produced for each 
sintering condition due to the high cost of each experiment. However, the sample 
was examined at various points across the sample body. Thus, each sample was 
representative of the sintering condition.   

The pellets were coated using Pt paste on both sides for establishing 
homogeneous electrical contacts. Pt wires (0.5 mm diameter) were bent making 
spiral coils and used as electrical conductors (Fig. 4.24a). The pellets were 
sandwiched between the two Pt wire spirals and some platinum paste was used to 
ensure homogeneous electrical connection. An alumina casing was used to provide 
a small pressure (~0.1 MPa) making better electrical conduction (Fig. 4.24b). 

Furnace 
temperature (°C) Transmission (t) Emissivity () Pyrometer 

temperature (°C) 
800 1 0.980 800±1 
900 1 0.962 900±2 

1000 1 0.957 1000±3 
1100 1 0.956 1100±1 
1150 1 0.980 1150±2 
1200 1 0.983 1200±1 
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Figure 4.24: Experimental setup of FS, (a) Pt spiral coils used as electrical 

conductors, and (b) the porcelain sample in the alumina casing [author’s figure]. 

 
Figure 4.25: (a) The FS apparatus and its assembly, (b) the porcelain sample in 

the alumina casing, (c) the porcelain sample was being flash sintered  
[author’s figure]. 

 
 
Fig. 4.25 shows the FS apparatus and its assembly. The samples and the 

alumina casing (Fig. 4.25b) then were placed in a modified box furnace 
(Fig. 4.25a). A digital camera was place next to the furnace (Fig. 4.25a) and used 
to observe the flash events (Fig. 4.25c). 
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Electric fields were applied to the specimen through a closed electrical 
circuit using a commercial DC power source (360 V, 15 A, 1500 W, Elektro-
Automatik, Viersen, Germany). Voltages and electric current data were recorded 
using a data logger (NI USB 6008, National Instruments, Austin, TX, USA) and 
displayed by Labview software (National Instruments, Austin, TX, USA). The 
furnace was heated at a rate of 5 °C/min to the hold temperature of 850, 900, 950 
and 1000 °C as measured by the furnace thermocouple. When the furnace reached 
the respective temperatures, a series of electric fields of 0.5, 1.0 and 1.5 kV/cm was 
applied for 60 s each. The current control limit was controlled at 0.2 A. using a 
programmed power supply. A constant voltage was employed but was switched 
automatically to current control when the current limit was reached.  

Sample temperatures during the flash events were estimated using a non-
equilibrium development of the black body radiation model of Raj as presented in 
Eq. 4.33 [254]. 

 
푇 = 푇 +

푊
퐴휎

/

 (4.33) 

  where 푇  is the sample temperature, 푇  is furnace temperature, 푊 is the 

electrical energy dissipated in the sample, 휎 is the Stefan-Boltzmann constant,  
is emissivity of the porcelain sample at the furnace temperature, and 퐴 is the 
surface area. 

4.19 Evaluation of energy consumption in the rapid sintering techniques 
 4.19.1 Energy measurement in CS and DS 
 The potential energy savings of the various sintering processes were 
determined including careful consideration of the energy losses. In this study, 
energy consumption of the CS (the energy consumption in CS was measured for 
comparison purposes), and DS were measured using a power meter (Floureon 
Power Meter, NY, USA) attached to the laboratory furnace as presented in 
Fig. 4.26a. Power data (watts) were manually recorded with a 30 s time interval 
and then plotted using a commercial software (Origin 2015, OriginLab, 
Northampton, MA, USA) to obtain the power against time (Fig. 4.26b). The 
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integrated area under the plot represents energy consumption (power*time, (W· s 
is Joule) of the CS and DS process. 

 
Figure 4.26: (a) Power meter attached to an electric furnace, (b) graph of power 

vs time obtained from the power meter in CS and DS [author’s figure]. 
 

The energy consumption in CS was determined from the fully sintered CSed 
sample at 1175 °C. The energy consumption was measured during heating (with 
5 °C/min) and dwelling stages but excluding the cooling stage (Fig. 4.26b, also see 
section 4.18.1 and 4.18.2). The energy consumption of DS was obtained from the 
fully sintered DSed sample (1175 °C with 15 min dwell) during the dwelling stage 
only (Fig. 4.26b) and the energy loss during sample insertion was not considered 
since it was for about 5 s only (see section 4.18.1 and 4.18.2, Fig. 4.21a).  

4.19.2 Energy measurement in SPS 
The SPS unit has integrated computer software to create, save and upload 

sintering conditions and to download the sintering data after sintering for further 
analysis. Power consumption of the SPS was calculated from the voltage and the 
current which were measured by sensors in the SPS unit (Fig. 4.27a). These values 
are referred to the power employed by the SPS machine. The power data were 
replotted against time to obtain energy consumption (Fig. 4.27b). 

The energy consumption in the SPS was determined from the fully sintered 
SPSed sample (SPSed 1100 °C, 100 °C/min, 5 min dwell).  
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Figure 4.27: (a) Electrical current and voltage profiles, (b) power vs time of 

SPSed 1100 °C, 100 °C/min, 5 min dwell, and 25 MPa [author’s figure]. 
 

 
 4.19.3 Energy measurement in MWS 

The microwave sintering furnace has integrated computer software to 
create, control sintering conditions and to download the sintering data after 
sintering for further analysis. 

The software measures the energy input, which is produced by the 
magnetron, to the cavity and measures the energy output from the cavity, so the 
energy absorbed by the sample is known. Fig. 4.28a shows an example of the 
software user interface showing microwave power input (500 W), sintering curve 
(heating rate, dwell time, temperature), and control mode. The energy absorbed 
by the sample was extracted using the software and replotted (power vs time) as 
shown in Fig. 4.28b. 

Fig. 4.28b shows that the sample absorbed power as a function of tuner 
position, which controls the sample position to get the best microwave absorption 
in the cavity. In this study the energy consumption of MWS was obtained from the 
fully sintered MWSed sample (MWSed 1100 °C, 50 °C/min, and 5 min dwell). 
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Figure 4.28: (a) MWS integrated software user interface shows sintering curve, 

control mode, and power input, and (b) an example of power consumption of 
MWS 1100 °C, 50 °C/min, and 5 min dwell [author’s figure]. 

 
 

4.19.4 Energy measurement in FS 
 4.19.4.1 Energy measurement in FS (furnace) 

In the case of FS, before the electric current was applied to the sample to 
produce flash sintering, the sample was heated in the furnace to the set 
temperature. The energy consumed by the furnace was estimated using the same 
procedure as used in CS and DS (Fig. 4.26). In this FS, 950 °C of furnace 
temperature, 5 °C/min heating rate were used. The energy consumed at dwelling 
stage was only included only during the flash event. 

4.19.4.2 Energy measurement in FS (Joule heating in the sample) 
The power supplied (watts) to the samples (to produce Joule heating) was 

obtained from the instant voltage and instant current using a data logger (NI USB 
6008, National Instruments, Austin, TX, USA) and displayed by Labview software 
(National Instruments, Austin, TX, USA) (Fig. 4.29a, also see section 9.3).  

The power was calculated from voltage and current obtained from the data 
logger. The power then was replotted using commercial software (Origin 2015, 
OriginLab, Northampton, MA, USA) to obtain the power against time giving 
energy consumption.  

The energy consumption of FS is a combination of energy used to heat the 
sample in the furnace (section 4.19.4.1) and energy used to produce Joule heating 
in the sample (section 4.19.4.2). 
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Figure 4.29: The data logger used to record the voltage and current data and 

displayed by Labview software in a personal laptop [author’s figure]. 
 
 

However, the measured energy consumption in the studied sintering 
processes was not only consumed by the porcelain sample but also by the furnace 
structure, setter materials, and losses. Thus, the energy losses were empirically 
calculated to compare between the studied sintering processes. 

4.19.5 Heat balance and energy consumption 
The basis of energy consumption of a sintering process is the energy balance, 

which is the relationship between energy input (the energy measured either by 
power meter or integrated computer software) and energy output (energy required 
by the samples, and setters) and losses. In this study, it is assumed that; 

(i) The energy inputs of CS and DS processes (푄 , ) were used to heat the 

porcelain (푄 ), and the alumina setter (푄 ), the rest of the 

energy was considered to be lost (푄 ) to the furnace wall, and the 
opening gaps. 

 푄 , = 푄 + 푄 + 푄  (4.34) 

(ii) The measured energy input in SPS (푄 ) was mainly used to heat 
graphite components (푄 ), porcelain (푄 ), and the rest is lost 

(푄 ) to the water cooling of the SPS structure. 
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 푄 = 푄 + 푄 + 푄  (4.35) 

(iii) The energy input of MWS (푄 ) was assumed to be solely absorbed by 
the porcelain (푄 ) because neither the furnace structure, 

microwave cavity nor quartz tube absorbed microwaves (they are 
designed to be transparent to microwaves).  

 푄 = 푄  (4.36) 

(iv) In FS, the energy consumption is a combination of the electrical power 
supplied directly to the porcelain (푄 ) producing Joule heating 

and the furnace energy (푄 ) to heat the sample at the flash event. 
The rest of the energy was considered to be lost (푄 ) to the furnace 
wall, and the opening gaps. 

 푄 = 푄 + 푄 + 푄  (4.37) 

Table 4.5 shows the furnace model and furnace parameters used to calculate 
the energy losses in this study. 
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Table 4.5: The furnace model and furnace parameters used in this study. 
Process Furnace model Furnace components 
CS, DS Laboratory chamber furnace 

 

1. Furnace chamber volume = 
4.5 Litres 
2. Chamber dimensions 
(W*L*H) = 0.14*0.25*0.13 cm 

SPS FCT HPD 25; FCT Systeme GmbH 

 

Graphite dimension 
1. Graphite spacer  
(Dia./Height) =60/30 
Graphite punch (Dia./Height) 
=20/20    
2. Graphite die (Dia./Height) 
=20 (inside),40(outside)/40 

MWS MWS integrated with a computer 
software. 

 

Cavity dimension 
1. Diameter =104 mm 
2. Height =200 mm 

FS Flash sintering apparatus 
integrated with a computer 
software. 

 

1. Furnace chamber volume  
=4.5 Litres (estimated) 
2. Chamber dimensions 
(W*L*H) 
 =0.14*0.25*0.13 cm 
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Chapter 5 

 

Porcelain powder and body characterisation on 
heating 

 

 

5.1 Chapter review 
Understanding porcelain sample behaviour as a function of temperature is 

key to this study because it helps to set the appropriate sintering process 
parameters and will enable discussion of interpret the empirical results. Different 
characterisation techniques including XRD, DTA-TGA, dilatometer, DSC, Laser 
flash apparatus, and impedance spectroscopy were used to measure the 
temperature-dependent properties of the porcelain. 

The mineral composition of the porcelain obtained using XRD is given in 
section 5.2., while the thermal behaviour of the porcelain powder is given in 
section 5.3. The dilatometry, and heat capacity by DSC are given in section 5.4 
and 5.5 respectively. Thermal diffusivity and thermal conductivity are presented 
in section 5.6. Electrical conductivity of the porcelain is explained in section 5.7 
and finally dielectric constant and loss tangent are presented in section 5.8. The 
obtained data show how the porcelain sample physically, and chemically changes 
with elevated temperature.  

5.2 Mineral composition of porcelain powder by XRD 
XRD was used to determine the mineralogical composition of the porcelain 

powder sample. Fig. 5.1 shows the three main minerals found in the porcelain 
powder are albite (NaAlSi3O8, (Triclinic), JCPDS: 09-0466), kaolinite 
(Al2Si2O5(OH)4), (Triclinic), JCPDS: 14-0164), and quartz (SiO2, (Trigonal, alpha 
quartz), JCPDS: 65-0466). As described in section 4.2, the chemistry of the 
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porcelain powder examined by ICP-AES is 74.32±0.68 wt.% SiO2, 17.43±0.27 wt.% 
Al2O3, 0.68±0.01 wt.% TiO2, 1.24±0.04 wt.% Fe2O3, 0.74±0.02 wt.% CaO, 0.49±0.03 
wt.% MgO, 1.24±0.01 wt.% K2O and 3.77±0.06 wt.% Na2O. The ICP-AES data 
suggest that the porcelain powder possibly contains minor amounts of microcline 
(KAlSi3O8,), dolomite (CaMg(CO3)2), hematite (Fe2O3), and rutile (TiO2); all of 
which are considered as impurities because they are not detected in significant 
levels by XRD. 

 
Figure 5.1: XRD of as-received porcelain powder reveals albite, kaolinite, and 

quartz. 

 

5.3 Thermal property of porcelain powder by DTA-TGA 
The thermal behaviour of the porcelain powder was measured from room 

temperature to 1200 °C using DTA-TGA analysis (Fig. 5.2). Three main thermal 
events (labelled as i, ii, and iii) including two endothermic and one exothermic are 
revealed Fig. 5.2a. 

The two large endothermic peaks at 100-200 °C and 450-600 °C, correspond 
to (i) evaporation of physically bound water and (ii) dehydroxylation of chemically 
bound water of kaolinite, respectively [42,106,121,150]. The small exothermic 
peak at 942 °C (iii) suggests the initial formation of the spinel-alumina phase from 
the kaolinite, and then eventually transform to mullite above this temperature 
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[37,94,108,137]. The endothermic reaction at above 942 °C indicates the formation 
of a liquid phase resulting from the melting of albite [42,106,121,150]. 

The total weight loss of this porcelain body presented in Fig. 5.2b is ∼5% 
associating with ~1.1 wt.% from physically bound water evaporation, and 
~3.7 wt.% from chemically bound water during decomposition from kaolinite. In 
this case, burning of organic matter is negligible. 

An endothermic peak of quartz inversion ( to ) at ~560 °C is masked by 
overlap with the dehydroxylation peak of the kaolinite, but it can be seen by the 
change in thermal expansion in Fig. 5.3.  

 
Figure 5.2: (a) DTA, and (b) TGA of porcelain powder as a function of 

temperature, from 25-1200 °C. 
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5.4 Dilatometry 
Dilatometry (Fig. 5.3) reveals that the green porcelain sample has 

coefficient of thermal expansion (CTE) of 11.17x10-6 K-1 (50-900 °C) which 
corresponds to about 0.95% linear expansion. At ~560 °C, there is a slight jump in 
the CTE caused by the volumetric change of quartz ( to  polymorph) indicated 
by the 1st derivative of the dilatometry curve. The green porcelain starts to 
contract at 950 °C due to melting of albite. The contraction from 950-1200 °C is 
about 7%. The dilatometry curve suggests that under a conventional sintering 
process this porcelain sample starts to densify at 950 °C. 

 
Figure 5.3: Thermal expansion/shrinkage of the porcelain sample. The 1st 

derivative shows the quartz inversion. 

 

5.5 DSC and heat capacity (Cp) 
Fig. 5.4 shows DSC curve of porcelain powder and a sapphire standard plot 

against temperature. The integrated area under peaks (shaded area) is the change 
of heat at the thermal events (the integrated area unit of mW/mg· time (s) is equal 
to mWs/mg which equals J/g).  

For the porcelain sample, the heat needed for evaporating physically bound 
water is about 13 J/g, while more heat (90.44 J/g) is required for the 
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dehydroxylation process at about 550 °C. The exothermic reaction at ~970 °C 
corresponds to the conversion of meta-kaolinite to mullite (approx. 10.70 J/g). 

The DSC curve of the porcelain sample is compared to the DSC curve of the 
standard sapphire to calculate the heat capacity (Cp) using the ratio method. 

 
Figure 5.4: DSC of porcelain sample and sapphire standard. 

 
The heat capacity (Cp) of the porcelain sample (Fig. 5.5) slightly increases 

as temperature increases from 25-450 °C, with a peak at ~560 °C then sharply 
increases above 1000 °C. The increase in Cp from 800-1100 J/kg·mol from 25-
450 °C is due to latent heat required for evaporating 2 wt.% physically bound 
water. The peak at 550 °C (Cp ~2100 J/kg·mol) occurs due to two events (i) 
dehydroxylation of the kaolinite, and (ii) - polymorphic transformation of 
quartz. The large peak at 560 °C starts from 450-600 °C presenting that a large 
latent heat required for dehydroxylation of chemically bound water in the 
kaolinite and polymorphic transformation of quartz. 

The heat required for dehydroxylation of kaolinite is reported as 42-250 
kJ/mol [105, 255] while the heat for - quartz inversion is 0.385 kJ/mol [256]. In 
the case of quartz inversion, it is not detected at 573 °C but it is detected at 560 °C 
(from DTA result (section 5.3), and dilatometry curve (section 5.4)). The shifted in 
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- polymorphic transition temperature of quartz might be attributed to its 
crystallinity and impurity in its crystal structure [257]. 

Cp increases again at the temperature of mullite formation (~942 °C) and 
melting of albite above 1000 °C. It is worth noting that when feldspars (albite) 
melt, their heat capacity changes and the vibrational and configurational heat 
capacity accounts for the change of heat capacity [257].  

 
Figure 5.5: Heat capacity (Cp) of the green porcelain sample as a function of 

temperature obtained from the experiment and the Cp of minerals calculated 
from literature. 

 

At low temperature (below the melting point of feldspars), the vibrational 
heat capacity increases as temperature increases because there is not enough heat 
energy to excite the vibrations but at high temperature (at the melting point of 
feldspars), the vibrational heat capacity decreases because melting of feldspar 
produces low density resulting from an increase of the interatomic distance. On 
the other hand, the configurational heat capacity increases when feldspars melt 
because the melting process needs energy, which is not to increase the 
temperature, but to achieve equilibrium with a new configuration (solid to liquid). 
Therefore, the elevated temperature increases heat capacity [258]. Thus, from this 
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study, the rapid increase of the heat capacity of the porcelain sample above 
1000 °C is due to the formation of liquid glass from the melting of albite. 

In general, Cp of substances as a function of temperature can be determined 
using Eq. 5.1 [259]. Thus, the Cp of the porcelain sample can also be calculated 
and explained using its composition. The heat capacity coefficients (푎, 푏, 푐, and 푑) 
of minerals are presented in Table 5.1. 

 퐶 = 푎 + 푏푇 + 푐푇 + 푑푇 /  (5.1) 

where a, b, c, and d are the empirically determined coefficients, and  푇 is 
temperature (K). 
 To the best of the author knowledge, the heat capacity coefficients are well 
documented, comprehensive, and critical compilation which can be used with 
confidence. However, it suggests that although the calculated and experimental 
heat capacity are well correlated, but the difference can be ~2%. Thus, the heat 
capacity coefficients used in this study are considered as ±2% accuracy. 

Table 5.1:  Heat capacity coefficient of minerals found in the porcelain sample. 

 
The 푎, 푏, 푐, and 푑	are constants for the heat capacity (Cp) computed using Eq. 5.1 
(J/K· mol) [260]. 

 

Fig. 5.5 shows the calculated heat capacity of the albite, microcline, 
kaolinite and quartz as a function of temperature. The heat capacity of these 
minerals increases as temperature increases. For example, the heat capacity of 
kaolinite increases from 830 kJ/mol at room temperature to 1270 kJ/mol at 
1200 °C but the calculation does not account for any phase transformation. 
 Fig. 5.5 also suggests that the Cp of the porcelain sample is in a good 
agreement with the Cp of its composition. In general, heat capacity of minerals 

Minerals 푎 푏 (105) 푐 푑 
Albite (NaAlSi3O8) 0.4520±0.009 -1.3364±0.026 -1275.9±25.5 -3.9536±0.079 
Microcline (KAlSi3O8) 0.4488±0.009 -1.0075±0.020 -1007.3±20.1 -3.9731±0.079 
Kaolinite (KAlSi3O8) 0.4367±0.009 -3.4295±0.068 -4055.9±81.1 -2.6991±0.053 
Quartz (SiO2) 0.1107±0.002 -0.5189±0.010 0 -1.1283±0.022 
Albite (liquid), 1118 °C 0.3585±0.007 - - - 
Microcline (liquid), 1150 °C 0.3673±0.007 - - - 
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increases as increase temperature [258]. The Cp of albite and microcline increase 
rapidly at their melting points (1118 °C for albite and 1150 °C for microcline 
respectively). However, the liquid glass formation in this porcelain sample found 
at lower temperature (950 °C) is due to a eutectic reaction between kaolinite, 
feldspars and quartz making the Cp of the sample increases from this point. 

5.6 Thermal diffusivity and thermal conductivity 
 Thermal diffusivity data of the porcelain sample are plotted against 
temperature as presented in Fig. 5.6. At 25 °C, the thermal diffusivity of the 
porcelain sample is ~3.69x10-3 cm2s-1, gradually decreasing to 1.92x10-3 cm2s-1 as 
temperature increases to 900 °C. Decrease of thermal diffusivity with elevated 
temperature of the porcelain sample is due to (1) high volume fraction of porosity 
and (2) increasing lattice vibration which obstructs the flow of heat (phonon 
scattering) [261]. 

 
Figure 5.6: Thermal diffusivity and thermal conductivity of the porcelain sample 

as a function of temperature. 

 
 

Since thermal diffusivity is related to the volume fraction of solid and air 
space in the sample body; solids give high thermal diffusivity while air space has 
low thermal diffusivity. According to Fig. 5.7, the porosity in the porcelain sample 



139 
 

is about 40±0.2 vol.% and remains constant from 25-950 °C. Because there is no 
change in porosity between 25-950 °C; so the only factor in decreasing of the 
thermal diffusivity is phonon scattering. Even though there are several thermal 
events occur during heating the porcelain such as evaporation of physically bound 
water, and dehydroxylation but the dilatometry suggests that the porcelain 
expands as temperature increases suggesting that the porosity in the sample is 
not decreased (Fig. 5.3). From this point of view, it can be seen that at 25-950 °C, 
phonon scattering plays an important role in decreasing of the thermal diffusivity. 

In addition, during dehydroxylation (450-600 °C), the thermal diffusivity 
and conductivity remains constant because the sample has less contact between 
particles resulting from dehydroxylation and no change in the porcelain sample 
density as presented in Fig. 5.7. Thermal diffusivity (Fig. 5.6) shows a broad hump 
at 500-600 °C, this may result from the displacive quartz inversion, but diffusivity 
continues decreasing to 1000 °C. Decreasing of thermal diffusivity between 600-
1000 °C resulted from dehydroxylation of kaolinite producing metakaolinite, 
which has disorder crystal structure, low thermal diffusivity. 

 
Figure 5.7: Bulk density and thermal conductivity of the porcelain sample as a 

function of temperature. 



140 
 

Increasing thermal diffusivity and conductivity above 1000 °C is due to 
increasing of bulk density via melting of albite which provides heat transfer paths 
and brings closer particle packing, reducing porosity to 25±1 vol.% (Fig. 5.7). The 
microstructure of the porcelain sample at 1175 °C in Fig.5.7 is similar to that of 
commercial porcelain, which contains about 0% open porosity.   

However, it should not be confused that formation of liquid glass generally 
lowers thermal diffusivity because liquid phase has disordered structure, which 
has a poorer thermal conductivity than solids. Liquid phase also provides 
convection and radiation but in this experiment condition, these heat transfer 
mechanisms are minimal because (1) glass liquid does not move because of its 
inertia so, there is no convection, (2) the measurement time is short, and thickness 
of the sample is small producing minimal radiation [262]. Thus, in this case the 
effect of bulk density on thermal diffusivity and thermal conduction is greater than 
the effect of melting of albite.  

Fig. 5.6 also presents thermal conductivity of the porcelain sample as a 
function of temperature. It is clear that the thermal diffusivity and conductivity 
follow the apparent bulk density trend (Fig. 5.7)  

5.7 Electrical conductivity 
Fig. 5.8 shows examples of the impedance spectra of the porcelain sample 

influenced by temperature (e.g. 400-650 °C). On heating (Fig. 5.8a), the diameter 
of the semicircles (which is fitted as shown in the inset of Fig. 5.8a) is reduced as 
temperature increases. This figure represents a decrease of overall resistance of 
the porcelain sample with increasing temperature. In other words, the electrical 
conductivity of the porcelain sample increases as temperature increases.  

Fig. 5.8 also reveals different resistances of the porcelain sample between 
(a) heating and (b) cooling cycles. Both cycles exhibit different semicircle diameters 
at the same temperatures and it is clear that the electrical conductivity of the 
porcelain sample in the cooling cycle is greater than that in the heating cycle. 

In addition, the impedance spectra in Fig. 5.8 show one semicircle (each 
temperature) in both heating and cooling corresponding to bulk conduction. The 
single semicircle in each temperature suggests that the effect of grain boundaries 
is not observed (the grain boundary effect is generally observed by the presence of 



141 
 

a second semicircle in the impedance spectra).  It is possible that the conduction 
path in this porcelain sample is along the particle surface with no obstruction (fast 
electrical conduction pathway); even in the green porcelain sample having high 
porosity. Moreover, the tails at low frequency correspond to the electrode/sample 
interface normally present in impedance measurement.  

 
Figure 5.8. Nyquist plots of porcelain sample as a function of temperature with 
different stages: (a) heating and (b) cooling. Note that the scale of the heating 

cycle is higher by one order of magnitude. 
 
 

The intercept at x axis present in the inset of Fig. 5.8a is the resistance 
which is used to calculate the electrical conductivity and the calculated electrical 
conductivity values are used to generate an Arrhenius equation to calculate the 
activation energy, which is presented in Fig. 5.9. 

An Arrhenius plot (prepared as described in section 4.8.1) of electrical 
conductivity against reciprocal absolute temperature of the porcelain sample 
(Fig. 5.9) reveals that on heating the electrical conductivity fits to three regions 
with different slopes here referred as low, medium and high temperature regimes. 
In the low temperature regime at 100-250 °C, the conductivity increased slightly 
from 4.8 x 10-10 to 1.7 x 10-9 Scm-1. The electrical conductivity in this temperature 
range is caused by ionization of physically bound water which produces H+ and 
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OH- ions [262]. It is also possible that migration of Na+, K+ and Ca2+ ions, which 
are usually present in porcelains, contribute to the conductivity [263]. However, 
the mobility of Ca2+ (and other divalent ions) is much lower than Na+ and K+ since 
Ca2+ has bigger atomic radius and higher charge than Na+ and K+ ions.  

In addition, the electrical conductivity of dry quartz and feldspars are 
steady in the low temperature regime (below 500 °C) as previously reported [264] 
thus they do not contribute to the conductivity in this temperature range. 
Therefore, the H+, OH- and monovalent ions should be responsible for the 
conductivity in this low temperature regime [265].  

This result also suggests that in the absence of water molecules in the 
porcelain sample, electrical conductivity is very low (10-8 Scm-1). This is consistent 
with the observation that the electrical conductivity of this porcelain in the low 
temperature regime is dominated by H+ and OH- conduction with activation 
energy lower than 1 eV [266]. 

 
Figure 5.9. Arrhenius plot of the electrical conductivity against reciprocal 

absolute temperature of porcelain sample during heating (open circles) and 
cooling (filled triangles). Repeating experiments are performed to check 

reliability of the results. The semi-filled diamonds represent the heating, and the 
semi-filled squares represent the cooling stage. 
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The conductivity drops at 200-250 °C due to the removal of physically bound 
water decreasing the numbers of charge carriers then increases again above 
250 °C. Between 250-450 °C (medium temperature regime), the conductivity 
increases from 1.74x10-9 to 1.27x10-7 Scm-1, mainly driven by monovalent ions 
(Na+, K+), but H+ and OH- ions are not involved because they are completely 
evaporated. Some reports suggest that electrical conductivity in this temperature 
range results from ‘hopping conduction’ which occurs in silicate minerals with 
ferrous impurity [266,267]. It is also reported that the hopping conduction in 
silicate minerals occurs by transport of electron-hole pairs especially in the ferrous 
ion (Fe2+) and the activation energy of this conduction is relatively low, less than 
0.01 eV [266].  

At the dehydroxylation temperature of clay substances, 450-600 ºC, the 
main charge carriers are monovalent ions, H+ and OH- ions. The decrease of 
conductivity observed at 500 ºC might result from the loss of H+ and OH- ions [263]. 
Moreover, a study on dehydroxylation of kaolinite to metakaolinite suggests that 
the structure of metakaolinite is distorted which obstructs the migration of the K+ 
ion [268] and the Al3+ ion [269] by collapsing the kaolinite structure. Above 500 °C 
(high temperature regime), the electrical conductivity increases gradually with an 
activation energy of 1.14 eV. This activation energy is consistent with previous 
examination of a green porcelain composed of 50 wt.% of kaolinite (1.03 eV) [270]. 
Over this temperature range (450-600 ºC), the conductivity is potentially the 
result of migration of Na+, K+, Ca2+, and Fe3+ ions [270]. At low and medium 
temperatures, the conductivity correlates well with the thermal analysis as the 
conductivity of the porcelain body is closely linked with the physically and 
chemically bound water.  

Fig.5.10 illustrates the correlation between the thermal behaviour and the 
electrical conductivity of the porcelain sample. The DTA-TGA curve reveals good 
agreement of correlation between the thermal behaviour and the electrical 
conductivity. However, changes in conductivity at the phase transition points of 
quartz at 573 °C (-) and 870 °C (-quartz to tridymite) were not observed in this 
study. This might result from only a few data points being taken in these regions. 
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However, the result is consistent with a previous study which found that there is 
no clear change in conductivity during this transition [263].  

When the porcelain sample cools from 950 °C, it exhibits irreversible 
behaviour of electrical conductivity (Fig. 5.9) and the electrical conductivity on 
cooling is greater than the conductivity in the heating stage at any given 
temperature. This result is attributed to change in the phase composition and 
porosity of the sample. The dimension change (Fig. 5.3) confirms that liquid glass 
started to form ~900 ºC revealed by the shrinkage of the porcelain sample and this 
shrinkage is more pronounced above 950 ºC. The liquid glass changed the overall 
electrical conductivity of the sample by forming continuous glass-pathway 
allowing the charge carriers easily to move (high diffusion pathway) along the 
pathway without experiencing significant blocking.  

 
Figure 5.10: DTA-TGA plots of thermal behaviour of the porcelain sample 

associated with the electrical conductivity. The letters represent (a) removal of 
physically bound water, (b) removal of chemically bound water, and (c) spinel 

formation. 

 
XRD revealed the expected phases in the green and fired porcelain 

(Fig. 5.11). Kaolinite, albite and quartz are the main constituents in the green 
porcelain body. The sample fired at 950 ºC contains a small amount of glassy phase 
which was ~19.4±0.7 vol.% from albite melt calculated by decreasing in area of the 
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albite peaks. Kaolinite also transformed to metakaolinite (450-600 ºC) and spinel 
at 942 ºC (Fig. 5.2a) which is observed as “S” in the inset of Fig. 5.11. [94,93,271]. 
As a result, the different electrical conductivity arises from the changing phase 
composition.  

Previous studies suggest that electrical conductivity of feldspars is 
reversible for both heating and cooling cycle below their melting point whereas 
quartz has irreversible behaviour because of the polymorphic transformations 
[265]. This result reinforces that electrical conductivity in the porcelain sample is 
irreversible.  

 
Figure 5.11: XRD of green porcelain and fired porcelain after 15 minutes at 

950 °C revealing different phase compositions. K is Kaolinite, Q is Quartz, A is 
Albite and S is Spinel. The inset represents an enlargement of spinel peaks 

taken from Ref. 271. 

 
SEM images (Fig. 5.12) of both the green and the fired porcelain sample 

reveal that porosity of the porcelain sample after thermally treated is smaller 
compared to the green porcelain. The apparent porosities of both green and fired 
samples were quantified using immersion method according to the ASTM C20-00 
and were ~40±2 vol.% for the green sample and ~25±1 vol.% for sample heated at 
950 °C, respectively (as also presented in Fig. 5.7).  
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The high magnification SEM image (Fig. 5.12e) shows evidence of glass 
formation locating around the solid particles. The glassy phase acts as a binder to 
bring all grains into closer contact reducing porosity.  

 
Figure 5.12: SEM images of the porcelain microstructures and porosity, (a) green 

porcelain, (b) porcelain fired at 950 °C for 15 min, (c) green porcelain at high 
magnification, and (d) porcelain fired at 950 °C for 15 min at high magnification, 

and (e) nanoscale image suggesting formation of glass around the particles. 

 

          In addition, the microstructures show in Fig.5.12 are similar to commercial 
porcelain products sintered at 950 °C being composed of high-interconnected 
porosity, clay particles, unmelted feldspars, and quartz [42,106,272]. At the 
temperature of 950 °C, there is little change in phases or reactions such as little 
melting of feldspars (significant above 1050 °C), and no quartz dissolution 
(significant above 1200 °C) thus the sample is still porous because it experiences 
little densification.  

Due to the limit of the Impedance Spectroscopy instrument, the 
temperature of 950 °C was chosen to prevent any contamination or damage to the 
test rig. At this particular temperature, the sample shows good electrical 
behaviour which is useful for further experimental study of the FS process. 
However, after firing at 1200 °C, the microstructure has the typical features of a 
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well-fired ceramic body including glassy phase, mullite and quartz [42, 
106,160,272].  

5.8 Dielectric constant (풌) and loss tangent (풕풂풏	휹) 
 Dielectric constant (푘) and loss tangent (푡푎푛	훿) are calculated based on the 
obtained electrical conductivity result (from section 5.7). The 푘 is calculated using 
the capacitance, sample dimension and the permittivity of free space as described 
in section 4.8.2. Capacitance data can be extracted from the impedance spectra 
(Fig. 5.8), the sample dimension is obtained from the dilatometry data (Fig. 5.3).  

The result in Fig. 5.13 shows that the dielectric constant decreases as 
temperature increases because (1) the sample loses its ability to store charge 
(charges move resulting in electrical conductivity), and (2) thermal motion which 
decreases the polarizability of the minerals in the porcelain sample.  

 
Figure 5.13: Calculated dielectric constant (black line) and calculated loss 

tangent (red line) as a function of temperature. Inset shows the calculated loss 
tangent at 100-600 °C. 

 
At low temperature (<200 °C), high dielectric constant (푘 ~60) arises from 

the physically bound water (dielectric constant of water at 20 and 200 °C is 80.1 
and 34.5 respectively [273]). At 200-400 °C the dielectric constant rapidly 
decreases as a result of evaporation of the physically bound water. Decrease in the 
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dielectric constant from 600-800 °C may result from the temperature effect 
because over this temperature range there is neither physical nor chemical change 
in the porcelain sample. 

At elevated temperature (i.e. 600-800 °C) the dielectric constant of the 
porcelain sample decreases because the polarizability of the minerals in the 
porcelain sample decreases due to increasing thermal motion. Quartz, and albite 
contribute little to the overall dielectric constant since the dielectric constants (at 
room temperature) of quartz (푘 ~4.4), and albite (푘 ~5.4) are small compared to 
water and kaolinite [274] but still their dielectric constants decrease on increasing 
temperature. 

After formation of metakaolinite via kaolinite dehydroxylation, the 
disordered crystalline structure of metakaolinite has lower density (2.37 g/cm3) 
compared to kaolinite (2.65 g/cm3) and this disordered structure generally 
increases dielectric constant due to the ease of polarization. Thus, in this 
temperature range (600-800 °C) the major factor to decrease the dielectric 
constant is the temperature (thermal motion), not the crystal structure changes. 

Increase of the dielectric constant from 800 °C to 950 °C is unexpected 
because over this temperature range there is little change in terms of physics and 
chemistry of the sample. The presence of liquid phase from albite melting would 
increase the polarizability of the sample due to the ease of polarisation under 
applied electric field. However, 800 °C, no such liquid glass is produced (liquid 
glass is observed around 950 °C).  

This behaviour was also observed by Leluk et al., [275] who explained by 
the removal of chemically bound water during dehydroxylation at 400-800 °C 
producing free volumes (in the metakaolinite structure). The free volume provides 
higher movements and/or oscillations of polar molecules, and so the dielectric 
constant should increase [275]. In this study it is possible that the increase of 
dielectric constant above 800 °C is due to the formation of metakaolinite since 
there is large fraction of kaolinite found in the porcelain sample.  

Moreover, increase in the dielectric constant can result from the space 
charge polarization because in a multiphase solid where one phase has a much 
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larger electrical resistivity than the others, charges can accumulate at the phase 
interfaces [276]. 

Loss tangent (푡푎푛	훿) as a function of temperature of the porcelain sample is 
calculated using the electric conductivity (Fig. 5.9) and dielectric constants 
(Fig. 5.13). From 50-500 °C the loss tangent is very small (about ~10-6) but drops 
at 500 °C resulting from the dehydroxylation of kaolinite (presented in the inset 
of Fig. 5.13).  

The loss tangent increases sharply at above 600 °C from 10-6 to 0.27 which 
can be explained by increasing of three loss mechanisms: conductive loss (flow of 
charge carriers), dipole loss (rotation of dipole), and vibration loss (vibration of 
charge carriers) [277]. 

At low temperatures (<600 °C), the loss tangent is low because of the low 
values of conduction, dipole and vibration losses. However, above 600 °C, the three 
losses contribute significantly to the loss tangent (such as through increase of 
electrical conductivity, and greater effect of thermal motion) leading to an increase 
in the loss tangent with increasing temperature. Thus, a combination of these 
three losses produces a large loss tangent.  

The conduction loss plays the most important role in rising the loss tangent 
because it significantly increases the mobility of the charge carriers (i.e. Na+ and 
K+). The loss tangent increases exponentially above 950 °C due to the presence of 
liquid glass, which produces a great electrical conductivity (great conduction loss). 

5.9 Conclusions 
 This chapter summarises the effect of elevated temperature on the 
porcelain sample properties. The key findings are; 

1. The porcelain sample composes of albite, kaolinite, and quartz while 
other oxides found by ICP-AES are considered as impurities. 

2. The porcelain sample starts to sinter at 950 °C and fully sintered with 
total shrinkage of 7% at 1200 °C. 

3. Heat capacity of the porcelain increases with increase temperature. The 
melt of albite substantially increases the heat capacity above 1000 °C. 

4. Thermal conductivity as a function of temperature of the porcelain 
sample decreases by the phonon scattering at low temperature before 
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the melting of albite, once the albite melts thermal conductivity 
increases substantially due to increasing of density of the porcelain. 

5. Electrical conductivity of the porcelain is divided into 3 regimes; low, 
medium and high temperature regimes. Conductivity at 100-250 °C 
increased mainly arising from H+ and OH− generated from the physically 
bound water. At >250 °C, a combination of H+, OH−, Na+ and K+ 
dominated the conductivity. During the cooling, the change of phases in 
the sample produced greater electrical conductivity at the same 
temperature. 

6. All of these measured properties in this chapter is used to set the 
appropriate sintering process parameters and will enable discussion of 
interpret the empirical results. 
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Chapter 6 

 

Effect of DS process on porcelain 

 

 

6.1 Chapter review 
In the direct sintering (DS) process, porcelain samples are transferred into 

a preheated furnace at certain sintering temperatures, followed by dwelling and 
cooling in the furnace to room temperature. DS employs fast heating rates (from 
room to peak temperature in seconds) compared with conventional sintering 
(typically 5-20 °C/min); so, minimizing the total energy consumption and total 
processing time. The aim of this work is to understand the effect of the rapid 
heating rate of 780 °C/min (this value is calculated in section 6.8) on densification, 
phase evolution, and mechanical properties. The results also give an idea how 
rapidly this porcelain composition can be successfully sintered. 

Densification of porcelain samples sintered at different heating rates and 
temperatures is presented in section 6.2, and the physical properties are presented 
in section 6.3. Phase evolution, microstructure and mechanical properties are 
presented in sections 6.4, 6.5 and 6.6, respectively. The DSed 1175 C samples are 
examined in more detail in section 6.7. Finally, section 6.8 describes heat transfer 
to porcelain samples during the DS process. 

6.2 Densification 
 Porcelain pellets were densified using DS under different sintering 
conditions (heating rates, dwell times, and temperatures). The densification of the 
porcelain samples is determined from apparent bulk density (ABD), and water 
absorption (WA) measurements. Preliminary results presented in section 5.4 
revealed this porcelain composition starts to densify at ~950 °C indicated by its 
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linear shrinkage (under a conventional sintering process with heating rate of 
5 °C/min) and fully densified at 1200 °C (see Fig. 5.3). This initial result was used 
to set firing temperatures of 1150 °C, 1175 °C, and 1200 °C for more extensive 
study. 
 The DS process aims to densify the porcelains more efficiently. The firing 
schedule showed in Fig. 6.1 represents the relative processing time, and relative 
energy consumption of the DS process compared with the conventional firing 
process using 5, 15 and 30 °C/min with a peak temperature of 1200 °C. Fig. 6.1 
shows that the bars, which represent processing time and relative energy 
consumption (% relative energy consumption) located below the firing schedules 
are significantly reduced with increase heating rates.  

 
Figure 6.1: Temperature-time profiles and change in total porcelain processing 

time with respect to change in heating rate. Bars at the bottom of figure 
represent the processing time, reduction in energy consumption with the change 

in processing time calculated by the area under curves. 
 
 

The relative energy consumption of each firing schedule is calculated using 
the area under the sintering curve and the 5 °C/min firing schedule is used as the 
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baseline representing 100% energy consumed and the energy usage values for 
other firing runs are normalised to this baseline. Because the same furnace and 
sample masses were used, the energy losses are considered as the same for all the 
heating cycles. The reduction of energy in this study comes from the reduction of 
processing time (area of the sintering curve). It is also well-established that a 
conventional furnace can significantly save energy by a small increase in heating 
rate. This can be done by the improvement of heating power of furnaces through 
designing a better heat transfer or utilizing more thermally insulative materials 
and/or heat recovery strategies [278]. 

Fig. 6.1 reveals that by increasing the heating rate to 15 °C/min, the total 
energy is reduced by 33% while DS can reduce the energy used by 49%. From this 
point of view, the DS process has a potential to reduce the processing time and the 
energy usage. However, it should be noted that the processing time and energy 
reduction must induce suitable final properties in the sintered products. 

6.3 Physical properties 
Apparent bulk density (ABD) and water absorption (WA) of the porcelain 

samples sintered under different conditions are shown in Fig. 6.2 and Table 6.1. 
Fig. 6.2a shows ABD of porcelain samples as a function of heating rate and 
sintering temperatures with 15 min dwell. Fig. 6.2a indicates that the change in 
heating rate has little influence on ABD of the samples sintered at 1150 °C and 
1175 °C ranging between 2.36 g/cm3 to 2.40 g/cm3.  

However, the samples sintered to 1200 °C show a significant difference in 
ABD with the heating rates, which are 2.25±0.02 g/cm3 (5 °C/min), 2.26±0.02 g/cm3 
(15 °C/min), 2.31±0.03 g/cm3 (30 °C/min) and 2.33±0.02 g/cm3 for the directly 
sintered samples (DSed samples). Two interesting features were observed in the 
samples sintered to 1200 °C. Firstly, ABD of all the 1200 °C samples are lower 
compared to the samples sintered to 1150 °C and 1175 °C. Secondly, the DSed 
samples sintered to 1150, 1175 and 1200 °C has little change in ABD (the blue 
diamond in Fig. 6.2a, and Table 6.1a).  
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Figure 6.2: (a) ABD, and (b) WA of porcelain samples sintered under different 
conditions, all dwell 15 min at temperature. 

 
 
The lower ABDs for the 1200 °C samples at 5, 15 and 30 °C/min is due to 

bloating, which can be seen from the microstructure (discussed in section 6.5, and 
Fig. 6.8c). However, the DSed 1200 °C sample has higher ABD compared to the 
1200 °C samples at 5, 15 and 30 °C/min, but has similar ABD to the DSed samples 
sintered at 1150 °C and 1175 °C (2.33-2.37 g/cm3) because all the DSed samples 
(1150, 1175 and 1200 °C) have similar densification degree, similar processing 
time (there is no difference in heating rate effect, Fig. 6.1) thus, the DSed 1200 °C 
sample may have had insufficient time for bloating to occur resulting in higher 
ABD compared to the samples sintered to 1200 °C with 5, 15, and 30 °C/min.  

 
Table 6.1: (a) ABD and (b) WA of porcelain samples as a function of heating rate 
and temperature. 

 
 

Temperature 
(°C) 

(a) ABD (g/cm3) 
5 °C/min 15 °C/min 30 °C/min Direct sintering 

1150 2.39±0.01 2.38±0.01 2.37±0.01 2.37±0.01 
1175 2.38±0.01 2.38±0.01 2.39±0.01 2.36±0.01 
1200 2.25±0.02 2.26±0.02 2.30±0.03 2.33±0.04 

 

Temperature 
(°C) 

(b) WA (wt.%) 
5 °C/min 15 °C/min 30 °C/min Direct sintering 

1150 0.30±0.12 0.46±0.14 0.65±0.21 0.79±0.10 
1175 0.01±0.04 0.01±0.01 0.00±0.01 0.01±0.04 
1200 0.03±0.02 0.06±0.06 0.04±0.01 0.06±0.04 
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The decrease of ABD in the 1200 °C samples is due to bloating which, 
however, is not affected by the heating rate because there is no correlation between 
the heating rates and ABD. In other words, bloating has much greater effect than 
heating rate when samples are sintered beyond their optimal temperature. The 
occurrence of bloating is when gas, which is released from burning of volatile 
matter, is trapped and expands in the liquid glassy phase formed in the samples 
during sintering process [279]. 

Fig. 6.2b reveals that the samples sintered to 1150 °C exhibit greater WA 
at higher heating rates while samples sintered at 1175 °C have lowest WA, which 
is ~0 wt.%, and independent of heating rates. At 1200 °C, the samples have an 
increased WA (~0.1 wt.%) compared with the 1175 °C samples.  

The increasing of WA of the 1200 °C samples is due to the bloating as also 
can be seen from the ABD in Fig. 6.2a. Thus, the samples sintered at 1175 °C are 
the most promising samples in terms of ABD and WA. 

Interestingly, in the case of DSed samples (the blue diamond in Fig. 6.2b), 
once sintering is complete, heating rate does not much affect the WA as revealed 
by the DSed sample sintered to 1175 °C and 1200 °C. The reason is that the liquid 
glass fully fills pores eliminating open pores; the less open pores, the less WA. 

6.4 Phase evolution 
Fig. 6.3 reveals phase evolution of the porcelain samples sintered under DS 

condition at different temperatures. The as-received porcelain powder composes of 
three major phases which are albite, kaolinite, and quartz (as also shown in Fig. 
5.1, section 5.2). After sintering to 1150 °C, kaolinite peaks disappear from the 
XRD pattern while residual albite is still observed, and quartz remains constant. 
Mullite, moreover, is observed in the DSed samples sintered to 1150 °C and above.  

Glassy phase is observed in the DSed samples sintered at 1150-1200 °C 
indicated by a broad hump at ~ 25°2θ (Fig. 6.3a). The glassy phase formed in this 
porcelain body at ~950 °C due to the decomposition of kaolinite to metakaolin 
liberating amorphous silica as a by-product. This amorphous silica interacts with 
albite forming a eutectic melt at ~1050 °C [42,160].  

Since, melting of albite is affected by sintering temperature (Fig. 6.3b) the 
volume of the glassy phase in the samples should increase but a significant change 
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in the glassy phase volume (suggested by amorphous hump area) is not observed 
by XRD. In addition, albite completely melts by 1175 °C as revealed by the 
disappearance of its peaks, thus the volume of glassy phase should remain 
constant above 1175 °C. 

 
Figure 6.3: XRD showing (a) phase evolution of the DSed porcelain samples at 
different temperatures, and (b) disappearance of albite peaks with increased 

sintering temperature. A is albite, K is kaolinite, M is mullite, and Q is quartz. 
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Figure 6.4: XRD of 1175 °C samples showing (a) phase evolution as a function of 

heating rate, and (b) a closer look at albite and mullite peaks. A is albite, K is 
kaolinite, M is mullite, and Q is quartz. 

 

 

Fig. 6.4b shows detail of the decreasing intensity of albite peaks as a 
function of heating rate in the 1175 °C samples. The XRD patterns show that 
albite is observed in all samples sintered to 1175 °C, but less amount compared to 
the sample sintered to 1150 °C. The albite peak area (at 28°2θ) increases with 
increasing heating rate. However, the XRD shows no clear pattern of how the 
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melting of albite is affected by the heating rate. To clarify this the albite peak area 
was plotted against the sintering conditions as presented in Fig. 6.5a. 

Fig. 6.5a confirms that the total albite peak area decreases with increase in 
sintering temperature and is also affected by the heating rate. The albite amount 
in the samples sintered to 1175 °C are 17-23 vol.% in 5-30 °C/min and 35±1 vol.% 
in DS process which are less than that in the samples sintered to 1150 °C. In other 
words, the melting of albite is affected by both temperature and heating rate. The 
higher the heating rate, the lower the amount of albite melts. However, albite 
completely melts by 1200 °C. 

 
Figure 6.5: (a) Albite and (b) mullite XRD peak areas in porcelain as a function of 

sintering temperature and heating rate. 
 
 
Fig. 6.5b reveals that mullite is observed in all samples sintered at 1150, 

1175 and 1200 °C irrespective of the heating rate. The mullite peak area, although 
not strictly indicative of the volume of phase formed, is found to increase with 
increased sintering temperature and remain constant with changing heating rate.  

Interestingly, mullite formed in the samples sintered at 1200 °C is 
independent on the heating rates. In other words, mullite forms completely at 
1200 °C regardless of heating rate. The observed mullite is from two mechanisms. 
Primary mullite forms directly from kaolinite phase decomposition while 
secondary mullite forms by reactions between albite, kaolinite and quartz 
[122,161]. The microstructures reveal that both primary mullite (formed in the 
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clay relict) and secondary mullite (found in the glassy region) are present (further 
discussed in section 6.5). 

ABD, WA (Fig. 6.2a and b), and XRD results (Fig. 6.3 and 6.4) indicate that 
despite the samples fired to 1175 °C having the highest ABD and lowest WA, they 
still contained residual albite. This observation suggests that the formation of 
glassy phase in the samples sintered at 1175 °C is not complete, even though full 
densification can be achieved. In other words, when a sufficient amount of liquid 
phase is obtained; further melting of albite is unnecessary for densification. Thus, 
in this study the optimal glassy phase content for achieving full densification can 
be estimated from the albite XRD peak area. 

 
Figure 6.6: Optimal glass content of the porcelain calculated from total albite 

peak area. The industrial standard for porcelain tiles (0.5 wt.% WA) is referred 
as ISO 13006 [280].  

 
 

Fig. 6.6 presents the optimal glassy phase content of this porcelain 
composition which is calculated using the albite peak area in the XRD patterns 
(100 vol.% of albite is calculated using albite peak area of the green porcelain). 
This plot reveals that this porcelain composition needs ~95 vol.% of the albite to 
melt to achieve a fully densified product (WA ~0 wt.%). From the industrial 
standard point of view (WA <0.5 wt.%), the optimal glassy phase content is when 
~90 vol. % of the albite melts. In other words, the sample sintered at 1150 °C with 
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5 °C/min is also promising for industrial use. Furthermore, melting of more than 
95 vol.% of the albite does not further improve densification of the samples. In 
contrast, this study reveals that 100 vol.% albite melting leads to bloating. 

The XRD result was also used to calculate mullite crystallite size as 
presented in Fig. 6.7. Fig. 6.7 shows the mullite crystallite size calculated using 
the Scherrer equation (see section 4.9.1 in Experimental chapter) which suggests 
that mullite crystallite size increases with increasing temperature but does not 
change with the heating rate because there is no clear correlation between mullite 
crystallite size and heating rates. The mullite size in the sample sintered to 
1150 °C ranges from 33-37 nm while it is 37-40 nm in the 1175 °C samples. The 
1200 °C sintered samples have a slightly larger mullite crystal size than the 
1175 °C samples, ranging between 37-44 nm. 

 
Figure 6.7: Mullite crystallite size as a function of heating rates, and 

temperature calculated using Scherrer equation. 

 

6.5 Microstructure  
Microstructural analysis of the DSed samples sintered at different 

temperatures (Fig. 6.8) reveals that the DSed samples fired at 1150 °C (Fig. 6.8a) 
contain porosity (green colour calculated using image analysis) of 22.7±2% and it 
is higher than the samples fired at 1175 °C and 1200 °C having 10.9±2% and 
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14.9±5%, respectively. In addition, the DSed sample sintered at 1175 °C (Fig. 6.8b) 
contains some irregular-shaped pores while DSed 1200 °C samples (Fig. 6.8c) has 
isolated pores, which are more rounded due to them starting to fill with gas 
(bloating). 

 
Figure 6.8: SEM images at low (left column) and high (right column) 

magnification of DSed porcelain samples fired 15 min at different temperatures, 
(a) 1150 °C, (b) 1175 °C, and (c) 1200 °C showing different pore shapes, the green 

area in the left column represents calculated porosity. 
 

 

Low magnification SEM images (left column in Fig. 6.8) also represent 
uniformly sintered microstructures; the 1150 °C sample has interconnected 
irregular-shape pores due to incomplete sintering. The 1175 °C contains a number 
of isolated pores (6 pores/50x50 μm2 of size >20 μm) while the 1200 °C shows a 
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large number of rounded-pores resulted from bloating (15 pores/50x50 μm2 of size 
>20 μm).  

Fig. 6.9 presents the etched microstructure revealing mullite, glass and 
quartz in DSed samples sintered at different temperatures.  SEM reveals mullite 
in all DSed samples has different size and shape. Mullite formed at 1175 °C has 
an average size of ~1±0.2 x 0.07±0.03 µm (length x thickness) (Fig. 6.9c) when 
compared with the needles observed in samples sintered at 1200 °C (~2±0.1 x 
0.1±0.02 µm) (Fig. 6.9b).   

However, the mullite size observed by SEM is larger from the mullite size 
calculated using Scherrer’s equation (see Fig. 6.7) because SEM gives grain sizes 
which may contain several crystallites, whereas XRD gives the individual 
crystallite sizes. Scherrer’s equation gives values of 37±0.5 and 40±0.6 nm in 
samples sintered at 1175 °C and 1200 °C respectively.  

In addition, the Scherrer equation determines the mullite crystallite size 
from larger sampling areas volume (cm3) whereas SEM images show mullite 
needles in a small area (µm2). However, both observations of mullite size agree 
that mullite formed in the DSed samples at 1200 °C is larger than that in 1175 °C 
samples. 

More mullite is present in the DSed samples sintered at 1200 °C (~10 vol.% 
greater than that formed in samples sintered at 1175 °C determined from XRD 
peak area (Fig. 6.5b). In addition, the DSed 1200 °C sample contains no albite 
while albite relicts (indicated by A in Fig. 6.9a) are observed in samples fired at 
lower temperatures. 

The microstructures presented in Fig. 6.8 and 6.9 are similar to the 
commercial porcelain products having typical features of a well-fired ceramic body 
including glassy phase, mullite and quartz [42,106,160,270]. However, the DSed 
sample and commercial porcelain products have different amounts and size of 
mullite because they have different chemistries. The apparent porosity of the 
DSed sample and commercial porcelain is also different because they may have 
different firing treatments although the WA of both is similar (~0 wt.%). The dense 
porcelains generally have about 0 wt.% water absorption which corresponds to 
almost zero open porosity regardless of the pore shapes. According to the 
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industrial standard (ISO 13006), the open porosity (water absorption) of typical 
commercial porcelain tiles is <0.5 wt. %.  

 
Figure 6.9: SEM images at low (left column) and higher (right column) 

magnification of DSed porcelain samples, sintered for 15 min at different 
temperatures, (a) 1150 °C, (b) 1175 °C, and (c) 1200 °C showing etched samples 

using 20% HF. (A is albite relicts, Ml is primary mullite, Mll is secondary mullite 
and Q is Quartz). 

 

6.6 Mechanical properties 
The diametral compressive strengths (DCS) determined as described in 

section 4.14.1 of the porcelain samples sintered under different conditions are 
shown in Table 6.2 and Fig. 6.10a. 

Considering the 5 °C/min heating rate samples (the grey circle in Fig. 
6.10a). The DCS of samples sintered to 1150 °C is relatively low (23±5 MPa) 
compared to those sintered to 1175 °C (26±3 MPa) but similar to those sintered to 
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1200 °C (~23±2 MPa). The low DCS of samples sintered at 1150 °C is due to their 
incomplete sintering (high porosity), while the low DCS of samples sintered at 
1200 °C is due to gas take up in pores prior to eventual bloating. 

The porcelain samples sintered to 1175 °C with different heating rates has 
a range of DCS of 26±3, 26±3, 32±4 MPa for heating rates of 5, 15, and 30 °C/min, 
respectively, while DSed 1175 °C sample shows the lowest DCS of 21±2 MPa. 
Samples sintered to 1200 °C also exhibit a range of DCS; the DSed sample has 
lowest DCS (18±4 MPa) compared to samples fired at slower heating rates due to 
pore growth from gas ingress prior to bloating (Fig. 6.8c). 

 
Table 6.2: DCS of porcelain samples as a function of heating rate and temperature. 

 
 

Examining the samples sintered to 1175 °C in more detail reveals that the 
relation between the DCS and heating rate is complex. The slow heating rates of 
5 and 15 °C/min produced similar DCS (26±3 MPa) while the highest DCS is 
obtained at 30 °C/min (32±4 MPa). DCS drops to its lowest value for DSed samples 
(21±2 MPa); so, there is no clear trend between heating rate and DCS.  

It might be expected that faster heating rates providing less time for 
densification would give the most porous microstructure, but this is not the case. 
Thus, the variation of the DCS appears to be due to the nature of the pores (size, 
shape and distribution) in the sintered samples (discussed further in section 6.7). 
However, the samples sintered to 1175 °C at 30 °C/min have highest DCS likely 
due to a slightly higher density (2.39±0.02 g/cm3) compared to the others, see Table 
6.1a.  

In the case of DS process (the blue diamond in Fig. 6.10a), the DCS of DSed 
samples sintered to 1150 and 1175 °C are similar (20-21 MPa) while the DSed 
samples sintered to 1200 °C exhibit lower DCS which is 18±4 MPa, which is due 
to bloating.  

Temperature 
(°C) 

DCS (MPa) 
5 °C/min 15 °C/min 30 °C/min Direct sintering 

1150 23±5 21±3 23±5 20±4 
1175 26±3 26±3 32±4 21±2 
1200 23±2 24±4 25±3 18±4 

 



165 
 

The DCS of samples sintered at 1200 °C with the heating rates of 5, 15 and 
30 °C/min varies over a narrow range (23-25 MPa). Nevertheless, among the DSed 
samples, the 1175 °C sample has the highest DCS due to its higher ABD and lower 
WA (Table 6.1a and b). 

 
Figure 6.10: (a) DCS of fired porcelain samples compared with selected 

commercial building materials [281-283], (b) Vickers hardness of sintered 
samples as a function of heating rate and temperature. 

 

Mechanical strengths measured by DCS of porcelains sintered to 1175 °C 
for all heating rates suggest that they are promising and potentially usable 
commercially compared to current building materials such as marble (10-28 MPa) 



166 
 

[281] and granite (10-23 MPa)  [281], as well as glass composite building materials 
derived from borosilicate-Valoxy glasses (24 MPa) (the Valoxy are alumina-rich 
wastes produced from recycling aluminium salt slags [282]), and from plasma 
vitrified wastes (24±2 MPa) [283]. 

Vickers hardness (HV) values (Fig. 6.10b) are similar for samples sintered 
to 1175 and 1200 °C and a little higher than samples sintered to 1150 °C. This is 
attributed to the microscale density and varying phase compositions. For example, 
samples sintered to 1175 °C have high HV because they have highest ABD, while 
samples sintered to 1200 °C exhibit lower ABD but they contain more mullite and 
a denser microstructure (not at the bloated area, yellow circles in Fig. 6.11) thus 
the samples sintered to 1200 °C also have high HV.  

 
Figure 6.11: The yellow circles show the indentation areas, which were selected 
from the dense and pore-free area, the bloating pores were observed in the DSed 

1200 °C sample. 
 

 

Previously reported HV of porcelains (sintered 2 h at 1250 °C) are 
comparable to those of this study being in the range of 6-8 MPa [284,285]. 
However, it should be noted that the difference of DCS and HV results from the 
examination scales. DCS measures strength of the samples by measuring force to 
break the samples, which is considered as macroscale behaviour, while HV 
measures the material surface resistance to the plastic deformation, which is in 
microscale [285]. 
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Mechanical strength measured using DCS gives lower values than other 
testing methods. A comparative study of the DCS to flexural strength (3-point 
bending) of composite resins shows the DCS of 35.61±5.4 MPa is equivalent to 
87.75±3.8 MPa of 3-point bend flexural strength [286]. Furthermore, the DCS of a 
glass ionomer cement for dental restorations of 8.27±0.475 is equivalent to 
70.26±6.05 of compressive strength [287]. Therefore, based on this information, 
the samples sintered using DS are likely to have sufficient mechanical strength to 
be used as flooring materials.  

The promising physical properties, phase compositions, and mechanical 
properties in the dense areas were successfully obtained by the DS process. 
Therefore, this study suggests that if dense porcelains without bloating pores can 
be produced using the direct sintering technique, they could have comparable 
technical properties to current commercial materials and with less processing time 
and energy. 

6.7 Detailed examination of porcelain samples sintered to 1175 °C  
 SEM images of cross sections of the porcelain samples sintered to 1175 °C 

(Fig. 6.12a) show that the samples sintered using different heating rates have 
different pore structures and percent porosity (Fig. 6.12b). The 5 °C/min porcelain 
sample is highly porous (20.4±2% porosity) whereas the 15 °C/min sample has a 
denser microstructure (14.7±1% porosity) but still contains numbers of irregular-
pore clusters. The sample sintered at 30 °C/min also has a denser microstructure 
(15.7±2 % porosity) with a slightly higher ABD (2.39±0.01 g/cm3) compared to 
1175 °C samples sintered using different heating rates (see Table 6.1a). The DSed 
sample exhibits similar microstructure in terms of ABD and percent porosity to 
the 30 °C/min sintered sample (14.9±1% porosity) which can also be seen from 
Fig. 6.12b.  

This 30 °C/min sample has more irregular-pore clusters (yellow circles in 
Fig. 6.13a) distributed throughout its cross section compared with the DSed 
sample but having better DCS. The DSed 1175 °C contains less irregular pore 
clusters (yellow circles in Fig. 6.13b) but larger (~60-80 μm) than that present in 
the 30 °C/min sample (~30-50 μm) which explain the lower DCS. From the 
microstructure point of view, this may explain why the sample sintered at 
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30 °C/min has highest DCS. It is well documented that strength of ceramics is 
related to both the amount of porosity and pore characteristics. Strength decreases 
as porosity increases. In other words, higher density porcelains have higher 
strength. It is also known that irregular pores act as fracture flaws reducing 
strength but isolated spherical pores with a size of 5-20 µm can enhance the 
strength because energy of crack is distributed around the spherical pores, cracks 
can be stopped [288-290]. Although there are round pores in both samples but the 
major factor dictating DCS between 30 °C/min and DSed sample is the size of the 
irregular-pore clusters.  

Another possibility for the reduction of DCS in the DSed sample is that a 
more viscous glass forms tending to entrap volatile matter in the bulk of the 
material, which otherwise would escape. Such entrapped gas increases the 
stresses at the interfaces between particles leading to lower DCS [282]. 

 
Figure 6.12: SEM cross-sections of porcelains sintered for 15 min at 1175 °C, (a) 

with different heating rates, (b) the green area shows calculated porosity. 



169 
 

 
Figure 6.13: SEM images of the DSed 1175 °C samples with different heating 

rates, (a) 30 °C/min, and (b) DS. The green area represents calculated porosity. 
The yellow circles represent the irregular pore clusters. 

 
 

In addition, a study of the effect of heating rate effect on leucite-based 
dental porcelains showed that the heating rates did not affect densification of the 
porcelain [291]. In other words, there was no obvious trend how heating rate 
affects densification and properties of porcelains. Presumably the ease of melting 
and viscosity of the liquid glass formed is the key in porcelain densification and 
this may vary significantly between systems impacting also the shape and 
distribution of any remaining pores, which affects the mechanical properties.  

6.8 Heat transfer in porcelain via DS 
 The DS process employs a rapid heating rate to sinter the sample where 
surface and bulk experience a temperature gradient for a short period of time. In 
this section the temperature gradient is analysed to determine how much time is 
needed to sinter samples homogeneously. 

 Consider a green porcelain pellet with a certain dimension being heated in 
an electric resistance furnace (Fig. 6.14). In this case, the furnace is preheated to 
1200 C, a typical porcelain sintering temperature. At a steady state (time =0), the 
porcelain is directly subjected to the furnace temperature, so heat is transferred 
from the furnace atmosphere to the porcelain sample. It is assumed that the heat 
transfer from the surroundings to the porcelain is only by radiation because (1) 



170 
 

high temperature above red heat is used and (2) there is no air circulation in the 
furnace cavity (no convection). 

 
Figure 6.14: Schematic diagram of porcelain pellet in a furnace and its properties 

at 1200 °C. 

 
In this case, the furnace temperature (Tf) is fixed and the porcelain 

temperature (Tporcelain) is variable so the time giving Tporcelain = Tf  can be estimated 
and this estimation can be representative of the heating rate used in the DS 
process. It is also assumed that (1) temperature gradient in the sample bulk is 
negligible, (2) there is homogeneous thermal conduction throughout the sample 
body, and (3) the porcelain properties (i.e. Cp, thermal conductivity etc.) are not a 
function of temperature (Cp, and thermal conductivity were taken at 1200 °C from 
section 5.5 and 5.6 respectively). Under this assumption, the heat transfer from 
the furnace to the porcelain sample can be expressed by using the energy balance 
equation as presented in Eq.6.1 and 6.2 [292]. 

 
ℎ퐴 푇 − 푇 푑푡 = 푚퐶 푑푇 

 
(6.1) 

 
푑(푇 − 푇 )
(푇 − 푇 )

= −
ℎ퐴
휌푉퐶

푑푡 (6.2) 

 

where ℎ is heat transfer coefficient (W/m2·K), 퐴  is surface area of the sample, 푚 
is mass of the sample, 휌	is density of the sample, V is sample volume, 퐶  is heat 
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capacity of the sample at constant pressure, and 푇 , 푇 , and 푇  are initial 

temperature of the sample, final temperature of the sample and the furnace 
temperature, respectively. Integrating from time t=0, at Ts=Ti  to any time t, at 
T=T(t) yields; 

 
푙푛

(푇 (푡) − 푇 )
(푇 − 푇 )

= −
ℎ퐴
휌푉퐶

푡 

 

(6.3) 

 
(푇 (푡) − 푇 )

(푇 − 푇 )
= 푒  where 푏 =  (6.4) 

 

As previously mentioned, it is assumed that heat transfer from a laboratory 
electric furnace is due to radiation only. The ℎ  from the temperature difference 
between 1200 C and 30 C is calculated using Eq. 6.5. 
 

 ℎ = 	(푇 + 푇 )(푇 + 푇 ) (6.5) 

  
ℎ = 0.98	(1473 + 303 )(1473 + 303) = 223.2	W/푚 K	 

 

 

where ℎ  is radiative heat transfer coefficient (W/m2·K),  is emissivity of the 
sample obtained from the pyrometer calibration data in section 4.15.3.1,  is the 
Stefan-Boltzmann constant (σ = 5.67 x 10-8 W/m2·K4), Tf is temperature from 
emitting surface (furnace) (K), and Ts is temperature of absorbing surface (sample) 
(K).  

To calculate time required to heat a porcelain pellet uniformly under the 
direct sintering process Eq. 6.4 is employed.  
 Using, the following equation to calculate b. 

 
푏 =

ℎ퐴
휌푉퐶

 

 
b = 0.063 s-1 

  
(1468 − 1473)
(303 − 1473)

= 푒 .  t= 86.60 s or ~1.5 min 
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In this case, it is assumed that the interior temperature of the DSed sample 
is 1195 °C. Therefore, in the DS technique with a preheated furnace of 1200 C, 
the porcelain sample with a dimension of 13x7 mm (diameter x height) needs about 
1.5 min to be heated uniformly as presented in Fig. 6.15. In other words, the 
heating rate used in the DS process is about 780 °C/min. 

 
Figure 6.15: Graph shows development of porcelain sample temperature 

as a function of time. 

  
In addition, the porcelain pellet experiences a temperature gradient at t=0 

due to thermal conduction. To demonstrate how the temperature distributes in the 
sample at a steady state (t=0), the finite difference approximation (FDA) is 
employed [293]. 
 Consider the 2D (x, y space) heat diffusion equation, the finite difference 
approximation can be expressed as; 

 
휕푇
휕푡

= 푘
휕 푇
휕푥

+
휕 푇
휕푦

+
푄
휌퐶

 

 
(6.6) 

and 

 
휕 푇
휕푥 ,

≈
푇 , − 2푇 , + 푇 ,

(∆푥)
 (6.7) 
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 휕 푇

휕푦 ,
≈
푇 , − 2푇 , + 푇 ,

(∆푦)
 

 
(6.8) 

where 푇 is temperature, 푡 is time, 푄 is heat generation,  휌 is material density, 퐶 is 

heat capacity, 푘 is thermal conductivity,	푥 and 푦 are direction of heat propagation,  
푚,푛 are the location of the nodal points (two indices for space). 

To solve this heat equation in the steady state, the finite difference 
approximation of the 2D heat diffusion equation is; 

 
푇 , − 2푇 , + 푇 ,

(∆푥)
+
푇 , − 2푇 , + 푇 ,

(∆푦)
+

푄
휌퐶

= 0 (6.10) 

 

Due to the complexity of this numerical analysis, the temperature 
distribution is solved using MS Excel as presented in Fig. 6.16. 

 
Figure 6.16: (a) Schematic diagram of the DSed sample in the preheated furnace, 

(b) contour plot of temperature distribution in the DSed porcelain sample at 
1200 °C and t=0. 

 

Fig. 6.16 shows that there is a large temperature difference in the DSed 
porcelain sample at the steady state (t=0). It is clear that the surface temperature 
of the DSed sample is about 40 °C lower than the furnace temperature (1163 °C at 
the top-middle of the sample) whilst the interior temperature at the middle of the 
sample is about 330 °C.  
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Please note that the boundary condition at the bottom of the model 
represents half of the sample, which has temperature of 30 °C inherited from room 
temperature. However, this DSed sample is uniformly heated at t=86 s as shown 
in Fig. 6.15. In this study, moreover, all the DSed samples are held at the peak 
temperature for 15 mins thus, it is certain that all sintered microstructures are 
uniform. 

6.9 Conclusions 
 Porcelain was successfully sintered by the DS process with comparable 
physicomechanical properties to porcelain sintered using conventional processes 
as measured by DCS and HV in the dense areas of the microstructure. Compared 
with porcelains sintered conventionally at heating rates of 5 °C/min DS requires 
less processing time and consumes less energy at this laboratory scale. However, 
to be commercialised sufficient process control would be needed to eliminate 
bloating, and ensure a homogeneous microstructure. FDA analysis of temperature 
distribution shows that the actual heating rate of the DS is 780 °C/min and the 
porcelain samples require about 1.5 min to achieve thermal equilibrium.  

This study also confirms that heating rate has little affect mullite formation 
but significantly affects glass formation, the slower the heating rate, the more 
glass produced and the optimal glass content to obtain full densification can be 
estimated. 

DCS values alone suggest that DS produces a sufficiently mechanically 
strong porcelain body which is comparable to selected commercial building 
materials. However, it is worth noting that the present experiments are based on 
controlled variables included starting materials, furnace conditions and 
experimental procedures. Moreover, a homogeneous microstructure does not 
result as there are bloating holes. For a real industrial process, the energy 
consumption may be different depending on the process variables and a more 
homogeneous microstructure would need to be obtained. 
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Chapter 7 

 

Effect of SPS process on porcelain 

 

 

7.1 Chapter review 
 In this chapter the effect of spark plasma sintering (SPS) on porcelain 
densification, physical property (ABD and WA), microstructure, and phase 
evolution is examined. 100 °C/min was the only heating rate used because the 
heating rate has little effect on densification and phase evolution as revealed by 
the DS process results in Chapter 6. External pressure was applied to the sample 
from the beginning to the end of the SPS process and its effect on densification, 
physical property, microstructure, mullite formation and mullite dissolution is 
discussed.  

An example of the SPS experimental conditions for an SPSed 1100 °C, 5 min 
dwell sample is shown in Fig. 7.1. 6±1 kN (25±1 MPa) of external pressure is 
applied throughout the test. At the experiment stabilisation period <400 °C (t=0-
250 s), the pressure increases from zero to the setpoint (6 kN) producing a punch 
displacement of ~1 mm. The punch displacement decreases from 400-900 °C 
because of an expansion of the sample. Displacement rapidly increases above 
920 °C since the liquid phase forms as a result of melting of albite. This 
displacement represents the rate of densification. In this sample, densification is 
completed at ~1060 °C and there is no further densification during the dwelling 
period. A thermal contraction of the graphite die occurs when temperature 
decreases showing a large displacement at the cooling regime. From this point of 
view, this porcelain composition is densified at 1060 °C under these SPS 
conditions. 
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Figure 7.1: An example of SPS conditions used: temperature, applied pressure, 

and displacement of the SPSed 1100 °C, 5 min dwell sample. 

 

7.2 Densification 
Fig. 7.2a shows densification behaviour of the SPSed samples sintered from 

1000-1200 °C, at a heating rate of 100 °C/min and dwell time of 5 min. The initial 
stage of sintering of the three samples starts with punch displacement between 
25-400 °C (i in Fig. 7.2a), which is produced by a combination of cold compaction 
and particle rearrangement under applied pressure. The particle rearrangement 
arises from the plate-like kaolinite particles which randomly arrange in the spray 
dried powder. Under the applied pressure the kaolinite particles tend to rearrange 
perpendicular to the compressive plane. The punch displacement associated with 
the shrinkage of the samples at 400-500 °C (ii) results from dehydroxylation of 
kaolinite; the process involves losing the chemically bound water in its crystal 
structure, so the kaolinite structure collapses under the applied pressure 
[294,295]. Between 600-900 °C (iii), there is no change in the punch displacement. 

At ~900 °C, a significant displacement is observed in all samples resulting 
from the melting of albite to form liquid glass (iv) (Fig. 7.2a). For the SPSed 
1000 °C sample, the punch displacement is small compared to the samples with 
higher firing temperatures, suggesting that the amount of liquid glassy phase 
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produced is insufficient to promote significant densification. The punch 
displacement continues to contract during the dwell step (v) which is a 
consequence of further liquid glassy phase formation (albite continues to melt). 
However, the densification is not completed in the 5 min dwell time as indicated 
by the low displacement at the dwelling region. 

 
Figure 7.2: (a) Densification behaviour of SPSed samples sintered at 

1000, 1100 and 1200 °C respectively with 100 °C/min and 5 min dwell, (b) 
densification behaviour of SPSed samples sintered at 1100 °C with dwell times of 

0-15 min respectively, and with 100 °C/min. 
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The SPSed samples sintered at 1100 °C in Fig. 7.2(a) (red line) show great 
punch displacement as a consequence of the large amount of liquid glass produced 
with increasing temperature, and the glass formation is likely to be completed at 
this temperature because there is no further densification (vi) during the dwell 
step as mentioned earlier. The same scenario is also observed in the SPSed 
samples sintered at 1200 °C (blue line in Fig. 7.2(a)) which show no densification 
during the dwell step. In contrast, the punch displacement shows expansion of the 
sample due to gas evolution on bloating (vii), which can be observed from the 
microstructure (shown in section 7.4).  

Fig. 7.2b reveals the effect of dwell time on densification using SPSed 
1100 °C samples. The large displacement suggests that substantial volumes of 
liquid glass start to form at about 900 °C. The effect of dwell time shows that there 
is no change of punch displacement of 0-10 min dwell once the temperature 
reached 1100 °C. However, displacement of the 15 min dwell sample is the lowest 
perhaps caused by a measurement error. The effect of bloating is indicated by 
SPSed the 1200 °C sample (Fig. 7.2a) which is seen to expand after the sample 
reached dwelling period. 

7.3 Physical properties 
Fig. 7.3a shows development of apparent bulk density (ABD) and water 

absorption (WA) of the SPSed samples sintered using 100 °C/min and 5 min dwell 
at different temperatures. The SPSed 1000 °C sample shows a high level of WA 
which is 4.4±0.1 % associated with an ABD of 2.31±0.01 g/cm3. At 1100 °C, the 
ABD increases to 2.46±0.01 g/cm3 with WA of 0.01±0.01 %. The ABD of the SPSed 
1200 °C sample drops to 2.41±0.01 g/cm3 with WA of 0.07±0.01%. The drop of ABD 
in the SPSed 1200 °C sample is due to bloating consistent with the punch 
displacement (Fig. 7.2a) and its microstructure (Fig. 7.5). 

Fig. 7.3b presents the effect of dwell time on the SPSed samples sintered at 
1100 °C. The maximum density of this porcelain sintered at 1100 °C with 0 min of 
dwell time is 2.52±0.02 g/cm3 with water absorption of 0.1±0.01 %. ABD decreases 
from 2.52 to 2.42±0.01 g/cm3 with increasing dwell time from 0 to 10 min and 
remains constant to 15 min dwell. This decrease of ABD is due to melting of albite, 
which is a high-density phase (2.62 g/cm3) to glass (lower density phase, 
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2.39 g/cm3).  WA is in the low range of 0.01±0.01 % with 0-10 min dwell but 
increases to 0.07±0.02 wt. % with 15 min dwell indicating bloating. 

 
Figure 7.3: (a) Physical properties (ABD and WA) of SPSed samples sintered at 
1000-1200 °C with 100 °C/min, 5 min dwell, (b) SPSed 1100 °C with different 

dwell times of 0-15 respectively. 

 
 
Fig. 7.4a-c presents a contour plot of ABD, WA, and apparent porosity (AP) 

of the SPSed samples sintered determined using Archimedes principle. The SPSed 
sample sintered at 1000 °C with 5 min dwell has high AP of 10.2±0.2 vol.% while 
the AP decreases to 8.5±0.5 vol.% for the sample SPSed at the same temperature 
but with 10 min dwell (see also Fig. 7.5). It is clear that the optimal parameters to 
sinter this porcelain composition to obtain suitable physical properties (high ABD, 
low WA and AP) are 1100 °C and 5 min dwell. As previously mentioned, however, 
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this porcelain composition can be densified at a relatively low temperature of 
1060 °C with no dwelling under SPS condition. In other words, the applied 
pressure of 25 MPa has a great effect on the densification and physical properties 
of porcelains, this effect will be discussed in the next section. In addition, Fig. 7.4d 
shows the apparent porosity determined using the image analysis which is 
discussed in section 7.4. 

 
Figure 7.4: Contour plot of (a) apparent bulk density, (b) water absorption, and 
(c) apparent porosity of the SPSed porcelain samples sintered under different 
conditions, and (d) apparent porosity of the SPSed samples determined using 

image analysis.  
 
 

7.4 Microstructure 
SEM images of microstructures of polished SPSed samples sintered under 

different conditions are shown in Fig. 7.5. Image analysis shows that the SPSed 
1000 °C, 5 min dwell sample contains ~40.51±5 % porosity whilst SPSed 1000 °C, 
10 min dwell has ~30.50±3 % porosity. The polished surfaces also reveal the 
interconnected pores (open pores) of the two samples (SPSed 1000 °C, 5 min and 
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10 min) resulting in high level of porosity. The SPSed 1100 °C samples, in contrast, 
have small fraction of porosity and only closed pores are observed. 

Porosities presented in the SPSed 1100 °C samples are in the same range 
of 1.0-1.6% for all dwell times. Porosity slightly increases to ~3.5% in the SPSed 
1200 °C samples and only closed porosity is observed. Interestingly, the polished 
surface of the SPSed 1100 °C, 15 min sample and SPSed 1200 °C samples show 
round-closed pores consistent with bloating. The pore size in the SPSed 1200 °C 
sample, in addition, is small (3-5 µm) with small standard deviation (0.7-3.5). 
Table 7.1 summarises physical property data including pore sizes of the SPSed 
samples.  

 
 Figure 7.5: SEM images of the SPSed porcelain samples sintered under different 

conditions, the red area representing calculated porosity. 
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Table 7.1: Physical properties of SPSed samples. 

 
* ASTM C20-0, ** Image analysis, n/a = pore size not determined due to 
interconnected pores. 

 

7.5 Phase composition 
Fig. 7.6 shows XRD of as-received porcelain powder and SPSed samples 

sintered to different temperatures of 1000-1200 °C. The as-received powder was 
composed mainly of albite (A), kaolinite (K) and quartz (Q). Fig. 7.6 also shows 
that after sintering at 1000 °C under the SPS conditions the powder undergoes a 
slight phase change; the intensity of the kaolinite and albite peaks decreases 
compared to the as-received powder. 

Mullite peaks become pronounced in the SPSed samples sintered at 1100 
and 1200 °C as well as a large hump observed at 20-30°2θ, which indicates the 
formation of glassy phase from the melting of albite. XRD also suggests that the 
fraction of glassy phase increases slightly at 1200 °C due to quartz dissolution (due 
to decreased quartz peak intensity).  

Sample 
(Temp-Dwell) 

ABD 
(g/cm3) 

WA 
(%) 

App. 
Porosity* 
(Vol.%) 

Porosity** 
(%) 

Pore size** 
(µm) 

1000-5 2.31±0.01 4.39±0.10 10.17±0.22 40.51 n/a 
1000-10 2.32±0.01 3.56±0.15 8.51±0.10 30.50 n/a 
1100-0 2.52±0.01 0.05±0.03 0.14±0.09 1.56 7.05±3.4 
1100-5 2.46±0.01 0.01±0.01 0.04±0.03 1.34 4.65±1.1 
1100-10 2.41±0.01 0.01±0.01 0.03±0.00 1.09 8.27±7.3 
1100-15 2.41±0.0 0.05±0.02 0.14±0.05 1.07 6.30±3.2 
1200-5 2.41±0.01 0.07±0.01 0.17±0.02 3.24 5.61±3.5 
1200-10 2.41±0.01 0.01±0.01 0.24±0.05 3.00 3.82±0.7 
1200-15 2.39±0.01 0.02±0.01 0.28±0.07 3.41 3.98±1.4 
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Figure 7.6: XRD of porcelain samples sintered using SPS to different 

temperatures. A is albite, K is kaolinite, M is mullite, and Q is quartz. 

 

 
Figure 7.7: XRD of porcelain samples sintered using SPS to 1100 °C with 

different dwell times. M is mullite and Q is quartz. 

 

Fig. 7.7 reveals the effect of dwell time on the SPSed samples sintered to 
1100 °C. Mullite peaks are observed at 0 min and become more pronounced with 
increasing dwell time. At short dwell times of 0 and 5 min, residual albite is still 
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observed but vanishes after 15 min suggesting that it completely transforms to 
glassy phase. The quartz peaks shift to lower angles, which may result from 
compressive stresses in the quartz lattice which are generated on cooling in the 
SPS process. It is well understood that XRD peaks can shift for three main 
reasons. First, due to strain contribution. Second, due to the zero drift from XRD 
itself (which can be corrected using software). Third, the shift can also be caused 
by temperature. In this case, lattice strain could be the important reason of the 
quartz peaks shifting because cooling rate used by the SPS is as fast as 100 °C/min.  

Fig. 7.8 compares fully dense samples sintered using conventional sintering 
(1175 °C) and in the SPS (1100 °C). The SPSed 1100 °C sample is composed of 
three major phases including mullite, glass and residual quartz while the 
conventionally sintered sample is composed of residual albite, mullite, glass and 
residual quartz. It is also clear that the SPSed sample contains more mullite, glass 
and less residual quartz (discussed further in section 7.6.3). 

 
Figure 7.8: XRD of sintered porcelain, SPSed 1100 °C and CSed 1175 °C 

samples. A is albite, K is kaolinite, M is mullite and Q is quartz. 
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7.6 Mechanical properties 
The Vickers hardness (HV) measurement is carried out on sample cross-

sections (C1 and C2) and on the surface perpendicular to the compressive plane of 
SPS (P) as schematically shown in the inset of Fig. 7.9 and 7.10.  

Fig. 7.9 reveals the HV of the SPSed samples (5 min dwell) is significantly 
increased with increased temperatures from 1000-1100 °C then remains relatively 
constant at temperature of 1100-1200 °C, explained by their denser 
microstructures (Fig. 7.5). The HV values in C1 and P are not different in the 
SPSed 1100 °C and 1200 °C samples but the SPSed 1000 °C samples show a little 
greater HV at C1 compared to HV in the surface (P). However, in the samples 
sintered at 1000 °C HV ranged between 1-1.5 GPa while in the samples sintered 
at 1100-1200 °C it ranged 6-7 GPa. 

 
Figure 7.9:  Vickers hardness (HV) of samples sintered using the SPS as a 

function of sintering temperature. C1 (cross-section, outer layer) and P 
(perpendicular to the compressive plane, top surface in the centre). 

 
 
However, visual microstructural observation suggests that the SPSed 

samples sintered at 1100 °C with short dwell times (≤5 minutes) exhibit variation 
of microstructure from the outer layer and inner layer which  is attributed to the 
rapid heating rate [296]. This variation of microstructure is not observed in 
samples using dwell times greater than 10 min (Fig. 7.10). This may be due to a 
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lack time for bulk diffusion to occur in the ≤5 min dwell SPSed sample. To 
understand this heterogeneity SPSed 1100 °C samples were examined in more 
detail. The HV measurement is performed at C1 (cross-section, outer layer), C2 
(cross-section, sample centre mid-thickness) and P (perpendicular to the 
compressive plane, top surface in the centre), as shown in the inset of Fig. 7.10.   

The HV results suggest slightly different hardness, with the outer layer (C1 
and P) having lower HV compared to centre of the samples (C2). This result is 
attributed to different phase compositions suggested by XRD (Fig. 7.11) while HV 
shows decreases at all tested points for the SPSed 1100 °C samples dwelled 10 and 
15 mins (Fig. 7.10). HV is similar throughout the sample cross-section (no 
difference is seen between C1 and C2 and P) suggesting there is no uneven 
sintering at these dwell times. 

 
Figure 7.10: Vickers hardness (HV) of samples sintered using SPS sintered at 
1100 °C with different dwell times. C1 (cross-section, outer layer), C2 (cross-

section, sample centre mid-thickness) and P (perpendicular to the compressive 
plane, top surface in the centre). 

 
 

XRD (Fig. 7.11a) reveals the phase composition in the SPSed 1100 °C 
sample with 5 min dwell. The centre of the samples (C2) contains more residual 
albite, indicated by the greater intensity of albite peaks compared to the peak 
intensity of the outer layer (P). The presence of a small hump for the glass phase 
reinforces the presence of residual albite in C2. According to previous  modelling 
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of the temperature distribution in samples during heating on SPS, the 
temperature at C2 is lower than C1 and P, this results in preferential sintering 
near its location (with also increased pressure applied) [296]. 

 
Figure 7.11: XRD shows mineralogical compositions of outer (P) and inner layers 

(C2) of the SPSed 1100 °C sample with (a) 5 min and (b) 15 min dwell. 
 
 
The absence of albite peaks in the SPSed 1100 °C with 15 min dwell (both 

in C2 and P) shown in Fig. 7.11b suggests that the glassy phase is completely 
formed (from melting of albite) as confirmed by XRD. In addition, it can be 
concluded that the SPSed 1100 °C samples with 0-5 min dwell have greater HV 
because there is residual albite present, further formation of glassy phase (dwell 
time of 10-15 min) decreased HV because, among the mineralogical phases in  
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porcelains (mullite, albite, quartz and glass), the glassy phase has the lowest HV 
[297-302]. The quartz peak at about 21°2θ shifted due to strain because the cooling 
rate used by the SPS is as fast as 100 °C/min as previously mentioned.  

 
Figure 7.12: Fracture toughness (KIC) of SPSed samples as a function of (a) 

temperature, and (b) dwell time. Images (c – e) show cracks generated labelled as 
SPSed 1000, 1100 and 1200 °C. The white circle represents the indented area in 

the SPSed 1000 °C sample with unidentified HV. 

 
 
Fig. 7.12 shows KIC of SPSed samples as a function of temperature and 

dwell time along with images of Vickers indentations. Cracks could not be 
observed in samples sintered at 1000 °C due to their highly porous nature so that 
it was not possible to determine KIC. The radial cracks in the samples sintered at 
1100 °C and 1200 °C are clearly observed. Crack deflections are observed in the 
1100 °C samples (arrowed in Fig. 7.12d), which produced higher fracture 
toughness compared with the 1200 °C samples. This can be explained by the 
residual crystalline phases (albite, mullite and quartz) dispersed in the dense 
glassy matrix of the samples SPSed at 1100 °C. In the 1200 °C sample straight 
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cracks are observed, suggesting that the samples contain high levels of brittle 
glassy phase, which results in lower fracture toughness compared to the 1100 °C 
samples.  

In SPSed samples sintered at 1100 °C, KIC decreases slightly as a function 
of dwell time (Fig. 7.12b).  The presence of residual albite, quartz and mullite in 
the glassy matrix tends to increase the fracture toughness of the samples by crack 
deflection while as more glass forms the fracture toughness decreases because 
glass has the lowest toughness among the phases present in the porcelains as 
presented in Table 7.2. 

Thus, in this study, the slight decrease of KIC of 1200 °C SPSed sample 
compared to 1100 °C SPSed samples is likely due to the presence of residual albite, 
quartz and mullite in the glassy matrix. 

In addition, large standard deviation of the KIC observed in Fig.7.12 is likely 
due to the presence of residual albite, quartz and mullite in the glassy matrix, 
which causes heterogeneous microstructure of the porcelain samples and the 
heterogeneous microstructure may lead to inaccurate crack lengths. 
 
Table 7.2: Summary of material properties [298,301,302]. 

 
 
7.7 Discussion 

7.7.1 Effect of applied pressure on porcelain densification 
As previously discussed in section 7.2, the densification of porcelains 

depends on the formation of liquid phase. When the liquid glass phase is formed, 
the liquid phase brings the solid particles (kaolinite, mullite, residual albite and 
quartz) together creating volume shrinkage and closed pores so that a large 
fraction of the microstructure is filled with glass. The pressure, furthermore, 
forces liquid glass phase to fill the pores increasing densification rate. The liquid 
glass flows into capillaries in proportion to the applied pressure and densifies the 

Mineral Density (g/cm3) HV (GPa) KIC (MPa·m1/2) Reference 
Albite 2.62 6-6.5 0.75-1.3 301 

Mullite 3.14 10-11 2.3-2.8 298,302 
Quartz 2.65 12 1.6-2.4 301 
Glass 2.39 3-6 0.6-0.7 301 
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porcelain. Densification from viscous flow under applied pressure can be expressed 
by Eq.7.1 [303].  

 푑휌
푑푡

=
3푃
4휂

(1 − 휌) (7.1) 

where 휌 is density, 푃 is the applied pressure, 휂 is viscosity of the liquid glass and 
(1-	휌) is volume fraction of porosity. Note that increasing pressure can result in 
increased viscosity of the liquid glass but to increase viscosity of liquid glass 
significantly, pressure has to be high (GPa) [304]. Thus, in this study, the glass 
viscosity is considered to be unchanged with increasing pressure. The increased 
densification is solely governed by applied pressure. Although, there is always 
some remnant porosity as trapped gas cannot escape through highly viscous 
vitreous phase.  

A comparison with conventional sintering (CS) suggests that SPS allows 
densification of this porcelain body to be achieved at a lower temperature (1060 °C, 
25 MPa) compared to a conventional sintering which is 1175 °C in pressureless 
conditions (Fig. 7.13a). These results suggest that applied pressure promotes a 
rapid densification rate via vitreous sintering. Because of its rapid heating in 
combination with applied pressure, the major benefit of SPS over conventional 
sintering is that the processing times for vitreous phase sintering can be 
significantly reduced. 

The different densification behaviour of samples sintered by the various 
sintering processes can be highlighted by plotting the rate of change of the 
apparent bulk density as a function of the sintering temperature (Fig. 7.13b). The 
densification rate of the SPSed samples is highest at 900-1000 °C (time interval of 
60 s) while the conventionally sintered sample has the highest rate at 1050-
1100 °C (600 s). Note that densification rate during the conventional firing process 
is higher than during SPS because the rate is accelerated over the SPS cycle with 
an initial densification below 600 °C. 
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Figure 7.13: (a) Apparent bulk density (ABD) of the samples sintered using the 
SPS and the conventional sintering process, (b) rate of change of apparent bulk 

density, dρ/dT sintering temperature. 
 

 
7.7.2 Melting of feldspars under applied pressure 

 Understanding feldspar melting under applied pressure helps interpret 
porcelain densification. The densification (Fig. 7.2) and phase evolution (Fig. 7.6) 
show that when liquid glass is formed; the albite is disappearing, and no other 
intermediate phases are found (Fig. 7.6). In other words, albite melts congruently 
under pressure resulting in uniform liquid glass viscosity. Thus, it is worth 
discussing how applied pressure affects the melting of feldspars.  

Firstly, at atmospheric pressure, pure albite (NaSi3O8· SiO2) melts 
congruently at ~1100 °C but when some amount of quartz is added, the 
temperature of solidus of albite decreases from 1100 to 970 °C. At high pressure 
(~15 kbar or 1500 MPa) the addition of quartz does not lower the solidus 
temperature of albite because increasing pressure alters the composition of the 
albite-quartz eutectic. For instance, the eutectic of albite-quartz at atmospheric 
pressure is ~ 40:60 wt.% albite: quartz while it is ~96:4 wt.% albite: quartz at 
15 kbar (1500 MPa) [305].  

Secondly, anorthite (CaAl2Si2O8· SiO2) at atmospheric pressure, melts 
congruently at ~1533 °C but at a high pressure of 10 kbar (1000 MPa) anorthite 
melts incongruently to corundum and a silica-rich glass. If a fraction of quartz 
(40 wt.%) is added the melting point of anorthite decreases to ~1320 °C at the 
atmospheric pressure but again quartz does not lower the melting point of 
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anorthite at high pressures ~10 kbar (1000 MPa). This result can be explained by 
the same mechanism as the albite melting behaviour because the eutectic 
composition of anorthite and quartz is changed i.e. being ~45-50:55-50 wt.% 
anorthite: quartz while it is ~70-75:30-25 wt.% anorthite: quartz at 18 kbar (1800 
MPa) [305]. 
 Finally, sanidine (KAlSi3O8· SiO2) at atmospheric pressure, melts 
incongruently to leucite and silica-rich glass at ~1050 °C and melts incongruently 
at ~980 °C when quartz is added. Microcline melts incongruently to sanidine and 
silicate melt at 1055 °C [305]. In other words, microcline converts to sanidine and 
glass melt before it fully melts to an aluminosilicate liquid. In addition, orthoclase 
melts incongruently to leucite at about ~1530 °C but melts congruently to 
aluminosilicate melt when excess quartz (~30 wt.%) is present [306].  

At high pressures, the melting points of potash feldspars increase, and they 
can be estimated using the Clausius-Clapeyron equation. i.e. meting temperature 
increases 10 °C, 25 °C, and 4 °C by increasing pressure to 1000 atm (101 MPa) for 
orthoclase, albite, and anorthite respectively [305]. In contrast, the melting 
temperature of potash feldspars decreases when they are under hydrothermal 
conditions (in the presence of pressure and water). For instance, the melting 
temperature of sanidine is lowered to 750 °C from ~1050 °C with the presence of 
18 kbar (1800 MPa) and water [307]. Thus, in this experiment, albite and quartz 
form a eutectic melt at ~1000 °C, and congruently melt because there are no other 
intermediate feldspars found in the XRD patterns (Fig. 7.6-7.7). The pressure of 
25 MPa (0.25 kbar) applied during SPS in this study is unlikely to change the 
melting temperature of albite because it is small compared to the pressures that 
were reported in the literature [305-307]. 

7.7.3 Mullite formation under SPS 
7.7.3.1 Mullite formation as a function of SPS conditions 
Under hot pressing conditions (with applied pressure of 55 MPa and heating 

rate of 50 °C/min), Blair and Chaklader [308] produced a larger fraction of mullite 
at a temperature of 800 °C compared to conventional pressureless sintering at 
1100 °C. Weiss et al., [309] also reported that mullite formation from kaolinite was 
possible at  600 °C using 250 kbar (2500 MPa). 



193 
 

However, in this study (as shown in Fig. 7.14a), mullite peaks are not 
pronounced at 1000 °C. XRD of samples SPSed at 1000 °C reveals a small hump 
at 16.42°2θ implying that kaolinite initially undergoes phase transformation to 
either spinel or small mullite crystallites but at this stage it is not pronounced 
because the basal plane (001) reflection at 31°2θ is not observed suggesting that 
the mullite crystals are not elongated. However, in spite of the crystals having 
elongated morphology, the (001) mullite peak may be hidden by peaks of un-
melted albite. This result is supported by the SEM image shown in Fig. 7.14b 
revealing that either spinel or mullite crystals (as arrowed) formed but they are 
small in size (<50 nm).  

 
Figure 7.14: (a) XRD of SPSed porcelain samples as a function of temperature 

with a dwell of 5 mins, and (b) SEM image of the SPSed 1000 °C sample showing 
small crystals (arrowed). 

 
 

After sintering at 1100 °C, pronounced mullite peaks are revealed 
suggesting significant mullite formation. A large glassy hump is also found at 
around 22°2θ. It suggests that the applied pressure of 25 MPa in this SPS 
condition is significant for mullite formation because of the plastic deformation 
combined with a heating rate of 100 °C/min that triggers the transformation of 
kaolinite in porcelain at lower temperature compared to transformation in pure 
kaolinite under pressureless sintering as reported previously [310]. After sintering 
at 1200 °C (Fig. 7.14a), mullite peaks are also clearly observed but the shape of 
the peaks is different compared to at 1100 °C. This is believed to have resulted 
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from dissolution of mullite needles in the liquid aluminosilicate glass which will 
be discussed in section 7.7.3.3.  

Fig. 7.15 compares mullite formation of the SPSed 1100 °C sample and the 
CSed 1100 °C sample. SPS produces a greater amount of mullite than the CS 
process does as presented in Fig. 7.15. In addition, it can be deduced from the XRD 
that the presence of kaolinite peaks in CSed 1100 °C sample suggests mullite 
formed less because kaolinite does not completely decompose to mullite. Greater 
amount of mullite in SPSed sample is also confirmed by the SEM images in 
Fig. 7.15c and d. 

 
Figure 7.15: Comparison of mullite formation at 1100 °C, (a) SPS (100 °C/min, 
5 min dwell) and (b) conventional sintering (5 °C/min, 15 min dwell), and SEM 
images showing different mullite crystallites, (c) SPSed 1100 °C (100 °C/min, 

5 min dwell), and (d) CSed 1100 °C (5 °C/min, 15 min dwell). 

 

 

Interestingly, Fig. 7.14a (SPSed samples) also shows that the mullite peak 
(marked as M (001) peak) at ~31°2θ disappeared after SPS at 1200 °C but other 
peaks are still pronounced. This observation suggests that mullite formed in the 
SPSed 1200 °C sample does not disappear but develops a preferred orientation.  
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The integrated (001) peak area of mullite (Fig. 7.16) decreases as a function 
of temperature as well as dwell time (Fig. 7.16 a and b) in the temperature range 
of 1100-1200 ºC due to a preferred orientation. In addition, the orientation of 
mullite needles remains reasonably constant in the SPSed 1200 °C samples as 
revealed by XRD peak area in Fig. 7.16b. 

SEM images (Fig. 7.16c-j) show that the mullite needles formed under the 
SPS conditions at 1100-1200 °C with different dwell times have preferential 
orientation compared to the conventionally sintered sample (Fig. 7.16j). The 
mullite in the CSed 1200 °C samples oriented randomly while the SPSed 1100-
1200 °C samples (Fig. 7.16c-i) shows mullite needles oriented against the 
compressive plane of the SPS process. 

 
Figure 7.16: (a-b) Plots of integrated area of M (001) mullite peak for porcelains 
SPSed at 1100 and 1200 °C with varying dwell time and SEM images showing 

mullite orientation resulted from SPS conditions. The SPSed 1100 °C samples for 
dwell times of (c) 0, (d) 5, (e) 10, and (f) 15 min respectively, the SPSed 1200 °C 
samples for dwell times of (g) 5, (h) 10, (i)15min respectively. The CSed 1200 °C 

sample for dwell time of (j) 15 min. 
 



196 
 

Once mullite starts to grow, it usually shows acicular morphology. The 
growth of (001) plane is due to it has higher surface energy other {hk0} planes 
[311]. Mullite needles align perpendicularly to the compressive direction of the 
SPS. The orientation of mullite is likely to be constant once the porcelain had been 
sintered for 15 mins at 1100 °C and there was no further re-orientation in the 
SPSed 1200 °C samples. A similar result was reported by Shinoda et al., [312] who 
showed that mullite orientation (c-axis of mullite) in Al2O3-SiO2-SiC composites 
sintered using SPS is perpendicularly oriented to the compressive plane. Thus it 
can be concluded that the applied pressure in the SPS significantly influences 
mullite orientation.  

The bright-field TEM images in Fig. 7.17 (a and c) shows mullite crystals 
dispersed in an amorphous glass matrix in a sample SPSed 1100 C with 15 min 
dwell. The mullite polymorph was identified by tilting to various zone axes in the 
TEM. Two populations of the mullite crystals are identified in the TEM – one in 
the form of needles (Fig. 7.17a) and the other as bulk crystals (Fig. 7.17c). The 
diffraction patterns obtained from the mullite needle marked ‘A’ in Fig. 7.17a and 
shown in Fig. 7.17b are indexed as belonging to zone axes [113] and [114] for an 
orthorhombic mullite (a = 7.567 Å, b = 7.709 Å, c = 2.902 Å) single crystal. These 
two zone axes are separated by an angle of 8.2˚ along the -110 Kikuchi band. 

As shown in Fig. 7.17a, the mullite needles are typically about 100-200 nm 
long and <100 nm wide. The small crystallite sizes make tilting challenging, so 
the diffraction patterns shown in Fig. 7.17b are not exactly on the zone axes but 
slightly off-centred because the mullite particles were very small (<200 nm) and it 
was difficult to tilt to exact zone axes but that did not prevent us from identifying 
the crystal structure from the diffraction patterns.  

Also, the amorphous halo from the glassy matrix made the job of tilting to 
the zone axis even more difficult. The bigger particle shown in Fig. 7.17c, marked 
‘B’, was also identified to be orthorhombic mullite as shown in Fig. 7.17d but there 
was no evidence of tetragonal mullite as also revealed by the XRD (section 7.5 
Fig.7.7). 
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Figure 7.17: (a) Bright-field TEM image of mullite needles in the SPSed 1100 C 

with 15 min dwell, (b) SAD patterns obtained from particle marked ‘A’ in (a) 
corresponding to orthorhombic mullite zone axes [113] and [114] – the green 

polygons act as a guide to the eye for identification of the diffracting planes from 
mullite in the zone axes since stray reflections from the matrix could not be 

avoided owing to the small mullite crystallites. (c) Bright-field image of a larger 
mullite particle, ‘B’ and (d) SAD patterns obtained from ‘B’ and identified as 

[123], [124] and [125] as described in section 4.14.2 of the Experimental Chapter. 
  

The applied pressure not only affects the mullite orientation but also alters 
the phase transformation temperature for its formation. Thus, the effect of 
pressure on mullite formation needs to be explained in light of thermodynamics to 
understand why mullite is not observed in the SPSed 1000 °C sample. This can be 
expressed using the Clausius-Clapeyron equation as shown in Eq. 7.2 [313,314].  

 푑푇
푑푃

= 푇
∆푉
∆퐻

 (7.2) 

 

where 푇 is temperature, 푃 is pressure,  Δ푉	is the change of molar volume, and Δ퐻 
is the change of enthalpy. The integral form of the Clausius-Clapeyron equation 
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reveals how the respective temperature of mullite formation changes when the 
applied mechanical pressure changes. 

 푙푛
푇
푇

=
Δ푉
Δ퐻

(푃 − 푃 ) (7.3) 

 

For the SPS conditions used in this study, the positive change of the 
pressure (P1 is applied pressure of 25 MPa, and P0 is no applied pressure) means 
that; 

(1) if the molar volume and enthalpy changes of metakaolinite to mullite 
are the same sign (-/- or +/+), the result will be 푙푛 (푇 푇 )	⁄ >0 which produces T2>T1; 
thus, the applied pressure will increase the transformation temperature.  

(2) if the change of volume and enthalpy are different signs (-/+ or +/-), then 
T2<T1.   

Table 7.3 shows the molar volume and enthalpy changes of kaolinite to 
mullite transformation revealing that; 

1. Kaolinite to metakaolinite transformation temperature increases with 
increasing pressure because (+ΔV/+ΔH)· (+ ΔP) yields T2>T1. 

2. Metakaolinite to spinel transformation temperature also increases with 
increasing pressure ((-ΔV/-ΔH)· (+ ΔP) yields T2>T1). 

3. The change of spinel to mullite should not be easy since the Clapeyan-
Clausius’s equation also yields T2>T1 suggesting spinel to mullite 
transformation temperature under applied pressure must be higher 
compared to a pressureless process. 
 

This calculation suggests that the applied pressure does not decrease the 
mullite formation temperature. However, experimentally, mullite is observed to 
fully form by 1100 °C (the XRD peak intensities reached maximum) suggesting 
that the mullite formation temperature under applied pressure is relatively low 
compared to mullite formation in pressureless sintered porcelains which is 
normally completed around 1200-1400 °C. In other words, mullite formation can 
be considered as a pressure driven phenomena or that pressure enhances mullite 
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formation kinetics. Blair and Chaklader [308] suggested that a positive enthalpy 
changes for metakaolin to spinel and spinel to mullite transformations can be 
possible yielding T2<T1 but they are small (+7.5 kJ/mol) and hidden by 
crystallization of amorphous silica to crystalline silica. However, decreasing the 
mullite transformation temperature is not significant because of the moderate 
pressure used in this study. 

 
Table 7.3: Density, unit cell volume, molar volume and enthalpy of kaolinite 
transformation at ambient pressure [308,315-319]. 

 
(1) Kaolinite to metakaolin, (2) metakaolinite to spinel, (3) spinel to mullite 

 

7.7.3.2 Chemistry of mullite as a function of SPS conditions 
The effect of time and temperature on mullite formation during SPS process 

is indicated by the mullite chemistry which can be inferred from XRD analysis. By 
taking the relationship of the peak intensity ratio (I220/I111) from Ban and Okada 
[135], the alumina content (mol.%) in mullite can be obtained (see section 4.11 in 
Experimental chapter).  

The calculation suggests that mullite chemistry is modified; mullite 
produced under the SPS tends to be an alumina-rich phase having 66-73 mol.% of 
alumina (compared to the stoichiometric mullite having 60 mol.% of alumina) with 
respect to temperature and dwell time (Fig. 7.18). The SPSed 1100 °C sample has 
highest alumina content when the dwell time is zero, and its alumina content 
decreases when the dwell time increases. The decreasing of alumina content in 

Phase Theoretical 
Density (g/cm3) 

Unit cell 
volume (Å3) 

Molar 
volume 

(cm3/mol) 

Hf,298 

(kJ/mol) 
H 

(kJ/mol) 

Kaolinite 
(Al2Si2O5(OH)4) 2.63 [315] 329.89 [315] 99.35 [315] -3953.9 

[317]  

Metakaolinite 
(Si8Al8O28) 2.37 [308] 621.84 [308] 374.37 

[308] 
-3362.7 

[317] 
(1) +632 

[319] 

Spinel 
(Si8Al34O32) 3.26 [308] 490.42 [308] 295.33 

[308] 
-955.75 

[318] 
(2) -230 

[319] 

Mullite 
(Si2Al6O13) 3.17 [316] 167.44 [316] 100.86 

[316] 
-7547.9 

[319] 
(3)-84 

[319] 
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mullite at 1100 °C and 1200 °C is likely to be related to its crystal structure (see 
Fig. 7.19). 

 
Figure 7.18: (a) Chemistry of mullite produced under the SPS as a function of 

temperature and dwell time, the CSed sample sintered at 1175 °C, 5 °C/min, and 
15 min dwell, (b) the plot of the EDS results against the calculated alumina 

content in mullite using the Ban and Okada’s method. 
 

 
Energy Dispersive Spectroscopy (EDS) by SEM was performed and plotted 

against the calculations by the Ban and Okada equation (Fig. 7.18b). The they are 
found to be in good agreement. Thus, it can be deduced that mullite chemistry 
varies with time and temperature in SPS. 

The effect of atmosphere can superimpose on the effect of applied pressure 
since both are applied simultaneously. The effect of vacuum (as was used in the 
SPS) on mullite formation was reported by MacKenzie et al., [320] who showed 
that firing kaolinite clay in vacuum produces higher mullite fraction and silica-
rich mullite compared with that fired in O2, air, Ar, N2, H2, NH3, and CO2. 
Considering samples SPSed at 1100 °C reveals pronounced mullite peaks 
(Fig. 7.19) compared to those conventionally sintered (Fig. 7.15) in agreement with 
MacKenzie et al., [320].  

At 0 s dwell time, mullite is alumina-rich but alumina content decreases 
with increasing dwell time or temperature both 1100 °C and 1200 °C). Mackenzie 
et al., [320] explained that the silica component in the mullite is affected by 
vacuum, which tends to increase, while the alumina component remains 
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unaffected. Thus, sintering under vacuum produces lower alumina molar ratio 
(increasing silica content) compared to sintering in air as in oxidizing 
environments. 

 
Figure 7.19: (a) Mullite formation in SPSed sample as a function of dwell time at 
1100 °C, (i) green porcelain sample, (ii) 0 min, (iii) 5 min, (iv) 10 min, and (v) 15 
min. (b) Mullite crystal structure by splitting of the 120 and 210 peaks showing 

transformation from tetragonal to orthorhombic mullite. 

 

 

XRD (Fig. 7.19) also reveals that mullite formed at 1100 °C has different 
crystal structure depending on dwell time. With 0-10 min dwell times non-splitting 
(120/210) peaks suggest that mullite formed in these conditions is the tetragonal 
polymorph having higher alumina content [321] but changes to orthorhombic after 
15 mins dwell time (the orthorhombic mullite is revealed by splitting of the 120 
and 210 peaks). As previously mentioned tetragonal mullite is unstable and 
eventually transforms to orthorhombic structure.  

The XRD result is consistent with the TEM results (Fig. 7.17) which also 
showed the mullite needles or clusters to have an orthorhombic crystal structure. 
Thus, at longer dwell time and higher temperature, mullite is in the orthorhombic 
form. This is strongly dependent on its chemistry because mullite is unstable 
above 75 mol.% and metastable above 63 mol.% alumina [322,323]. Thus, mullite 
that forms in porcelains in the SPS is unstable and metastable from a chemistry 
point of view and it needs sintering at higher temperature and/or longer dwell 
time to become a stable phase. 
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7.7.3.3 Dissolution of mullite in aluminosilicate melt 
Mullite is observed to dissolve in the liquid melt as revealed by decrease of 

the integral area of mullite XRD peaks (Fig. 7.20). Fig. 7.20a shows that the 
amount of mullite formed during SPS is likely to be maximum at 1100 °C after 
5 min dwelling time. Mullite content decreases as a function of dwell time after 
5 min. The effect of SPS temperature is also observed at 1200 °C (Fig. 7.20b). 
Although mullite is recognized as a chemically and thermally stable material this 
result shows that it can dissolve in the aluminosilicate liquid melt. A similar result 
reported by Baudin and Villar [324] revealed that mullite dissolved in the presence 
of alkaline salts (~0.3% of Na2O, K2O and CaO) from 900-1630 °C under 
conventional firing conditions. Baudin and Villar pointed out that dissolution of 
mullite is masked by grain growth, which is greater than dissolution, and 
formation of liquid  by reaction of mullite and alkalis during the firing process 
[324]. Ribeiro et al., [325] also reported that small (<5 μm) mullite grains dissolve 
in the liquid phase at high temperature (1250-1650 °C).  

 
Figure 7.20: (a-b) Integral XRD peak area of mullite showing decreasing as 

function of dwell time and temperature. SEM images represent (c) well 
crystallized mullite in SPSed 1200 °C, 5 min dwell, and (d) partially dissolved 
mullite in SPSed 1200 °C, 15 min dwell, both samples were etched for 10 s in 

5 %HF. 
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Microstructural analysis (Fig. 7.20d) shows partially-dissolved mullite 
needles emphasizing that mullite can dissolve at relatively low temperature 
(~1100-1200 °C) in the SPS. 

7.7.3.4 Reprecipitation of mullite by Ostwald ripening 
The Debye-Scherrer equation can be employed to calculate mullite 

crystallite size from the (110) reflection in XRD representing a and b lattice 
parameters as described in section 4.10.  Fig. 7.21 suggests that mullite crystallite 
size increases as a function of dwell time and temperature (1000-1100 °C) in 
agreement with the study of mullite formation in porcelain by Lerdprom [160]. 
However, at 1200 °C, the mullite crystallite size decreases with increase in dwell 
time suggesting that mullite dissolved into the aluminosilicate liquid by alkali 
attack which is consistent with the dissolution results in section 7.7.3.3.  

In addition, at 1100 °C mullite crystallite size increases as dwell time 
increases in contrast to the dissolution result (Fig. 7.20 mullite content decreases 
with increase dwell time). This can be explained by the Ostwald ripening effect 
resulting in the dissolved mullite re-precipitating into larger needles or clusters. 
Larger mullite needles were also in fact clearly observed in the TEM of the 1100 °C 
SPSed sample dwelled for the longest time (section 7.7.3.1).  

 
Figure 7.21: Mullite dissolution in aluminosilicate liquid and re-precipitation via 

Oswald ripening affected by dwell time and temperature. 
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7.8 Conclusions 
SPS is an effective process to produce highly-dense porcelain requiring 

lower temperature and shorter sintering times compared to conventional sintering 
processes. The applied pressure has a huge influence on the densification. SPSed 
samples exhibit high ABD (2.46±0.01 g/cm3), low WA (~0%), high Vickers 
hardness (6-7 GPa), and fracture toughness (4-6 MPa· m1/2), all of which resulting 
from a combination of the highly-dense microstructure and mineralogical 
composition. 

Several effects of SPS conditions on mullite formation with the overall 
scenario summarised schematically in Fig. 7.22. Mullite starts to form at 1000 °C 
with dwell time of 5 min. Initially, it forms as small crystallites (<50 nm) which 
are considered to be either spinel or mullite. Thermodynamic calculations suggest 
that the phase formed at 1000 °C tends to be mullite not spinel. At 1100 °C, 
substantial amount of mullite forms in the SPS process compared with 
conventional sintering due to the applied pressure and vacuum. Mullite needles 
align perpendicular to the compressive plane of the SPS with partial dissolution 
of mullite observed at 1100 °C as a function of dwell time and temperature. 
However, the dissolved mullite can re-precipitate on the small needles (40 nm) via 
Oswald ripening making larger mullite needles (60 nm).  

Mullite chemistry changes with atmosphere, dwell time, and temperature 
resulting in different crystal structures, tetragonal or orthorhombic, depending on 
dwell time – tetragonal structure is formed for short dwell time of sintering which 
then transformed to orthorhombic with longer dwell times. Mullite produced 
under the SPS tends to be an alumina-rich phase having 66-73 mol.% of alumina 
(compared to the stoichiometric mullite having 60 mol.% of alumina). 
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Figure 7.22: Schematic of the mullite formation, orientation, and dissolution 

under SPS conditions (dwell times and temperatures). 
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Chapter 8 

 

Effect of MWS process on porcelain 

 

 

8.1 Chapter review 
 In this chapter the effect of microwave radiation on porcelain is described. 
The green porcelain pellets were sintered by microwave radiation in a monomode 
cavity. Analysis of the temperature distribution in porcelain samples during 
microwave sintering is presented in section 8.2 because of the low thermal 
conductivity of porcelain.  The microwave power absorption by porcelain resulting 
from the change of dielectric properties is discussed in section 8.3 revealing that 
porcelain pellets absorb microwaves at room temperature, heating to the sintering 
temperature and densify. Densification, physical property (ABD and WA), and 
microstructure are presented in section 8.4. The mechanical properties (Vickers 
hardness and fracture toughness) of the porcelain samples are reported in section 
8.5 while section 8.6 considers mullite formation under microwave sintering, 
including its different morphologies. 

8.2 Porcelain sample temperature distribution 
Porcelain samples start to sinter under microwave radiation (MWSed 

samples) at relatively low temperature (~850 °C, surface temperature measured 
using a pyrometer) compared with samples sintered in the absence of microwave 
radiation, which start to densify at ~950 °C (see conventional sintering samples 
presented in section 5.4). However, the interior temperature of the samples 
produced by microwaves is higher than that at the surface since microwaves are 
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volumetrically absorbed producing an inverse temperature profile (arising from a 
combination of volumetric heating and surface heat loss).  

The temperature rise in porcelain samples during microwave sintering has 
already been highlighted by Eq. 3.14 in section 3.8.2. However, surface heat loss 
(푄 ) during microwave sintering produces a temperature gradient in the porcelain 
body. In general, the surface heat loss is a combination of convection and radiation 
as presented by Eq. 8.1  

 푄 = ℎ퐴(푇 − 푇 ) + 휀휎퐴(푇 − 푇 ) (8.1) 

where ℎ is the convection heat transfer coefficient, 퐴 is the sample area, 푇  is 
sample surface temperature, 푇  is surrounding temperature, 휀 is sample surface 
emissivity, and 휎 is is the Stefan-Boltzmann coefficient. 
 Thus, the temperature (푑푇) produced at the sample surface can be 
calculated from Eq. 8.2. 

 휌퐶
푑푇
푑푡

= 휔휀 휀 퐸 − 휀휎퐴(푇 − 푇 ) (8.2) 

where	휌 is sample density, 퐶  is heat capacity of the sample, 휔 is angular frequency 

which is 2휋푓 (f is frequency of the applied microwave), 휀 	is permittivity of free 
space (8.85x10-12, V/m3), 휀 	is the effective dielectric loss, 퐸  is internal electric 

field intensity (V/m), 휀 is sample surface emissivity, and 휎 is is the Stefan-
Boltzmann coefficient, and 퐴 is the sample area, 푇  is sample surface temperature, 
푇  is surrounding temperature.  

In this case, it is assumed that surface heat loss is due to radiation only 
because convective heat loss contributes little compared to radiation above red 
heat.  

Fig. 8.1 shows a schematic diagram of the temperature monitoring system 
used in this study illustrating that temperature measured by the pyrometer is 
lower than that generated in the interior resulting from the radiation heat loss. 
The pyrometer measures temperature of the sample at the surface, which is 
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exposed to the surrounding temperature of 30 °C. The microwaves interact with 
the porcelain generating heat inside the sample bulk.  

Due to the complication of microwave-materials interaction and heat 
generation by the microwaves, the temperature read by the pyrometer is used as 
the surface temperature while the interior temperature is calculated using the 
surface temperature obtained from the pyrometer, the radiative heat loss 
coefficient (푄 ), and thermal conductivity (k) as described in section 6.8.  

  
Figure 8.1: Schematic diagram of the temperature monitoring system used 

during microwave sintering. 
 
 
Finite difference analysis (FDA), which was used to calculate the 

temperature distribution of the DS process in section 6.8, is also performed in this 
section to estimate the interior temperature of the porcelain samples produced by 
the microwave sintering process. It is assumed that the surface temperature is a 
function of heat transfer coefficient and thermal conductivity and calculated at 
steady state. 

Fig. 8.2a reveals the sample surface temperature of 850 °C monitored using 
the pyrometer corresponding to ~950 °C of the interior temperature estimated by 
FDA (hereafter called FDA temperature). The interior temperature (in the sample 
centre) is about 100 °C higher than that measured at the sample surfaces. The 
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microstructure of the sample in Fig. 8.2a is in good agreement with that expected 
to form at the FDA temperature (Fig. 8.2b) where the surface of the sample has a 
bisque-characteristic representing an under-fired microstructure with the 
temperature of 850 °C. 

The sample centre in Fig. 8.2b has seen an FDA temperature about 950-
1100 °C consistent with the well-sintered microstructure in this region. At the 
bottom of the sample large pores/bubbles are observed indicating the bloating 
produced by high temperature (>1175 °C, the optimum firing temperature of this 
porcelain composition under a conventional firing process, presented in section 
6.3), the FDA result indicates that the sample temperature was as high as 
1300 °C. 

 
Figure 8.2: (a) Polished microstructure of the MWSed sample using 30 °C/min, 

10 min dwell at surface temperature of 850 °C. (b) FDA result shows the 
temperature profile which agrees with the actual sample microstructure. 

 

The FDA temperatures (Fig. 8.3) were calculated as a function of the 
surface temperature obtained by the pyrometer to identify the interior 
temperature of the MWSed samples. For example, the surface temperature of 
850 °C corresponds to an FDA temperature of 950 °C, the surface temperature of 
1000 °C is comparable to 1115 °C while the surface temperature of 1100 °C 
indicates 1230 °C interior temperature. 
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Figure 8.3: The surface temperature of the porcelain samples monitored using a 

pyrometer and estimated interior temperature calculated using FDA. 
 
 

8.3 Microwave power absorption by porcelain  
The microwave power absorbed by the porcelain samples is measured using 

the software described in section 4.15.3. The basic idea of the absorbed microwave 
power measurement is that the software measures the power input, which is 
produced by the magnetron, to the cavity and measures the power output from the 
cavity, so the power absorbed by the sample is known.  

Fig. 8.4 presents an example of a microwave process showing how the 
microwave absorption is monitored. It shows temperature profile, power supplied, 
and power absorbed for MWSed samples using 1100 °C, 50 °C/min, 5 min dwell. 
500 W of power is supplied to the cavity from the beginning and throughout the 
experiment.  

At 0-15 s the operation shows a peak of power absorbed (~440 W) which is 
believed to be due to the presence of physically absorbed water in the sample which 
absorbs microwave energy well at room temperature. Therefore, surface 
temperature increases from 30 to 450 °C at 0-15 s. Once the physically bound 
water completely evaporates the power absorbed drops to a more normal value 
about 15 W (at t=16 s). 

The temperature measured at the sample surface in this range (<600 °C) is 
close to the interior temperature of the sample because the surface heat loss is 
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relatively small below the red hot. For example, FDA calculation indicates that 
the surface temperature of 450 °C is ~500 °C in the sample centre. 

 
Figure 8.4: Temperature profile, power supplied, and power absorbed for MWSed 

samples sintered at 1100 °C, 50 °C/min, 5 min dwell. 

 
Figure 8.5: Tuner position and power absorbed vs time for a MWSed sample 

sintered at 1100 °C, 50 °C/min, and 5 min dwell. 
 
The porcelain sample absorbs microwave power again once the tuner 

position is adjusted (see section 4.19.3), the sample then absorbs microwave 
energy according to the tuner position Fig. 8.5. However, the power absorbed by 
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the sample is low compared to the input power (500 W). The average power 
absorbed to raise temperature from 450 to 1100 °C is ~15 W· s as presented in the 
inset of Fig. 8.5. Nevertheless, Figs. 8.4 and 8.5 show an example of a well-
controlled operation. Several other experiments were unsuccessful because of the 
difficulty of manual control. For example, Fig. 8.6a reveals an example of a 
difficult-to-control experiment showing unstable temperature rise caused by 
changing dielectric properties of the porcelain sample. Three difficult-to-control 
points are found at (i) <200 °C associated with the loss of physically bound water, 
(ii) 500-600 °C associated with dehydroxylation of the kaolinite and (iii) ~800 °C 
from the melting of albite as already mentioned in section 5.3. 

 
Figure 8.6: (a) An example of difficult-to-control points during microwave 
processing, (b) thermal events associated with the change of microwave 

absorption. 
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Thermal events shown in Fig. 8.6b imply that changing thermal behaviour 
of the porcelain sample with elevated temperature changed its ability to absorb 
microwaves.  

Fig. 8.7a shows dielectric behaviour of the porcelain sample under an 
alternating electric field of 1 MHz. The calculated loss tangent of the porcelain 
powder from room temperature to 900 °C using equation 4.17 (푡푎푛	훿 = 휎/2휋푓휀 ), 
described in section 4.8.2. 

  
Figure 8.7: (a) Calculated loss tangent (푡푎푛	훿) of porcelain sample as a function 

temperature, and (b) the temperature profile of microwave sintering (1000 °C, 30 
°C/min, 5 min dwell) showing 3 humps at (i) 450 °C, (ii) 600 °C, and (iii) 800 °C 

(FDA temperature) corresponding to  rapid change of  푡푎푛	훿. 
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Fig. 8.7b shows the temperature control of the MWSed 1000 °C, dwell 5 min. 
It suggests that the change of 푡푎푛	훿 affects the temperature control showing three 
peaks (i, ii, and iii). The three peaks are also in good agreement with the loss of 
physically bound water, chemically bound water of the clay substances, and 
melting of feldspars, respectively. 

8.4 Densification and microstructure 
Fig. 8.8a and b show development of ABD and WA of MWSed samples as a 

function of sintering temperature. At 950 °C (note that the temperature reported 
in this section is the FDA temperature), ABD of the sample is 2.25±0.02 g/cm3 and 
increases with temperature. The MWSed sample reached maximum ABD of 
2.36±0.03 g/cm3 at 1100 °C. WA data, on the other hand, varies between 0-3±2% 
from 950-1200 °C due to unevenly sintered microstructures but reaches a 
minimum of 0.5±0.02 % at 1100 °C.  

Fig. 8.8 also suggests that the FDA temperature for the densification of the 
porcelain samples under microwave irradiation is about 100 °C higher than that 
measured using the pyrometer. Microwave densification of this porcelain 
composition started at ~950 °C and full density was achieved at ~1100 °C 
producing promising physical properties. However, the standard deviations of the 
ABD and WA data are influenced by the heterogeneous sample microstructure 
(uneven sintered microstructure). 

 
Figure 8.8: (a) ABD and (b) WA of MWSed porcelain sample as a function of 

temperature. Note that—30 °C/min and 5 min dwell are used in this experiment 
for comparison.  
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Fig. 8.9 shows polished microstructures after different sintering 
temperatures of the MWSed samples. The four samples are not sintered 
homogeneously since their electrical properties change during the microwave 
irradiation making the power absorption difficult-to-control, which resulted in an 
uneven sintered microstructure. However, well-sintered areas of ~3x5 mm2 were 
examined in the samples sintered under the four conditions for further 
investigation. 

Fig. 8.9a reveals the MWSed sample sintered at 950 °C shows low degree of 
densification with low ABD and high WA. The MWSed 1000 °C (Fig. 8.9b) shows 
better densification compared to the MWSed 950 °C. The MWSed 1100 °C 
(Fig. 8.9c) has the most dense and promising microstructure with high content of 
glassy phase produced (85 vol.% of albite melt, which is calculated from albite 
integrated peaks area in Fig. 8.11) while MWSed 1200 °C (Fig. 8.9d) is bloated 
(with 100 vol.% albite melt). All of this agrees well with the physical properties 
data (shown in Fig. 8.8). 

 
Figure 8.9:  Polished microstructures of MWSed samples after (a) 950 °C, (b) 

1000 °C, (c) 1100 °C, and (d)1200 °C, all of which are sintered using 30 °C/min 
and 5 min dwell. 
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 Fig. 8.10 shows HF-etched microstructures of the MWSed samples 
revealing mullite formation. Between 950-1000 °C, (Fig. 8.10a and b respectively), 
the MWSed samples show poor densification and just small mullite nuclei of ~70-
100 nm (indicated as M) are observed. In contrast, the MWSed samples at 1100 
and 1200 °C (Fig. 8.10c and d respectively) shows large amounts of mullite 
formation (9.8±0.1 vol.% and 9.9±0.1 vol.% respectively) in both kaolinite relicts 
(MI) and glassy phase (MII). 

 
Figure 8.10: HF-etched microstructures of MWSed samples sintered at (a) 

950 °C, (b) 1000 °C, (c) 1100 °C, and (d)1200 °C, all of which are sintered using 
30 °C/min and 5 min dwell. A is albite, Q is quartz, M is small (100 nm) mullite 
nuclei, MI is mullite found in kaolinite relicts, and MII is mullite found in glassy 

matrix. 

 

8.5 Phase evolution of MWSed porcelain 
  XRD (Fig. 8.11) reveals the phase changes of MWSed samples as a function 
of sintering temperature using 30 °C/min heating rate and 5 min dwell. After 
sintering at 950 °C, residual albite is significant (~27.1 vol.% compared with the 
green porcelain using the integrated peak area) while a small fraction of mullite 
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is detected (5.21±0.2 vol.%). Albite peaks are observed in the MWSed samples 
sintered at 950-1100 °C but disappeared after sintering at 1200 °C indicating 
complete melting of albite.  

Mullite, on the other hand, is found in samples sintered at 950-1200 °C but 
its peaks are broad and small resulting from the small crystallite size (discussed 
in section 8.7.1). However, the amount of mullite increases with temperature 
increase as indicated by the mullite integrated peak area. 

 
Figure 8.11: XRD of MWSed samples sintered at 950 °C, 1000 °C, 1100 °C, and 
1200 °C, using 30 °C/min and 5 min dwell. A is albite, Q is quartz, M is mullite. 

 

8.6 Mechanical properties of porcelain sintered using microwaves 
Vickers hardness (HV) was measured in the well-sintered regions of the 

MWSed samples.  As shown in Fig. 8.12, HV at 950 °C and 1000 °C could not be 
determined because of the highly porous microstructure. HV increases for the 
MWSed samples sintered at 1100 °C, but little drops for the one sintered at 
1200 °C, explained by their dense microstructures.  The maximum HV is 
5.6±0.2 GPa at MWSed 1100 °C.  

Fracture toughness (KIC) of MWSed samples shows the same trend as 
observed for Vickers hardness. Cracks could not be observed in samples sintered 
at 950 and 1000 °C due to their highly porous nature so that it was not possible to 
determine KIC. However, KIC of MWSed are similar once the sample sintered at 
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optimal temperature (1100-1200 °C) with 4.8±0.2 MPa· m1/2 at 1100 °C and 
4.8±0.4 MPa· m1/2 at 1200 °C. This similar KIC can be explained by the similar 
degree of densification of both samples (Fig. 8.8). Even though MWSed 1200 °C 
sample is bloated but the KIC was measured at microscale (at the dense region) so, 
they are similar as also described in section 7.6. 

 
Figure 8.12: (a) Vickers hardness (HV), and (b) fracture toughness (KIC) of 

MWSed samples as a function of sintering temperature. 
 
 

HV and KIC in Fig. 8.12 represent the mechanical properties measured at 
the microscale because the indentation was made in highly dense areas, which is 
also explained by the ABD and mineralogical composition in the particular area. 
For example, the MWSed sample sintered at 1100 °C has highest HV because they 
have highest ABD, but the hardness does not decrease when the sample is bloated 
as observed in Fig. 8.8. This is because the glassy phase and other constituents 
(residual albite, mullite and quartz) are responsible of the mechanical property in 
the microscale, as discussed in section 7.6. 

In general, hardness is a surface property of materials. It represents the 
resistance of a materials surface to abrasion, scratching, and plastic deformation 
(indentation). Even though hardness is a surface property of material, theoretical 
attempts have been made to describe hardness in term of bulk properties such as 
elastic modulus. The concept is based on the elastic modulus being an intrinsic 
mechanical property of material dominated by strength of chemical bonds between 
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atoms. Also, hardness represents the deformation of the materials thus the higher 
hardness assumes higher elastic modulus [326]. 

A more reliable relationship was proposed by Chen et al., [327]. Chen et al., 
proposed a ratio referred to as the Pugh’s modulus ratio k= G/B which relates the 
brittleness (G), to the ductility (B) of materials. The higher the value of G/B, the 
more brittle the materials would be. Thus, brittle materials are bound to possess 
a larger k value compared to ductile ones. A reliable equation used to predict the 
hardness of crystalline materials is correlated to the product of the squared Pugh’s 
modulus ratio and the shear modulus. 

 퐻 = 2(푘 퐺) . − 3 8.3 
 

where 퐻  is Vickers hardness, 퐻  is Pugh’s modulus ratio, and G is shear modulus. 
In this study, Hv measured in MWSed samples is considered as a surface property, 
not a bulk property, because the Hv was measured predominantly on the dense 
(pore-free) areas. The body of the porcelain samples contains pores which may 
alter the bulk property compared to the surface property. 

8.7 Further results and discussion 

8.7.1 Mullite formation in porcelain under microwave sintering 
In this section, the effect of microwaves on microstructural changes in 

porcelain is studied in MWSed 1100 °C sample and compared with those in fully 
dense CSed 1175 °C sample (Fig. 8.13).  

The low magnification SEM images in Fig. 8.13a and b reveal etched 
microstructures of the CSed (Fig. 8.13a) and MWSed samples (Fig. 8.13b) 
containing mullite, quartz, and glassy phase. The CSed sample is dense containing 
mainly mullite found in the clay relicts (MI) and partially dissolved quartz (Q) in 
the glass matrix while MWSed sample contains mullite in the clay relicts (MI) and 
networks of mullite needles grown in the glass matrix (MII).  

There are two different aspects of mullite formed in the CSed and MWSed 
samples that are highlighted from this observation; (1) the amount of mullite 
formed, and (2) mullite morphology.  
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In the first case, it is clear that the amount of mullite formed in the MWSed 
sample is greater than in the CSed sample (discussed in section 8.5). The latter 
case is explained using the high magnification SEM images in Fig. 8.13b and d. 
They reveal distinctive mullite morphologies in terms of crystallite size and aspect 
ratio. 

 
Figure 8.13: SEM images of CSed sample (1175 °C, 10 °C/min, 15 min dwell) and 

MWSed (1100 °C, 30 °C/min, 5 min dwell). (a) and (c) are the SEM images of 
CSed sample at low and high magnification respectively, (b) and (d) are the SEM 

images of MWSed sample at low and high magnification respectively. Q is 
quartz, MI is mullite found in the clay relicts, and MII is mullite found in the 

glassy matrix. 

 

 

Fig. 8.14 compares mullite crystallite size (Fig. 8.14a) and aspect ratio 
(Fig. 8.14b) of CSed and MWSed samples determined from the micrographs. The 
mullite crystallite size in CSed sample is 71±11 nm whereas in MWSed sample is 
56±9 nm (Fig. 8.14a). However, the CSed sample contains lower aspect ratio 
mullite needles (~9±2:1) while MWS produced fibre-like mullite with a high aspect 
ratio (~32±3:1) (Fig. 8.14b).  
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Figure 8.14: Histograms of mullite formed in CSed and MWSed samples (a) 

crystallite size and (b) aspect ratio. 

 

Types of mullite formed in porcelains can be differentiated by its aspect 
ratio. Lee and Iqbal [148] proposed a  notation considering the aspect ratio in 
which,  type I mullite (primary mullite) exhibits low aspect ratio (1-3:1), type II 
(secondary mullite) has aspect ratio of 3-10:1, and type III (secondary mullite) 
possesses very high aspect ratio (>30:1). Therefore, the mullite formed in this 
porcelain via MWS is likely to be type III while CSed sample is type II.  

Mullite crystallite size was also determined from XRD peak broadening 
using the Scherrer equation on the (110) plane peak. The full width half maximum 
(FWHM) indicates that the average mullite crystallite size of the CSed sample is 
~39±3 nm while in the MWSed sample it is ~28±3 nm. Clearly mullite crystal sizes 
obtained from SEM and XRD give different values. The difference may arise from 
the different sampling volumes of each technique. Nonetheless the same trend is 
observed in both methods.  

Mullite formed in porcelains usually has acicular morphology with fibres 
length aligned along the c-axis [311]; the c-axis has higher free energy than other 
[hk0] directions. Fig. 8.15a reveals an unusual mullite morphology growing inside 
a bubble in the MWSed sample sintered at 1100 °C. Mullite formed in the bubbles 
is believed to grow via a vapour-liquid-solid (VLS) mechanism [328,329]. Mullite 
then continually grows in [001] direction in the air which has randomly 
precipitated nuclei on the needles (Fig. 8.15b-c). These nuclei may aid the growth 
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of high aspect ratio needles. This feature is not observed in CSed samples. Also, 
the formation of mullite via VLS has been not reported in conventional sintering 
of porcelains. This observation is discussed further in section 8.7.2. 

 
Figure 8.15: Vapour-Liquid-Solid growth mechanisms of mullite needles under 

microwave radiation: (a) mullite initially formed in a bubble surrounded by 
liquid glass phase, (b) further mullite needle growth in bubbles/pores, (c) mullite 
nuclei precipitated on mullite needles, and (d) schematic diagram of the growth 

mechanism. 

 

XRD (Fig. 8.16a) reveals detail of an MWSed sample sintered at 1100 °C 
showing greater mullite integrated peak area (~7 %) than in a CSed sample. This 
suggests that mullite content in MWS sintering is higher than in conventional 
sintering with agreement to SEM observations (Fig. 8.13). Furthermore, the CSed 
sample contains greater residual albite (~5 vol.%) than the MWSed sample 
(Fig. 8.16b-c).  

From a microstructural point of view, in the CSed sample mullite formed 
mainly in the clay relicts, rather than in the glassy matrix. Conversely, the 
MWSed sample contains mullite in the clay relicts and in the glassy phase, all of 



223 
 

which combined to give greater mullite content (~7 vol.%) than observed in the 
CSed sample.  

Microwave energy can enhance mullite formation in three ways. Firstly, 
enhanced reaction rate of mullite formation from kaolinite. Zhang et al., [330] 
reported that microwaves can enhance formation of mullite from kaolinite because 
of a selective heating, accelerating the nucleation and growth of mullite, which 
changed the mullite formation route from kaolinite. Secondly, melting of albite 
providing more alumina for mullite formation in the glassy matrix. Thirdly, 
additional mullite can form from the VLS mechanism not seen in other sintering 
routes. 

 
Figure 8.16: (a) XRD of CSed and MWSed samples. Mullite formed under both 
conditions is identified as orthorhombic by splitting of (120) and (210) peaks 

revealed in (b) CSed 1175 °C sample, and (c) MWSed 1100 °C samples. 

 
Mullite chemistry was determined using the method of Ban and Okada 

[135] showing molar percent of alumina in mullite. MWSed mullite contained 
~63 mol.% of alumina compared to ~60 mol.% of alumina in CSed mullite. 
However, the crystal structure of the mullite in both samples is orthorhombic 
instead of tetragonal as indicated by splitting of (120) and (210) XRD peaks 
(Fig. 8.16b and c). The reason why mullite has different alumina content is 
explained by the effect of the microwave radiation as follows.  
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Formation of mullite in the MWSed sample is accelerated by the reduction 
of activation energy barriers for diffusion of Al+3 ions in the mullite structure,  

which can also be deduced from its fibrous morphology [330]. Moreover, since the 
liquid glass formed at lower temperatures (about 950 °C FDA temperature) and 
so earlier time in MWSed samples the mullite crystals have more time to grow and 
accommodate alumina into their structures. Thus, MWSed mullite has higher 
alumina content than stoichiometric.  

Another possibility is that the temperature to obtain the stoichiometric 
mullite (60 mol.% alumina)  under microwaves might be lower [331]. However, 
since the mullite chemistry calculated from the XRD is an average of a large 
volume (3x5 mm3) both mullites in the clay relicts and the glassy matrix are 
included. 

 
Figure 8.17: (a) TEM of mullite in clay relicts, (b) mullite in glassy phase, EDS of 
mullite in (c) clay relicts, and (d) glassy matrix from MWSed sample sintered at 

1100 °C with 5 min dwell. 
 
Fig. 8.17 shows TEM images of mullite needles and their chemistry located 

in clay relicts (Fig. 8.17a and c) and glassy matrix (Fig. 8.17b and d) of the MWSed 
sample sintered at 1100 °C with 5 min dwell. These suggest that mullite in the 
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clay relicts has greater alumina content than that formed in the glassy matrix 
because clays provide more alumina for mullite formation. Although, the mullite 
needles are very small as ~20 nm thick but their chemistries acquired by the TEM 
are representative the actual chemistry because the interaction volume of TEM in 
the porcelain sample is much smaller than that in SEM, it provides more accurate 
chemistry of mullite needles. TEM employs a very small electron beam typically 
<5 nm and the beam interacts with a thin section (50-100 nm) of the sample. So 
that the TEM interaction volume is disc shaped (because most electron beam 
transmits through the thin sample as beam energies are generally great i.e. 
100 kV) with approximately 5x100 nm (beam diameter x section thickness). This 
is unlike the interaction volume of SEM (see section 4.13), which is a 
hemispherical to jug-shaped because SEM samples are too thick for the electron 
beam to pass through the sample. Thus the EDS results in Fig. 8.17 fit reasonably 
the mullite chemistries. 

8.7.2 Effect of microwaves on mullite formation mechanism 
Mullite formed in MWSed samples has an unusual morphology showing a 

spherical cap at the end of the needles (Fig. 8.18). The spherical cap indicates that 
this mullite needle forms via a vapour-liquid-solid mechanism (VLS). 

 In this MWSed sample, 5 kV accelerating voltage was used to minimize the 
interaction volume and increase spatial resolution of the image, giving an 
interaction volume as discussed in section 4.13. As the mullite needle cap is about 
0.2 μm thick and the mullite needle itself is about 0.15 μm (Fig. 8.18). It can be 
deduced that the semi-quantitative EDS analysis at 5 kV to determine the 
chemical composition of the mullite needle and its cap is indicative because while 
the interaction volumes included a significant volume of the mullite needle, they 
did overlap. 

The cap has an average diameter of 180±13 nm and the cross-section 
(thickness) of the needles is 87±5 nm. This morphology is only found in mullite 
located in the bubbles/pores suggesting that vapour phase must be involved as 
discussed in section 8.7.1 (see Fig. 8.15). Semi-quantitative EDS analysis shows 
the chemical composition of the needles (spectra 1 and 3 in Fig. 8.18) which are 
0.6Al2O3·SiO2 and 3Al2O3·2SiO2 respectively. EDS also reveals that the spherical 
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cap contains Fe which serves as catalyst in the VLS process (spectrum 2). The 
porcelain starting powder contains impurities as described in section 5.2 i.e. 
0.68±0.01 wt.% TiO2, 1.24±0.04 wt.% Fe2O3, and organic matter which can act as 
a catalyst for the VLS. 

 
Figure 8.18: EDS analysis of a mullite needle and its spherical cap in MWSed 

sample sintered at 1100 °C with 5 min dwell. 
 
 

The VLS mechanism involved in the fibrous mullite formation can be 
explained using the following reactions. From a thermodynamic point of view, 
Fe2O3 and TiO2 can react with carbons and form a metallic liquid as presented by 
the following chemical reactions (Reaction 1-6). 

 

TiO2(s) + 2C (s) = Ti(s)+2CO(g)    (Reaction 1) 

Fe2O3 (s) + 3C (s) = 2Fe (l) + 3CO(g)   (Reaction 2) 

2Fe2O3 (s) + 3C (s) = 4Fe (l) + 3CO2(g)   (Reaction 3) 

Fe2O3 (s) + 3CO (g) = 2Fe (l) +3CO2 (g)   (Reaction 4) 

SiO2 (s) + C (s) = SiO (g) + CO (g)            (Reaction 5) 
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SiO2 (s) + CO (g) = SiO (g) + CO2 (g)            (Reaction 6) 

Carbons found in this porcelain sample are in solid form (organic 
compounds) and can react with Fe2O3 resulting in Fe(l) and CO(g) or CO2(g) 
(Reactions 2 and 3) and these reactions are spontaneous according to the 
calculated Gibbs free energy (Fig. 8.19). Either CO or CO2 formed in the porcelain 
samples during the firing process is sealed in the sample (in the bubbles) because 
of the high heating rates used (30 °C/min). Generally, CO forms at <500 °C 
[332,333] and reacts with other oxides. The CO continually reacts with Fe2O3 to 
form Fe(l) and CO2 (Reaction 4).  

The silica component (quartz) reacts either with solid carbon or CO gas, 
producing SiO gas (Reaction 5 and 6), this reaction is possible at ~1050 °C, 
according to the calculated Gibbs energy from Fig. 8.19. This SiO gas is then 
absorbed by Fe(l). At ~1000 °C, albite melts to form liquid aluminosilicate 
providing alumina and silica for mullite formation. Initially the mullite formed is 
silica rich because of absorption of SiO and later the alumina component diffuses 
to grow the mullite needles and increase their alumina content. 

 

Figure 8.19: Gibbs free energy calculations presented for different possible 
chemical reactions of the Fe2O3, SiO2 and TiO2 and carbons, occurring from 25-
1350 ºC. Reaction 5 and 6 [333]. The total equilibrium gas pressure during the 

entire formation process was assumed to be constant at 1atm. 
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In contrast, reaction via TiO2 (Reaction 1) is not possible since the Gibbs 
energy calculation shows positive value over the studied temperature range, but 
it could be feasible above 1700 °C, which is confirmed by the fact that Ti is not 
observed in the EDS data in Fig. 8.18. 

Fig. 8.20 summarises the steps of fibrous mullite formation via the VLS 
mechanism proposed in this study. 

 

Figure 8.20: Schematic illustration of the VLS formation mechanism of the 
fibrous mullite. 

 

8.8 Conclusions 
Porcelain samples are fully sintered using microwave radiation at 1100 °C, 

a temperature 75 °C lower than when using a conventional sintering process. 
Liquid started to form at ~800 °C under microwave radiation while ~950 °C is 
required using conventional sintering. 

MWSed samples have maximum ABD (2.36±0.03 g/cm3) at 1100 °C, WA 
varied from 0-3 % from 950-1200 °C. MWSed also have Vickers hardness about 
5.6±0.2 GPa, and fracture toughness of 4.8±0.2 MPam1/2, all of which resulting 
from a combination of the density and mineralogical composition. 

Mullite, moreover, formed under microwave radiation had small crystallite 
size (~76 nm) but high aspect ratio (>30:1) compared to mullite from the 
conventional process. Mullite chemistry in both samples was slightly different; the 
microwave sintered samples had higher alumina content (~63 mol.%) while 
conventionally sintered samples had stoichiometric mullite (~60 mol.%). Both 
mullites, however, had orthorhombic crystal structure. Formation of mullite was 
enhanced by microwave energy and may also arise via a vapour -liquid- solid 
mechanism. 
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Porcelains have heterogeneous microstructures because of the complex 
interplay between their starting raw materials and sintering conditions. This 
heterogeneity has a positive effect on the mechanical strength of porcelains, 
through a mechanism of matrix reinforcement [42,272]. However, the porosity 
plays a role in mechanical strength which must be controlled carefully. Fully dense 
commercial porcelains generally contain about 5 vol.% residual porosity, but 0% 
water absorption [42,272].  

Hardness and fracture toughness measurements were made in local dense 
areas of the porcelain samples. They may not exactly describe the bulk property 
of the porcelain, but they are a reasonable representation of the bulk property. 
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Chapter 9 

 

Preliminary study of the effect of FS on porcelain 

 

 
 
9.1 Chapter review 
 This chapter examines flash sintering of porcelain. Several experiment 
conditions, combinations of applied electric field and furnace temperature, were 
attempted but only two experiments were successful. Nonetheless, these gave a 
good picture of the effect of flash sintering on densification, and mullite formation 
in porcelain. Even though, the actual mechanism of flash sintering is still under 
debate, this study shades light on a possible mechanism occurring during flash 
sintering of porcelain. 

9.2 Flash sintering of porcelains 
Fig. 9.1a presents the experimental conditions attempted in this study, 

highlighting when a flash event occurred. To achieve the flash event, a 
combination of furnace temperature of 950-1000 °C and applied electric field of 
1.5 kV/cm were used. Since optimal conventional firing temperature of this 
porcelain is 1175 °C, a lower maximum furnace temperature of 1000 °C was used 
with the electric field. Higher electric fields (>1.5 kV/cm) were not possible because 
of the voltage limit of the power supply. However, it can be seen from Fig. 9.1a 
that to achieve flash sintering of this porcelain body, an electric field of at least 
1.5 kV/cm and temperatures over 950 °C were required. This is likely because of 
the low electrical conductivity of this porcelain compact (10-4 Scm-1) in the 
temperature range 800-950 °C (presented in section 5.7). Therefore, from now on 
only results from two flash sintered samples will be analysed and discussed. 
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Fig. 9.1b reveals a sample surface after flash sintering at 950 °C and 
1.5 kV/cm. Well-sintered and overfired regions could be observed. The well-
sintered area contains mainly glassy phase while the overfired area (containing 
bubbles) was developed underneath the Pt-wire. This microstructure suggests that 
there are temperature gradients across the sample which might be associated with 
heat localization. 

 
Figure 9.1: (a) Diagram showing experimental conditions explored in this work. 

(b) SEM microstructure of the flash sintered porcelain at 950 °C using 1.5 kV/cm. 
(c) SEM cross section microstructure (anode-cathode) with EDS result. 

 

The sample temperature estimated using Eq. 4.31 (addressed in section 
4.18.4) was ~1265 °C, which corresponds with the surface temperature. However, 
temperature in the area surrounding the Pt wire could be higher (it is the region 
of highest power dissipation), due to the low thermal conductivity of porcelain in 
this temperature range (2.40 W/mK at 1150-1200 °C, presented in section 5.6) so 
that little heat dissipated to the adjacent area, resulting in a temperature 



232 
 

gradient. Calculations by Zapata-Solvas et al., [65] highlight the possible thermal 
gradients present during flash sintering as a consequence of electric current 
localization, which have the potential to melt the material. These observations 
agree with the observed microstructures in Fig. 9.1b. Although there is still debate 
about the mechanisms responsible for flash sintering, it could be assumed that 
higher temperatures might be required to produce sintering in shorter times, 
which agrees well with diffusional theory and results shown by Zapata-Solvas et 
al., [65]. Nonetheless, the calculated sample temperature for the external surface 
(~1265 C) is above optimum porcelain sintering temperature producing an 
overfired microstructure. 

Round pores were found next to the Pt wire, area with the highest 
temperature in the sample indicating overfiring, suggesting that the amount of 
local heat was too high to produce a well sintered porcelain microstructure. 
Moreover, SEM images in Fig. 9.1c shows that the main phase produced near the 
cathode and anode is the glass phase. The EDS analyses were done to determine 
the chemical composition near the cathode and anode (not the mullite needles). 
Fig. 9.1c shows high level of Na+ ions at the cathode suggesting that cations are 
mobile in the aluminosilicate glass melt and they move towards the cathode as 
confirmed by EDS results (since the amount of sodium in the composition of the 
starting raw material is low, the 20 kV of the accelerating voltage was used to 
obtain sodium in large interaction area).  

9.3 Power dissipation 
Fig. 9.2 shows the applied voltage and current signal from the experiment 

held at 950 °C. It can be seen that the applied electric fields of 0.5-1.0 kV/cm (100-
200 V) did not generate current to trigger a flash sintering event (current spikes 
when changing the voltage could be attributed to signal noise). The flash event 
occurred when the applied voltage reached 1.5 kV/cm (300 V) at which point the 
current rose to the current limit of 0.2 A. It should be noted that the interval time 
of each applied field was 60 s. During the flash event, the voltage was observed to 
drop while the current still remains on the 0.20 A limit, which gradually decreases 
with time (Fig. 9.2b). This could be related to the fact that the sample is 
heterogeneous composed of partially melted albite, metakaolinite, and quartz, 
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which have different electrical behaviour and could facilitate current localization 
through a melted phase. In other words, the resistivity of a liquid (molten albite) 
is relatively low compared to a solid due to higher charge carrier mobility, so ions 
and electrons could move readily through the liquid glassy phase. 

A material which starts as an open circuit (applied voltage with no current 
flow) followed by a sharp current spike generates dielectric breakdown phenomena 
[334]. The flash event could be described as a dielectric breakdown followed by a 
thermal runaway as a consequence of the Joule heat being dissipated in the 
system. Microstructural mechanisms are under investigation and are still a 
matter of some debate in the flash sintering community, but they should be 
compatible with the macroscopic observation of dielectric breakdown and Joule 
heating.  

 
Figure 9.2: Electric field and current during the flash sintering at furnace 

temperature of 950 °C, (a) 0-165 s, and (b) 120-165 s. 

 
  

Fig. 9.3 takes a closer look at the voltage and current signal associated with 
a series of images from the CCD camera showing the flash event as a function of 
time during current control regime (1.5 kV/cm). At the first current spike (1), it is 
believed that the increase in current was signal noise as previously observed at 
100, 200 V (Fig. 9.2a). At point (2), the current increased abruptly to the current 
control limit while the applied field was constant. This is commonly observed in a 
flash sintering event and it is related to the process used to trigger flash sintering 
(at constant electric field).  
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During the holding period (131-135 s) (Fig. 9.3), a fluctuation of the applied 
voltage to maintain the constant current was present indicating the change of 
sample resistivity, which could be a consequence of temperature increase in the 
sample during the flash. Since, temperature increases, the resistivity of the 
sample decreases, which means that for the same current, a lower voltage is 
exhibited. As discussed in section 5.7, Na+, K+, Ca2+, and Fe3+ ions are the charge 
carriers in the porcelain sample at high temperature. Thus, electrical resistivity 
changes are expected during porcelain microstructure development as it is a 
multiphase material. In other words, the electrical resistivity of the porcelain 
decreases as temperature increases because of the presence of liquid phase 
(melting of feldspars), and mullite. Moreover, there could be a contribution from 
the electrode polarization, which might alter the output voltage [335].  

 
Figure 9.3: A series of images taking during the flash event of the sample flash 

sintered at 1.5 kV/cm under a constant furnace temperature of 950 °C. (a) 
indicates initial Joule heating occurred simultaneously when 1.5 kV/cm was 

applied, while (b-d) indicate the sample continues glowing once the current limit 
reached 0.2 A. 

 

9.4 Microstructure and mullite formation 
Fig. 9.4 shows etched microstructures of a FSed sample at a furnace 

temperature of 950 °C under 1.5 kV/cm. Distinct regions were observed, which 
were regarded as ‘clay-rich’ and ‘glass-rich’ (Fig. 9.4a and b respectively). 
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Interestingly, the etched microstructure reveals a large number mullite nuclei in 
the glass-rich region and they nucleated uniformly (Fig. 9.4b). The mullite nuclei 
population in the glass-rich region (Fig. 9.4b) was counted as ~120 nuclei/100µm2, 
while 210 nuclei/100µm2 were found in the clay-rich region (Fig. 9.4a). High level 
of alumina and silica available in the clay-rich region produces a greater mullite 
population as observed in Fig. 9.4a and b. 

However, mullite nuclei formed in the glass-rich region had larger diameter 
(47±5 nm) than those observed in the clay region (33±4 nm). The faster diffusion 
of Al3+ and Si4+ in supersaturated of molten glass is responsible for the larger 
mullite nuclei in liquid glass. 

In addition, Fig. 9.4d-g highlights that mullite nucleated in the liquid glass 
can grow rapidly and with a higher aspect ratio compared to mullite formed in the 
clay-rich regions. 

 
Figure 9.4: SEM images of a sample sintered at 1.5 kV/cm at 950 °C furnace 
temperature. (a) mullite nuclei formed in clay-rich region, (b) mullite nuclei 

formed in glass-rich region, (c) mullite needles growing in clay-rich region, (d-g) 
mullite growing in the glass-rich region having different morphologies. This 

sample was etched using 5% HF for 10 s. 
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Several mullite morphologies were observed in Fig. 9.4d-g. This observation 
suggests that mullite formed in the liquid glass melt is dependent on the degree 
of the supersaturation of alumina in the liquid glass, while mullite formed in the 
clay-rich region should be similar to mullite formed in a conventional sintering 
process because the mullite found in clay relicts forms by decomposition of clays. 

Fig. 9.5 presents two distinct mullite morphologies formed in the glass. The 
two different morphologies were related to the degree of supersaturation of 
alumina, which alters mullite formation mechanism. The ‘elongated crystallite 
mullite’ (Fig. 9.5a) was formed at low level of alumina supersaturation while the 
‘dendritic mullite’ (Fig. 9.5b) was formed at high alumina supersaturation. The 
transition point of elongated/dendritic mullite is explained by Kossel-Stranski and 
Burton-Carbrera-Frank’s models [336,337]. 

 
Figure 9.5: SEM images of (a) elongated mullite found at low alumina 

supersaturation, (b) dendritic mullite found in high alumina supersaturation. 
Schematic diagram showing mullite formed in the liquid glass via different 

growth mechanism, (c) screw dislocation mullite, and (d) dendritic mullite. Grey 
circle represents a mullite nuclei, and dark grey areas are the new layers.  
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According to the crystal growth theory, the growth morphology of crystals 
is a function supersaturation. If the supersaturation of the specie of interest (i.e. 
alumina in mullite) is less or equal to the critical value, the crystals grow via a 
screw dislocation mechanism (Burton-Carbrera-Frank’s model). On the other 
hand, if the supersaturation of the specie of interest is higher than the critical 
value, the crystal growth is controlled by the two-dimensional growth (Kossel-
Stranski model) [336]. The critical value of supersaturation is the point that 
nucleation occurs instantaneously.  

Above the critical value, Kossel and Stranski explained that crystals grow 
by incorporating new atoms onto the crystal surface, layer-by-layer in 
2-dimensions. The new atoms incorporate onto the crystal surface at one of three 
sites: ledges, steps or kinks but incorporation at the kink site is the most 
favourable. This 2-dimensional growth occurs only at relatively high 
supersaturation when random nuclei are generated on existing flat surfaces [338]. 
In other words, Kossel and Stranski model suggests that crystal growth is 
dependent on surface nucleation. 

Below the critical value, Burton, Carbrera, and Frank explained that the 
Kossel and Stranski’s model is based on the perfect flat crystal surface [337]. To 
create a new layer on a flat surface, requires 2-dimensional nucleation and 
supersaturation approximately 50% (which is rare). However, the presence of 
dislocations in the crystals has a great influence on crystal growth because they 
are a source of new steps where atoms can be incorporated. Hence, growth can 
proceed at lower temperatures and supersaturations. Thus, the supersaturation 
of alumina plays an important role in the mullite morphologies observed in this 
study.  

Fig. 9.5c reveals that mullite forms via screw dislocations because of the low 
alumina supersaturation. In other words, screw dislocation growth takes place 
when the supersaturation is not high enough to allow a new layer to nucleate on 
a flat mullite surface. The mullite growth starts with small circle nuclei 
(Fig. 9.5c,1), the mullite grows firstly at the corner because the corners and edges 
of the mullite contact with a greater volume of liquid phase than the face centres 
(Fig. 9.5c,2), so the supersaturation of alumina at these regions is higher. The new 
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layer then start at the edges and corners of a crystal face, and then spreads toward 
the centre region (Fig. 9.5c,3). However, since the formation of mullite in the FSed 
sample is fast (3s during the flash event), a residual hole at the centre of the 
mullite needles is observed (Fig. 9.5c,4). 

Fig. 9.5d reveals dendritic mullite at high alumina supersaturation. 
Because of the high supersaturation, new layers form at the edges and corners of 
the mullite nuclei (Fig. 9.5d,1) and protrude into the liquid glass (Fig. 9.5d, 2-3), 
rather than spread across the face. 

The EDS result in Fig. 9.6a suggests that the rapid temperature increase 
in FS produced non-uniform and out of equilibrium chemical distributions in the 
liquid glass melt resulting in different supersaturation levels of alumina. High 
alumina supersaturation (dendritic mullite) with 7.19±0.36 wt.% alumina (point 
004 in Fig. 9.6a) is found in the well-sintered area which at temperature is liquid 
(albite melts so that all alumina from albite is in the liquid phase) producing high 
levels of supersaturation of alumina.  

 
Figure 9.6: SEM with (a) EDS shows the level of supersaturation in different 
areas of the sample, and (b) FDA temperature shows temperature gradient in 

the FSed sample. 
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The temperature at point 004 is lower (~1110 °C) compared to well-
sintered-point 001 in Fig. 9.6a. The elongated mullite found in point 001 with 
6.43±0.32 wt.% alumina is at the low alumina supersaturation because the 
temperature is high (~1265 °C in Fig. 9.6b) resulting in increasing of silica level 
from quartz dissolution. The FDA is also employed to determine temperature 
gradient in the FSed sample showing different alumina supersaturation. 

 However, since the electric field was high (1.5 kV/cm), it might be 
reasonable to postulate that different supersaturation levels could be induced by 
high mobility under an electric field of different species present in the system. In 
addition, Fig. 9.5a shows a hollow mullite morphology, which suggests that a 
screw dislocation mechanism was responsible for the formation of hollow shapes 
[338]. 

The heterogeneity (non-uniform microstructure) in Fig.9.6 is due to the 
temperature variation in different parts of the sample. The different mullite 
morphologies in Fig. 9.4-9.5 and variation of microstructure in Fig. 9.6 suggest 
that this porcelain sample did not reach thermodynamic equilibrium because they 
were sintered very rapidly, so that most reactions during sintering were not 
completed. However, most of the porcelain products from fast firing processes (i.e. 
60-90 min cold-to-cold) are non-equilibrium because thermodynamic equilibrium 
is not achievable [42,271]. Further work is needed to show how these 
microstructures and different mullite morphologies produced by FS process affect 
the final property of the finished products. 

9.5 Further results and discussion 
 9.5.1 Electric field enhances mullite formation in porcelain 
 A CSed sample with identical chemistry (temperature of 1175 C, heating 
rate of 5 C/m, and 15 min dwell) was produced to compare the effect of electric 
field on mullite formation (Fig. 9.7). It is clear that the electric field accelerated 
mullite nucleation in the liquid glass melt because a small number of mullite 
nuclei (<10 nuclei/100µm2) was observed in the CSed sample while 
~120 nuclei/100µm2 in FSed sample. Thus, mullite formation in porcelain under 
flash sintering is worthy of further investigation and highlights the effect of an 
electric field on the mobility of charge carriers in a liquid phase. 
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Figure 9.7: Comparison of porcelain microstructures sintered using different 

process. (a) FSed sample was fabricated at 950 °C under 1.5 kV/cm, (b) CSed was 
fabricated at 1175 °C, 5 °C/min, 15 min dwell, (C is clay, G is glass, and Q is 

quartz). 

 

9.5.2 Alkali ions migration under electric field 
According to Fig. 9.1b, the round pores were found only underneath the Pt 

wire, which might suggest that they may not result from the overfiring. Another 
possibility could be that the round pores may be produced via an electrolytic 
reaction of free oxygen ions, produced during the melting of albite. At the anode, 
in which gaseous oxygen was produced as presented in Eq.9.1 [339]. 

 푂 →
1
2
푂 + 2푒  (9.1) 

Fig. 9.8a shows the elemental mapping across the sample in the area 
between the anode and cathode. The two distinct microstructures, well-sintered 
(L1:left) and under-sintered (L2:right), result from the non-uniform sintering as 
previously mentioned in section 9.2. 
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Figure 9.8: SEM with EDS presents the level of supersaturation as a function of 
temperature gradient in the sample. (a) the cross section of the FSed sample at 
the furnace temperature of 950 °C showing EDS lines at well-sintered (L1) and 
under-sintered (L2), (b) the move of Na+ ions to the cathode (black line), and (c) 

EDS mapping of cations. 

 

 In the well-sintered area, elemental analysis was conducted labelled as L1, 
from which 13 points were collected along line L1. L1 reveals the Na+ ions move 
towards the cathode, which is evident in Fig. 9.8b and c. The L2 line, on the other 
hand, presents elemental analysis of the un-sintered area. It suggests that there 
is no difference in Na+ ion concentration across the porcelain sample. The 
movement of the Na+ ions found in the well-sintered area is evidence that the Na+ 
ions are more mobile in the liquid glass and easily move towards the cathode under 
the applied electric field and this movement produces ionic current inducing Joule 
heating and sintering the porcelain sample. 
 A similar observation was made by MacKenzie and Brown [340] who 
concluded that by applying an electric field of 103 V/cm, alkali metal ions (i.e. Na+ 
and K+) in aluminosilicate glass (solid glass) migrated to the cathode resulting in 
an electrolytic mechanism, but migration of Al3+ and Si4+ was not found. They also 
proposed that the overall electrolytic mechanism involved the movement of 
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vacancies, alkali ions and protons to the cathode, and free oxygen towards the 
anode [340].  

 
Figure 9.9: (a) Structure of the albite melt producing non-bridging oxygen and 

free oxygen, (b) movement of free oxygen towards anode and alkali ions towards 
cathode [adapted from Ref. 340]. 

  

Fig. 9.9 schematically represents the structure of the melt which is in a 
disordered 3D network having network formers (Si), intermediates (Al), network 
modifiers (Na+, K+, and Ca2+), bridging oxygens (O) and non-bridging oxygens (O-) 
making up the tetrahedra network, and free oxygens (O2-), which are not part of 
tetrahedra (Fig. 9.9a). The melt is flexible and can rearrange itself through the 
random motions of atoms and molecules.  

Under an applied electric field condition (Fig. 9.9b), alkali ions (or other 
cations) move towards the cathode while free oxygens (O2-) move as an interstitial 
toward the anode [309]. Moreover, the bubbles found underneath the Pt-electrode 
(anode) are likely to have resulted from the electrolytic mechanism as suggested 
by Eq.9.1. Varshneya [339] also suggested during the migration of alkali ions, the 
glass structure is modified, and free oxygen is produced by combination of two non-
bridging oxygen forming free oxygen then moving towards the anode. This 
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suggests strongly that the bubble formed near the anode arise from migration of 
the free oxygen and produce gaseous oxygen via an electrolytic reaction. 

9.5.3 Proposed flash sintering mechanism in porcelains 
 The flash event in porcelain may be caused by either Joule heating or 
dielectric breakdown or both. With the present experimental setup, it was 
observed that the abrupt increase of current (<1 s, see Fig. 9.3) should result from 
dielectric breakdown rather than Joule heating because the electric current 
increased abruptly which is the result of a disruptive discharge (breakdown) of the 
minerals in the porcelain.  

In general, a gradual increase in the electrical conductivity is usually 
observed before a flash sintering event [90,341,342], which makes Joule heating 
controllable. In this work, in contrast, the abrupt increase of electric current 
caused by electrical breakdown made control of Joule heating difficult.  

In addition, at 950 °C, partial melting of albite was observed, and it was 
assumed that a thin layer of this liquid glass covered most of the solid particles 
throughout the porcelain sample (see section 5.4 and 5.7). The liquid glass film 
should act as a conductive path generating a flow of current [63]. At this point, 
Na+, K+, and Fe3+ should contribute to electrical conduction but the current was 
not detected when the applied electric potential was lower than 1.5 kV/cm. At the 
higher furnace temperature of 1000 °C when more liquid glass expected, the ions 
should move more freely producing flow of current. However, there was still no 
sign of conduction once the electric potential was applied. 

Even dielectric breakdown of these minerals (quartz, feldspar, and 
kaolinite) is in a high range of 105-107 MV/cm at room temperature. Thus, at the 
relatively high temperature of 950 °C, the breakdown voltage must be lower than 
that. Biesuz et al., [343] explained that the presence of pores and their shape can 
enhance local electric field strength of solid/air interface, which is expressed by 
Eq. 9.2.  

 퐸 ~푒  9.2 
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where 퐸  is critical electric field strength, 푏 is a constant depending on pore size 
and shape, and 푃 is fraction of porosity. From Eq. 9.2, 퐸  decreases as porosity 
increases, and pore shape becomes more complex. 

 
Figure 9.10: Schematic diagram explaining the local field enhancement by pores, 
(a) contacts between particles producing different triangular pores (Q is quartz, 
F is feldspar, C is clay), (b) pore size and shapes influencing 퐸 , (c) SEM of green 

porcelain heated at 950 °C showing complex pore shapes (circled).  

 
 

Fig. 9.10a is a schematic illustration of the green porcelain compact 
composed of feldspar (F), quartz (Q), and clay (C) particles. When the particles 
contact each other, they form pores with different shapes i.e. small triangular 
pores (Fig. 9.10a, ii) and large irregular pores (Fig. 9.10a, i). Enhancement of 퐸  
can be explained by the ratio of the particle size and the neck [343]. The ratio 
between neck (n) and particle (r), which is less than 1 (Fig. 9.10b, i) can enhance 
the local electric field, decreasing 퐸  and vice versa. In addition, Fig. 9.10b, ii 
suggests that in the case of sintered samples (large neck formation, n1), the local 
field is not intensified, so 퐸  is not decreased. 

In the case of the porcelain pellet used in this experiment, the pore shapes 
were complex, and the volume fraction of the pore was about 25±1 vol.% at 950 °C 
(Fig. 9.10c), the breakdown voltage of the porcelain sample should be lower than 
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that at room temperature, so the high voltage of 1.5 kV/cm applied to the porcelain 
may be large enough to trigger dielectric breakdown. Thus, it can be deduced from 
the abruptly increasing electrical current and reducing 퐸  due to porosity that 
flash sintering of porcelains was likely due to dielectric breakdown. 

9.6 Conclusions 
Flash sintering in porcelains is complex as they are is a multicomponent 

material containing i.e. quartz, feldspar, and clays. Microstructures developed 
during flash sintering of porcelain are a consequence of the formed liquid glass 
phase, which provides a conductive path producing a non-uniformly sintered 
sample. During a flash event, the electric field increases mullite nucleation and 
altered the mullite formation mechanism by producing different supersaturation 
levels of alumina in the liquid glass phase.  

The different supersaturations produce different mullite morphologies. 
Insights into the flash sintering process for examination of porcelains highlights 
the need for further investigation of viscous flow sintering under applied electric 
field of composite materials and its effects on microstructure development. 
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Chapter 10 

 

Further results and discussion 

 

 

10.1 Chapter review 
 This chapter compares in greater depth densification, microstructure, 
mullite formation, mechanical property, and energy consumption of all the 
sintering techniques studied. Porcelain densification behaviour for the three 
processes (DS, SPS, and MWS) was compared to that from CS. Flash sintering was 
not included since the density of the sample could not be obtained because the 
well-sintered area was too small (<2x2 mm2) to measure the density. Polished 
surfaces as well as etched surfaces were examined to compare mullite formation. 
The amount of mullite formed by the different sintering techniques is also 
discussed. The mechanical properties (Vickers hardness and fracture toughness) 
of the sintered samples are discussed. Finally, the energy consumption of the 
different densification processes is compared based on the actual energy measured 
and reported as the specific energy consumption (SEC). Limitations of applying 
the rapid sintering techniques on the industrial scale are also addressed. 

10.2 Comparison of densification behaviour 
Densification behaviour, density and densification rate, of the porcelains 

sintered under the different sintering techniques are shown in Fig. 10.1. Fig. 10.1a 
shows density of the porcelains as a function of temperature revealing different 
onset temperatures while all peak temperatures (which produce maximum density 
by each process) are between 1100-1200 °C. SPS produced the highest ABD 
(2.46±0.01 g/cm3) resulting from the applied pressure, MWS process produced 
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similar density to the CS process (2.36±0.03 g/cm3 and 2.38±0.01 g/cm3 

respectively) but densification of MWS starts at lower temperature (~950 °C). DS 
produced similar density (2.36±0.01 g/cm3) compared to CS. Interestingly, once 
maximum densities are achieved, they all decrease as a result of bloating. 

 
Figure 10.1: (a) Comparison of densification behaviour of porcelains sintered 

using different techniques, (b) densification rate (dρ/dT) of each process.  
 

 
The densification rates in Fig. 10.1b are different. The onset temperature of 

the sintering processes, when densification starts, also varies. For example, the 
onset temperature of the densification in SPS is 900-1000 °C while it is 1000-
1100 °C for CS and the onset temperature of MWS is 900-950 °C. Interestingly, 
densification rate of the DS process (green line) is the greatest among these 
processes starting at 1150 °C and finishing at 1200 °C. Note that densification rate 
during CS and DS is higher than during SPS because the rate is accelerated over 
the SPS cycle with an initial densification below 600 °C (as discussed in section 
7.7.1).  

Densification of the porcelain in the SPS process is enhanced by the applied 
pressure and requires little amount of the liquid glass, which is compared to the 
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CS process, to obtain maximum density (as discussed in section 6.4 and 7.2). Once 
the liquid glass is produced, it rapidly fills the voids between the solid particles 
resulted from the applied pressure so producing rapid densification. 

MWS produced dense porcelain at lower temperature starting from 
~900 °C, believed associated with lower temperature feldspar melting due to the 
microwave effect. However, it is important to note that the energy required to melt 
feldspars is thermodynamically limited regardless of the energy input routes. 
Thus, the temperature of feldspar melting cannot be lower than their melting 
points. Watanabe et al., [344] observed that on microwave sintering of a porcelain, 
liquid started to appear at 900 °C, which is approximately 220 to 250 °C lower 
than the melting point of feldspars. Their experiment showed that the 
temperature of feldspars was higher than 900 °C, which was explained by selective 
heating in a microwave. In other words, the temperature of the porcelain sample 
was measured over a large scale, which represents the average temperature of the 
sample, not locally at feldspar grains, where feldspars absorbed microwaves and 
reached higher temperature than the other constituents. The heat then dissipated 
to the surroundings producing an average sample temperature of ~900 °C. 

Even though the melting temperature of feldspars does not change, the 
microwave energy can potentially enhance densification by a mechanism involving 
increased diffusivity. This is suggested by the high densification rate in MWS 
compared to e.g. CS (Fig. 10.1b). Microwaves could enhance the melting of 
feldspars because the major factor of porcelain densification is the production of 
liquid from feldspar melting. As mentioned in section 8.3, the loss tangent of the 
porcelain sample changes rapidly around 600 °C due to melting of albite thus, 
suggesting that microwaves enhance feldspar decomposition.  

A study of microwave-assisted potassium feldspar decomposition confirmed 
that microwaves increase the dissolution of potassium ions from the feldspar 
structure [345]. The increasing in potassium ion dissolution can be explained by 
the caged molecule concept [346]. The caged molecule concept may enhance the 
decomposition of feldspars by rotation of the dipoles ((Si,Al)O4 tetrahedra) leaving 
space allowing potassium ions to escape from the feldspar structure as illustrated 
schematically in Fig. 10.2.  
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Fig. 10.2 presents the concept of diffusivity enhancement by microwave 
energy proposed by Antonio and Dream [346]. They proposed a model of a molecule 
(the white oval), which is called a caged molecule, surrounded by a group of 
molecules (the grey ovals), which constitute the cage. The cage creates an inter-
atomic potential around the caged molecule represented by the solid circle 
(Fig. 10.2b). In the model, the caged molecule has certain probability of jumping 
out of the cage as shown by the arrow going from left to right in Fig. 10.2b and c. 
Under normal conditions, molecules orient randomly (Fig. 10.2b) but under an 
applied microwave field, the molecules are all responding to the microwave field 
as shown in Fig. 10.2c. The alignment of the cage with the microwaves leads to 
decrease the average potential of the cage opening through which the caged 
molecule is more likely to pass, thus resulting in enhanced diffusion [346].  

 
Figure 10.2: The cage model arrangement under (a) normal conditions and 

no microwaves and (b) under a microwave field. K+ (pink) and Oxygen (red) 
arrange in [AlO4]5- (light blue), [SiO4]4- (dark blue) tetrahedra of microcline. A 
primitive unit cell contains 4AlO4 tetrahedra, 4K+ ions (to balance the charge), 

and 12SiO4 tetrahedra. Oxygens in the green circle are bridged to oxygens atoms 
at the (001) surface while oxygens in the yellow circle are bridged to the oxygen 

atoms at the (010) surface [adapted from Ref. 346 and 347]. 

 

 
The caged molecule model can be applied to feldspars, Fig. 10.2a represents 

the crystal structure of potassium feldspar. At the normal condition with no 
microwave radiation (Fig. 10.2b), the molecules ([SiO4]4- and [AlO4]5-) in feldspars 
may orient randomly producing an internal electric field (the black circle) and 
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having small atomic space, so that sodium or potassium ions (the white oval in 
Fig. 10.2b) have little chance of escaping from the cage. As microwaves are applied 
the molecules response to the oscillating wave, producing sufficient atomic holes, 
allowing the ions to escape from the feldspar structure. Once sodium and 
potassium ions escape into the porcelain bulk, they behave like an ionic conductor 
in the porcelain under the microwave radiation producing excess heating of the 
porcelain bulk under microwave irradiation [344].   

This model suggests that densification of the porcelain starts at lower 
temperature due to the microwave energy, which increases decomposition of 
feldspars, because they strongly absorb microwave energy. Densification starts 
early because the liquid phase (molten feldspar) fills the pores between solid 
particles pulling them together inducing densification. 

10.3 Microstructures 
 Comparing the polished surfaces of porcelain samples sintered using 
different sintering processes is shown in Fig. 10.3. The polished surface of the 
DSed sample (Fig. 10.3a) is dense resulting from the glassy phase but there are 
significant numbers of residual pores (25±3 pores/100x100 μm2, of size >20 μm) 
embedded in the glassy matrix producing 12.8±1 vol.% porosity. The SPSed sample 
(Fig. 10.3b) has similar polished surface to that produced by the DS process but 
there are fewer residual pores (10±2 pores/100x100 μm2, of size >20 μm) having 
1.5±0.5 vol.% porosity. Large craters (>100µm diameter) and pores 
(37±7 pores/100x100 μm2, of size >20 μm) are found in the MWSed sample arising 
from overfiring (bloating).  As mentioned in section 10.2, the temperature of the 
feldspars is higher than the average temperature of the sample which, along with 
an increase of sample loss tangent, leads to overfiring. However, considering the 
dense area of the MWSed sample (Fig. 10.3c), there are more pores (37±7 
pores/100x100 μm2, of size >20 μm) compared to the DSed and SPSed samples. 
The FSed sample (Fig. 10.3d) shows a different and heterogeneous microstructure 
with un-sintered and well-sintered regions. This resulted from the preferred 
sintering pathway, arising from the different electrical conductivity paths. 
 At high magnification SEM images (Fig. 10.3, bottom row) of the polished 
surfaces of all samples reveal similar features. All samples are dense due to 



251 
 

vitrification, and the only difference is in the numbers of residual pores (pore size 
>20 μm) including DS=25±3 pores/100x100µm2, SPS=10±2 pores/100x100µm2, 
MWS=37±7 pores/100x100µm2, and FS=20±2 pores/100x100µm2. 

Although, porcelain has different densification behaviour when made 
through different sintering techniques, once it is fully densified regardless of the 
processing route, the polished surfaces are similar because the major phase, which 
dominates the densification of porcelains, is glassy phase (arising from 
vitrification). If sufficient glassy phase is produced a dense polished surface is 
obtained.  

 
Figure 10.3: Polished surface of (a) DSed sample (1175 °C, 15 min dwell), (b) 

SPSed sample (1100 °C, 100 °C/min, 5 min dwell), (c) MWSed sample (1100 °C, 
30 °C/min,5 min dwell), and (d) FSed sample (furnace temperature of 950 °C, 

calculated sample temperature of 1265 °C). Top row is low magnification, bottom 
row is high magnification. 

 

10.4 Mullite formation from the different sintering techniques 
 Although polished surfaces of porcelain samples sintered by different 
sintering techniques are similar, the etched microstructures are different. 
Fig. 10.4 shows the etched microstructure of CSed and DSed samples, which 
illustrates two types of mullite formation. Type I (MI) is the mullite formed from 
the clay relicts while type II (MII) is the elongated mullite formed in the clay relicts 
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resulted from the interaction with the liquid glass during sintering. Type III (MIII) 
is found in the SPSed sample (Fig. 10.5) and formed in the liquid glass during 
sintering and occurs in the glassy matrix with elongated morphology.  

In addition, the mullites needles in the SPSed sample orient perpendicular 
to the compressive plane as shown in the inset of Fig. 10.5 and previously 
discussed in section 7.7.3.1. in relation to the micrographs. MIII mullite is also 
found in the MWSed sample but with different morphology to that found in the 
SPSed sample. MIII in MWSed sample (Fig. 10.6) is believed to form via the VLS 
mechanism discussed in section 8.7.2. MIII in MWSed sample have the highest 
aspect ratio (>30:1) observed (see section 8.7.1) compared to that in the SPSed 
sample (15-22:1). The FSed sample (Fig. 10.7) contains all three types of mullite. 
FSed sample contains large amounts of mullite (discussed in section 10.5) in the 
clay relicts (MI), large amounts of the elongated mullite (MII) as well as mullite 
formed in the liquid phase during sintering (MIII).  The schematic representations 
on the right-hand side in Fig. 10.4-10.7 illustrate the various mullite types found 
in the different samples.  

 
Figure 10.4: SEM image and schematic illustration of mullite formation in (a) 

CSed 1175 °C (5 °C/min,15 min dwell, and (b) DSed 1175 °C (15 min dwell) 
samples. MI is mullite type I, MII is mullite type II, and Q is quartz. 
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Figure 10.5: SEM image and schematic illustration of mullite formed in the 
SPSed 1100 °C sample (100 °C/min, 5 min dwell). MI is mullite type I, MII is 
mullite type II, MIII is mullite type III, and Q is quartz. Inset shows mullite 

orientation perpendicular to the SPS compressive plane. 
 

 
Figure 10.6: SEM image and schematic illustration of mullite formed in the 
MWSed 1100 °C sample (30 °C/min,5 min dwell). MI is mullite type I, MII is 

mullite type II, MIII is mullite type III, and Q is quartz. 
 

 
Figure 10.7: SEM image and schematic illustration of mullite formed in the FSed 
sample (furnace temperature of 950 °C and sample temperature of 1265 °C). MI 

is mullite type I, MII is mullite type II, and MIII is mullite type III. 
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 The mechanism of mullite formation in each sintering process has already 
been discussed in the individual chapters. In short, mullite type I and II, in CSed, 
DSed, SPSed, MWSed and FSed samples, all form in a similar manner. Type I 
mullite (MI) is produced by the decomposition of the clay component (kaolinite) 
while elongated mullite (MII) originates from the clay but with interaction with 
the liquid glass melt (molten albite) during sintering producing a more elongated 
morphology arising from the more fluid alkali-rich liquid. 

Interestingly, the formation of type III mullite, which is found in SPS, MWS 
and FS, is different to the type I and II mullites. Considering the type III mullite 
in SPS and MWS, they are different in terms of their sizes (SPSed sample has 
shorter aspect ratio mullite than MWSed sample) which is likely to result from 
the different process conditions leading to different growth mechanisms.  

The porcelain contains Fe2O3 impurity (1.24±0.04 wt.%, see section 4.2) 
which affects the viscosity of the liquid phase under different sintering 
atmospheres (oxidation and reduction). This variable viscosity of the liquid phase 
leads to different mullite growth mechanisms locally in the porcelain.  

Lee et al., [165] suggested that the mechanism of mullite growth may be 
associated with atmosphere. They explained that larger mullite crystals formed in 
oxidising than in reducing atmosphere because of the presence of iron oxide 
(Fe2O3), which causes lower viscosity of the silicate liquid (mullite grows faster). 
Fe metal, on the other hand, was detected in reducing atmosphere because the 
fluidising iron oxide was converted to FeO then Fe metal from the silicate liquid.  

In contrast, Dingwell and Virgo [348] reported that the atmosphere changes 
the viscosity of the silicate melt during heating; reducing atmosphere decreases 
the viscosity of the silicate melt while oxidation atmosphere produces more viscous 
silicate melt. They explained that Fe2O3 is reduced to Fe2+ in the reducing 
atmosphere and Fe2+ ions behave as network modifiers resulting in 
depolymerization of the silicate melts so decreasing silicate melt viscosity [348]. 

SPS employs an applied pressure which increases viscosity of the liquid 
glass. Increasing pressure causes polymerisation of the glass network because the 
liquid glass structure is compressed (ring structure collapses), and new bonds can 
be formed. In other words, increasing pressure causes reduction of the volume of 
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liquid glass (increasing density), thus viscosity increases. Vacuum, on the other 
hand, is also employed by SPS and is likely to decrease the melt viscosity in the 
same way that reducing atmosphere does. Thus, mullite produced in SPS has low 
aspect ratio compare to that produced in MWS; likely affected by the applied 
pressure because the pressure increases liquid phase viscosity making mullite 
growth more difficult. Although mullite grows faster in reducing atmosphere (low 
viscosity of liquid phase) the short aspect ratio mullite in the SPSed may also 
result from the large amount of mullite found in liquid phase leaving less alumina-
silica for growth. 

 In the FSed sample, it is evident that mullite nuclei are found in the liquid 
phase as presented in Fig. 10.8. The light grey circles are mullite nuclei, confirmed 
by the EDS showing alumina and silica while the glassy phase additionally 
contains sodium. The result shows that there are differences between the two 
spectra. Spectrum 2 contains Na, Ca and Fe representing composition of glass 
while spectrum 1 contains only Al and Si indicating mullite. However, this is still 
the beginning of mullite formation so the mullite is silica-rich 

 
Figure 10.8: Mullite nuclei formed in liquid glass during flash sintering (FSed 

1265 °C). 

 

 Takei et al., [349] explained the growth mechanism of mullite in liquid 
glass. They stated that mullite crystallization in liquid glass occurs in three 
stages, depending on the temperature as presented in Fig. 10.9b. The first stage, 
mullite nucleation occurred at <1000 °C as suggested by phase separation. The 
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second stage, nuclei growth, occurred at higher temperature of 1000-1200 °C but 
there is no appreciable grain growth in mullite. The third stage, above 1200 °C, 
shows mullite grain growth via coalescence.  

It is believed that the SPS, MWS and FS initially produce type III mullite 
in the liquid glass (Fig. 10.9a) as suggested by Takei et al., but type III mullite 
found in this study (Fig. 10.5-10.7) was elongated since the SPS, MWS and FS 
have typical growth atmosphere which enhanced the mullite growth mechanism. 

 
Figure 10.9:  Schematic illustration of mullite formation, (a) different mullite 
types (author’s image), and (b) mullite crystallization stages [adapted from 

Ref. 349]. 

 

10.5 Amount of mullite in the different rapid firing techniques 
 The amount of mullite formed in the studied sintering processes was 
determined using the internal standard method (described in section 4.11) shown 
in Fig. 10.10. 

The amount of mullite formed in the CSed sample increased as temperature 
increases but remained constant from 1175-1200 °C. The amount of mullite formed 
in the CSed sample is 4.1±0.5 wt.% at 1000 °C, and reached its maximum of 
9.2±0.2 wt.% at 1175-1200 °C. A similar trend is observed in the DSed samples in 
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which mullite formation increased from 7.7±0.3 wt.% at 1150 °C to ~9.1±0.4 wt.% 
at 1175-1200 °C.  

It is also clear that the amount of mullite found in MWSed samples 
increased as temperature increased and reached a plateau once the temperature 
reached 1100-1200 °C at 9.9±0.4 wt.%. The MWSed sample has slightly higher 
levels of mullite than seen in the CSed and DSed samples because MWS enhances 
mullite formation (as described in section 8.7.1), as also seen from the 
microstructure (Fig. 10.4 and 10.6). 
 In the case of SPSed samples, the amount of mullite formed at 1100 °C is 
altered by the dwell time.  Fig. 10.10 shows that the amount of mullite formed at 
0 min dwell was 13.8±0.1 wt.% but as dwell time increased, the amount of mullite 
decreased to the similar level of other samples sintered under different sintering 
techniques (~9-10 wt.%). As mentioned in section 7.7.3.1, the effect of vacuum 
enhances the decomposition of kaolinite and albite, resulting in enhancing Al3+ 
diffusion for mullitisation. 

 
Figure 10.10: Amount mullite as a function of temperature formed in the 

sintering processes. Note that dwell time of CS, DS, and MWS are 15 min, 5 min 
and 5 min respectively. 
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 The decreasing amount of mullite in the SPSed 1100 °C sample with 
increasing dwell time resulted from an adverse effect of pressure on the dissolution 
of mullite as previously explained in section 7.7.3.3. The SPSed 1200 °C samples 
sintered with different dwell times show similar amounts of mullite at 
~9.8±0.3 wt.% because the dissolution of mullite may be stopped. 

It is interesting that the amount of mullite formed in the fully dense 
porcelain samples is in a similar range (9.5±0.5 wt.%) regardless of the processing 
routes, this is because the chemistry of the porcelain is identical so the mullite 
formed is similar. It has been experimentally reported that mullite formation in 
porcelains is constant and independent of heating rate and dwell time over the 
temperature range of industrial firing schedules (1200-1400 °C) [110,160,206]. 
 In addition, even though mullite in the FSed sample cannot be quantified 
examination of SEM images (Fig. 10.7) reveals that large amounts of mullite forms 
in the FSed sample. Mullite is found everywhere in the FSed sample, in the clay 
relict, and in the glass, resulting from the applied electric field. 

10.6 Mullite crystallite growth via different sintering processes 
 The calculated mullite crystal sizes using the Scherrer equation were found 
to increase with increasing temperature in all sintering techniques as presented 
in Fig. 10.11. For example, mullite crystallite size of the CSed samples varies from 
32-40 nm from 1000-1175 °C. The mullite crystallite sizes in the DSed sample (32-
37 nm) and MWSed sample (24-27 nm) show a similar trend to those in the CSed 
sample.  

Mullite growth in the SPSed samples is much faster than that in the CSed, 
DSed and MWSed sample (mullite crystallite size varies from 17 to 55 nm) because 
the applied pressure of 25 MPa in this SPS condition is significant for mullite 
formation as well as the plastic deformation combined with a heating rate of 
100 °C/min that triggers the transformation of kaolinite in porcelain at lower 
temperature; thus mullite has more time to grow (as discussed in section 7.7.3). 
However, mullite dissolution is observed in the SPSed sample sintered at 1200 °C 
and 10 min dwell by decreasing of mullite crystallite size.  

It also can be seen in Fig. 10.11 that increase mullite size in CSed, DSed, 
and MWSed samples is similar (similar slopes) but MWSed sample has smaller 
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mullite size compared to CSed, and DSed because it shows fibre-like mullite 
formed via VLS mechanism as addressed in section 8.7.1. DSed samples have 
smaller mullite size compared to CSed samples e.g. at 1200 °C because it has less 
time to grow (DSed sample have faster heating rates). 

 
Figure 10.11: Calculated mullite crystallite size (001) growth in different 

sintering techniques using the Scherrer equation. 

 

10.7 Mechanical behaviour 
10.7.1 Vickers hardness 

 A comparison of Vickers hardness (HV) in the dense areas of the porcelain 
samples sintered using different sintering techniques (Fig. 10.12a) shows that 
DSed 1200 °C samples have greatest HV (7.6±0.3 GPa), while SPSed 1200 °C 
samples have HV of 6.8±0.03 GPa. MWSed 1200 °C samples have similar HV to the 
CSed 1200 °C sample ranging ~5.5±0.4 GPa.  

It is clear that HV increased in the dense areas with increased sintering 
temperature resulting from higher ABD; the greater the density the greater the 
HV. For example, the CSed samples have low HV (~2±0.2 GPa) after firing at 
1100 °C due to incomplete sintering but HV reaches a maximum value of 5.2±0.4 
GPa in a fully sintered sample at 1200 °C. In the case of MWSed and SPSed 
samples, they reach their maximum HV after sintering at 1100 °C when they are 
fully dense and the HV remains constant after sintering at 1200 °C; MWSed 
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samples have 5.6±0.2 GPa and SPSed samples have 6.7±0.2 GPa. SPSed samples 
sintered at 1100 °C have greater HV than the CSed and MWSed samples because 
they have denser microstructures (greater ABD) and less porosity (Fig. 10.13b, 
and c).  

 
Figure 10.12: (a) Vickers hardness and (b) fracture toughness of CSed, DSed, 

SPSed and MWSed samples as a function of temperature. 

 

Figure 10.13: Microstructures of porcelain samples, indents and cracks 
generated from indentation corners. (a) CSed 1200 °C, (b) SPSed 1100 °C, (c) 

SPSed 1200 °C and (d) DSed 1200 °C samples, and the toughening mechanisms, 
crack bridging (B), and crack deflection (D). 
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The DSed samples, on the other hand, have the greatest HV among these 
samples, which is likely due to the local density, phase composition and pore 
structure which is associated with the selected indentation area, as presented in 
section 6.7. Fig. 10.13d reveals that the indentation area was selected from the 
dense area, but residual pores are still observed. 

SPSed samples exhibit higher HV compared to CSed and MWSed samples 
resulting from their high density, and the pore-free and dense selected area. In 
addition, from the microstructure point of view, it was previously mentioned 
(section 7.6) that SPS produced mullite with preferred orientation to the 
compressive direction, which should increase HV although the cracks reveal no 
evidence of any texture effect. A texture effect would be indicated by the cracks 
generated from the indentation corners having different lengths [349] but in this 
study the crack lengths are similar indicating random orientation of the mullite 
needles. Nonetheless, the SEM images (e.g. Fig. 10.5) show evidence of mullite 
having preferred orientation but not revealed by the indentation cracks.  

However, the HV of samples sintered to 1200 °C vary over a narrow range 
between 5-8 GPa because the samples have similar degree of densification (density 
range between 2.3-2.46 g/cm3) and similar phase composition; similar glassy phase 
(no albite), and similar mullite (~9.8±0.3 wt.%). Please note that that HV results 
in Fig. 10.12a may have uncertainty from the measurements resulted from the 
porcelain inhomogeneity and the crack length, which some are not satisfied >2a, 
however, the standard deviations of the HV results are relatively small suggesting 
that the HV values spread in a narrow range. 

10.7.2 Fracture toughness 
Fig. 10.12b shows that fracture toughness (KIC) varies over a narrow range 

between 3-6 MPa· m1/2 for samples sintered at 1200 °C. The SPSed 1200 °C 
samples have lower KIC compared to DSed and MWSed samples likely due to two 
aspects; local density and phase composition. The local density of the SPSed 
samples is greater than that in DSed and MWSed samples because of the effect of 
the applied pressure (Fig. 10.1) and should produce greater KIC. However, it is not 
the case because the local phase composition, which is composed of mainly glass 
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and mullite, plays an important role producing long and straight cracks in SPSed 
samples.  

Straight cracks are observed in the dense and pore-free regions of the SPSed 
samples (Fig. 10.13b and c). Highly magnified SEM images (Fig. 10.13e and f) 
show crack bridging (denoted as “B”) suggesting that SPSed samples have crack 
bridging as a toughening mechanism while the DSed, and CSed (Fig.10.14a and 
d) samples have crack deflection (denoted as “D”) as toughening mechanisms. 

Fig. 10.14 shows schematically the toughening mechanisms in ceramics due 
to dispersed particles in the matrix. The toughness of ceramics is enhanced by 
crack bridging (B), and crack deflection (D) [351-354], and these toughening 
mechanisms were observed to be present in this study (Fig. 10.13). 

 
Figure 10.14: Schematics of principal toughening mechanisms in cementitious 

composites. (a) crack bridging, and (b) crack deflection, [adapted from Ref. 351]. 
   
 

Fig. 10.13a and d (the CSed and DSed samples) also suggests that the 
cracks are deflected (denoted as “D”) by the dispersed particles (mullite, quartz, 
and residual albite) while these mechanisms were not observed in the SPSed 
sample i.e. SPSed 1200 °C. This crack deflection mechanisms in CSed and DSed 
samples may lead to the greater KIC compared to the SPSed samples. 

Crack lengths (c parameter used to calculate KIC) in SPSed samples were 
longer (28.21±5 µm) than those found in DSed (25.66±2 µm) and MWSed 
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(21.47±1 µm) samples (see Table 10.1) because the SPSed samples contain fewer 
pores to pin the cracks, and less evidence of crack deflection; so producing lower 
KIC. 

It is worth noting that the drop of KIC (Fig. 10.12b) in DSed, MWSed and 
SPSed samples sintered at 1200 °C is due to the increasing crack length 
(c parameter in Table 10.1) while the 푎 parameter is similar (see Table 10.1). 
Please also note that some parts of the uncertainty of the KIC measurement 
resulted from the porcelain inhomogeneity and the crack length (as previously 
mentioned), for example, the standard deviation of the KIC of DSed samples is 
relatively large resulting from the measurement uncertainty. 

Table 10.1: a and c parameter used to calculate KIC in the porcelain samples. 

 
 
 Fig. 10.15 shows SEM images illustrating crack bridging (B), and crack 
deflection (D) in the porcelain samples. HV and KIC of the porous samples i.e. CSed 
1000 °C cannot be determined because the a and c parameters were not identified. 
As mentioned earlier, cracks in SPSed samples are straight (no deflection) and 
longer compared to those in other samples (Table 10.1). 
 Even though, toughness and strength of the materials are different, 
attempts have been made to correlate the toughness to the bulk property as 
discussed in section 8.6. In short, the hardness of a material can affect the fracture 
toughness. In general, the harder the material the lower the fracture toughness. 
In this study, the fracture toughness value may not represent the bulk property 
because the measurement was done in the dense area of the samples so porosity 
may have less effect on the toughness. On the other hand, porosity plays an 
important role in bulk properties. Thus, it would be better to experimentally 
determine the bulk properties of the porcelain rather than predicting from the 
toughness values. 

Process a-parameter (µm) c-parameter (µm) 
1000 °C 1100 °C 1200 °C 1000 °C 1100 °C 1200 °C 

CS n.d.* 22.50±6 18.48±1 n.d. 22.03±5 26.54±6 
DS n.d. n.d. 18.77±1 n.d. n.d 25.66±2 

MWS n.d. 19.63±1 20.81±1 n.d. 20.50±1 21.47±1 
SPS 25.05±7 19.83±1 18.98±1 n.d. 22.11±5 28.21±5 

* n.d. is not determined. 
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Figure 10.15: SEM images of indentations and cracks in (a) CSed, (b) DSed, (c) 
MWSed and (d) SPSed samples showing crack bridging (B), and crack deflection 

(D), which control the toughness. 
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10.8 Evaluation of energy consumption in the rapid sintering techniques 
Fig. 10.16 presents the measured power (watt) of the studied sintering 

processes as a function of processing time (second). The energy used in each 
process was calculated from the integrated area under the graph (W· s = Joule).  

For example, the porcelain sintered using CS with conditions of 1175 °C, 
5 °C/min and 15 min dwell in the 4.5 litres chamber consumed energy ~11.7 MJ 
(Fig. 10.16a) while the DS process, which used only dwelling step in the same 
furnace used in CS (marked as red box in Fig. 10.16b), consumed ~1.1 MJ of 
energy. Fig. 10.16c shows 3.2 GJ of energy obtained from the integrated software 
of the SPS. Fig. 10.16d presents the energy consumed in the microwave sintering 
of ~0.04 MJ. 

 
Figure 10.16: The power value measured by the power meter, and calculate 

energy (Joule, (W· s)), (a) CS, (b) DS, (c) SPS, (d) MWS, and (e) FS. 
 

 
The energy consumed by the FSed sample was ~1.6x10-3 MJ (only energy 

supplied to the sample to produce Joule heating), which was low compared to the 
other processes. However, once the energy from the furnace, which used to heat 
up the sample to the flash event was included (3108 J) the FS process needed 
energy ~4.8x10-3 MJ. Thus, from the energy consumption point of view, SPS 
consumed a lot more energy that other processes and FS consumed less energy 
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than other processes. Fig. 10.16 suggests that the SPS process is the most energy 
consuming process (3225 MJ) followed by CS (11.70 MJ), DS (1.10 MJ), MWS 
(0.0036 MJ) and FS (4.8x10-3 MJ), respectively (to be discussed in detail in section 
10.8.2-10.8.4). However, to make a better comparison, the sample mass is used to 
calculate the specific energy consumption (SEC) as presented in Tables 10.3-10.6.  

Briefly, the specific energy consumption (SEC) in CS process (Table 10.2) is 
117 MJ/kg, which was calculated by the measured power divided by the porcelain 
weight. The SEC of DS is 10.8 MJ/kg (Table 10.3), the SEC of FS is 4.79 MJ/kg 
(Table 10.4), the SEC of SPS is 1612 MJ/kg (Table 10.5), and the SEC of MWS is 
18 MJ/kg (Table 10.6). 

10.8.1 Energy losses in CS, DS, and FS 
Table 10.2 presents calculations of (1) energy supplied to the furnace, (2) 

energy required by the sample at 1175 °C, (3) energy required by the alumina 
setter at 1175 °C, (4) energy losses at 1175 °C and (5) SEC of CS.  

The SEC of CS (without considering losses) is 117 MJ/kg calculated for a 
100 g sample. However, only 0.13 MJ of energy was required by the sample and 
only 0.12 MJ was consumed by the alumina setter, the rest of the energy is 
consumed by the furnace structure and lost.  

In the case of CS, a laboratory furnace was used to heat the sample and it 
is assumed that there are energy losses via the furnace walls (푄 ) and opening 
gaps (푄 ). The heat loss via the furnace walls was calculated based on the 
convection (푄 ) and radiation (푄 ) as presented in Eq. 10.7-10.9 and Fig. 10.17. 

 푄 = 푄 + 푄  (10.7) 

 푄 = ℎ 퐴 푑푇 (10.8) 

 푄 = 휀휎퐴(푇 − 푇 ) (10.9) 

where ℎ  is the convective heat transfer coefficient, 퐴 is the area of the furnace 
walls (5 sides excluding the bottom side of the furnace). 푇  is the temperature of 
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the furnace wall, 푇  is the ambient temperature, 휎 is the Stefan-Boltzmann 
coefficient, and 휀 is the emissivity of the furnace walls. 

 
Figure 10.17: Schematic diagram of the laboratory furnace used in the CS and 

DS, (a) side view, and (b) front view. 
 

In this study, the convective heat transfer by air was calculated using 
Eq. 10.10, which is valid for air velocity from 2 to 20 m/s [355]. It is assumed that 
the velocity of the air (푣) surrounding the furnace was 5 m/s. Thus, the ℎ  was 
27.8 W/ m2K. 

 ℎ = 10.45 − 푣 − 10(푣 / ) (10.10) 
 

 Heat losses from the opening gaps (푄 ) can be calculated using the concept 
of radiation, Eq. 10.11, in which 푇  is 1175 °C. From this assumption, the heat 

losses from the laboratory furnace in the CS were as shown in Table 10.3.  

  푄 = 휀휎퐴(푇 − 푇 ) (10.11) 

 Table 10.3 shows that the energy losses via the furnace wall (푄 ) are 
~5.75 MJ (5.73 MJ from 푄  and 0.024 MJ from 푄 ) while the loss from opening gap 
(푄 ) is about 2.82 MJ. From Table 10.3, the majority of energy used is due to the 
losses, just a small amount of energy is acquired by the sample. 
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Table 10.2: Energy measured by the power meter, energy losses and SEC in CS. 

Energy Equation Energy 
(MJ) Parameter 

1. Energy measured by 
the power meter  11.70 Processing time 

(t)=14010 sec. 
2. Energy required by 
porcelain sample	(푄 ) * 푄 = 푚 퐶 푑푇 0.13 m= 100 g, T1=30 °C, 

T2=1175 °C 

3. Energy required by 
alumina setter (푄 ) ** 푄 = 푚 퐶 푑푇 0.12 m = 80 g, T1=30 °C 

T2=1175 °C 

4. Energy losses    

     4.1 Wall loss via 
convection (푄 ) 푄 = ℎ 퐴 푑푇 5.73 

A=0.163 m2  
ℎ = 10.45 − 푣 − 10푣 /  
푣 = 5 푚/푠 

     4.2 Wall loss via 
radiation (푄 ) 푄 = 휀휎퐴(푇 − 푇 ) 0.024 

휀= 0.9 
휎=5.67x10-8 W/ (m2· K) 
푇 =120 °C, 푇 = 30 °C 
푇 = 1175 °C 
Opening gaps (A) 
= 0.0019 m2 

     4.3 Opening gaps loss 
(푄 ) 푄 = 휀휎퐴(푇 − 푇 ) 2.82 

5. Specific Energy Consumption (SEC) 117 MJ/kg 
* Heat capacity of the porcelain is obtained from section 5.5. 
** Heat capacity of alumina setter is retrieved from Ref. 356. 

 
Table 10.3 and 10.4 present the estimation of energy losses and SEC of DS 

and FS processes using the same calculation concept to the CS because these three 
processes (CS, DS, and FS) employ a laboratory furnace which has the same loss 
parameters. The only two differences are sample size and furnace processing time. 
The SEC of DS is 10.8 MJ/kg calculated from 10 g of sample. Again, only 0.013 MJ 
of energy was consumed by the sample and only 0.12 MJ was consumed by the 
alumina setter, the rest of energy is lost as presented in Table 10.3.  

The SEC of FS is 4.79 MJ/kg (excluding the furnace heating, which is the 
power used to heat the furnace and sample from 30 to 950 °C) but 3060 MJ/kg 
when the furnace heating is included. The energy consumed by the sample is low 
(4.79x10-3 MJ/kg) because the sample weight used in the FS was only ~1 g (the 
sample was in a small pellet with 13 mm diameter and 1 mm thick, the rest of the 
furnace energy is lost (Table 10.4). 
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Table 10.3: Energy measured by the power meter, energy losses and SEC in DS. 

Energy Equation Energy 
(MJ) Parameter 

1. Energy measured by 
the power meter  0.11 Processing time 

(t)=900 sec. 
2. Energy required by 
porcelain sample	(푄 ) * 푄 = 푚 퐶 푑푇 0.013 m= 10 g, T1=30 °C, 

T2=1175 °C 

3. Energy required by 
alumina setter (푄 ) ** 푄 = 푚 퐶 푑푇 0.12 m = 80 g, T1=30 °C 

T2=1175 °C 

4. Energy losses    

     4.1 Wall loss via 
convection (푄 ) 푄 = ℎ 퐴 푑푇 0.72 

A=0.163 m2  
ℎ
= 10.45 − 푣 − 10푣 /  
푣 = 5 푚/푠 

     4.2 Wall loss via 
radiation (푄 ) 푄 = 휀휎퐴(푇 − 푇 ) 0.08 

휀= 0.9 
휎=5.67x10-8 W/(m2· K) 
푇 =120 °C, 푇 = 30 °C 
푇 = 1175 °C 
Opening gaps (A) 
= 0.0019 m2 

     4.3 Opening gaps loss 
(푄 ) 푄 = 휀휎퐴(푇 − 푇 ) 0.18 

5. Specific Energy Consumption (SEC) 10.8 MJ/kg 
* Heat capacity of the porcelain is obtained from section 5.5. 
** Heat capacity of alumina setter is retrieved from Ref. 356. 
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Table 10.4: Energy measured by the power meter, energy losses and SEC in FS. 

Energy Energy 
(MJ) Parameter 

1. Furnace heating excluded 
1.1 Energy measured by the power meter  
(electric power to produce Joule heating) 1.68x10-3 Processing time (t)=3 

sec. 
1.2 Energy required by porcelain at 950 °C 
(furnace energy) 3.11x10-3 

m= 1 g, T1=30 °C, 
T2=950 °C, Processing 
time (t)=3 sec. 

1.3 Energy required at flash event (1.1) + (1.2) 4.79x10-3  
1.4 Specific Energy Consumption (SEC) 4.79 MJ/kg 
 
2. Furnace heating included 
2.1 Energy measured by 
the power meter (heating)  3.06 

Processing time (t) 
=5520 sec (30-950 °C) 
heating rate 10 °C/min 
m=1 g 2.2 Energy required at flash event (1.3) + (2.1) 3.06 

2.2 Energy loss    

     2.2.1 Wall loss via 
convection (푄 ) 푄 = ℎ 퐴 푑푇 2.01 

A=0.163 m2  
ℎ = 10.45 − 푣 − 10푣 /  
푣 = 5푚/푠 

     2.2.2 Wall loss via 
radiation (푄 ) 

푄
= 휀휎퐴(푇 − 푇 ) 0.008 

휀= 0.9 
휎=5.67x10-8 W/ (m2 K) 
푇 =120 °C, 푇 = 30 °C 
푇 = 950 °C 
Opening gaps (A) 
= 0.0019 m2 

     2.2.3 Opening gaps loss 
(푄 ) 

푄
= 휀휎퐴(푇 − 푇 ) 0.40 

2.3 Specific Energy Consumption (SEC) 3060 MJ/kg 
* Heat capacity of the porcelain is obtained from section 5.5. 
 
 

10.8.2 Energy losses in SPS 
The energy input (Fig. 10.16c) was used to heat porcelain sample, graphite 

components, and the rest power are lost via conduction and radiation. The energy 
required to heat the porcelain sample was 0.003 MJ (Table 10.5). The energy used 
to heat the graphite components was calculated using graphite properties (such as 
density and heat capacity) and geometrical parameters as given in Table 10.5 and 
Fig. 10.18b. For example, energy required by the graphite components is 3.36 MJ 
(including energy for punch, die, and spacer in Table 10.5, 3.1-3.3). The energy loss 
via radiation is 9.53 MJ while the loss via conduction is not determined because it 
is too large, but it may be assumed that the conduction loss is equal to energy 
input subtracted by the energy required by porcelain sample, graphite components 
and radiative heat loss. The measured energy in the SPS was 3225 kW to 
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consolidate 2 g (because just a small mass of porcelain powder can be sintered in 
the 20 mm diameter graphite die) of porcelain thus the SEC of SPS is 1612 MJ/kg.  
 
Table 10.5: Energy measured by the power meter, energy losses and SEC in SPS. 

Energy Equation Energy 
(MJ) Parameter 

1. Energy measured by the 
power meter  3225 Processing time (t) 

= 960 sec. 
2. Energy required by 
porcelain sample	(푄 ) * 푄 = 푚 퐶 푑푇 0.003 m= 2 g, T1=30 °C, 

T2=1100 °C 
3. Energy required by 
graphite components**   퐶 	= 	310 + 1.09푇 

     3.1 Die 
푄 = 푚 퐶 푑푇 

0.66 m= 340 g 
     3.2 Punch 0.22 m= 114 g 
     3.3 Spacer 2.48 m=1534 g 
4. Losses    
     4.1 Radiative loss by 
graphite (푄 ) 푄 = 휀휎 퐴 (푇 ) 9.53 휀 is 0.9 

퐴 = see geometrical 
parameter in 
Fig. 10.19b. 

     4.2 Conduction loss to 
water cooling via steel ram n/a n/a 
4. Specific Energy Consumption (SEC) 1612 MJ/kg 

* Heat capacity of the porcelain is obtained from section 5.5. 
** Heat capacity of graphite is 310 + 1.09푇 J/kg-K, density () of graphite is 1.90 
g/cm3 [357]. 

 

 
Figure 10.18: (a) Schematic diagram of energy losses in SPS process, and (b) 

geometrical parameters of parts of the SPS used in this study.  
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Fig. 10.18a shows that the energy input was used to heat the graphite 
components while the energy losses are conduction from the graphite dies to the 
steel ram, where the steel ram was cooled by water, and heat loss by radiation 
from the graphite die to the chambers, graphite felt was used to reduce the surface 
radiative heat loss from the die during sintering. It has been suggested that the 
energy loss of the SPS process is dominated by conduction from the graphite 
components to the steel ram as presented in Fig. 10.19a and Table 10.5. Because 
the steel ram is water cooled the heat generated in the graphite components flows 
irresistibly away to the cooling water [357]. 

10.8.3 Energy consumption in MWS 
 In the case of MWS, the microwave energy was solely absorbed by the 
porcelain sample and heat internally generated, giving some energy loss via 
sample surface radiation (see Fig. 8.1 in section 8.2). The SEC of the MWS was 
calculated as 18 MJ/kg, which is presented in Table 10.6. 

Table 10.6: Energy measured by the power meter, energy losses and SEC in MWS. 
Energy Energy (MJ) Parameter 

1. Energy measured by the power meter 0.036 m = 2 g 
2. Specific Energy Consumption (SEC) 18 MJ/kg 

 
 

10.9 Comparison of the energy consumption 
Fig. 10.19 presents plots of processing time (Fig. 10.19a) and SEC 

(Fig. 10.19b) to obtain fully sintered porcelains by each sintering technique. 
Fig. 10.19 reveals that the CS process is the most energy and time-consuming 
process using time in hours compared to minutes and seconds for the other 
techniques. The DS can reduce both processing time (hours to minutes) and energy 
consumption (about 10 times lower because rapid heating rate (780 °C/min) is 
used). The MWS, on the other hand, reduces the total energy consumption by 
about half compared to the DS but used longer processing time. This is due to the 
slower heating rate used in MWS which is 30 °C/min while for DS it was 
780 °C/min.  FS appears to be the least energy and time-consuming process among 
those techniques. However, if the furnace energy is taken into account it becomes 
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the most energy consuming process with 3060 MJ/kg because FS can only produce 
a small sample but requires large energy to heat up the furnace and sample. The 
SPS has SEC with 1612 MJ/kg, while the processing time is comparable to the DS 
and MWS (~1000-2000 s) because most energy is used to heat the graphite die and 
is lost through the water-cooling system, not used directly to heat the sample. 

 
Figure 10.19: (a) Processing time, (b) specific energy consumption (SEC) used to 

consolidate the porcelain sample by different techniques. SEC in industrial 
production varies with products and firing temperatures. 

 

Fig. 10.19b presents the SEC in each sintering technique obtained as well 
as the energy consumption by the industrial sector [358]. The energy used to 
produce ceramics on the industrial scale is presented on the right-hand side in 
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Fig. 10.19b suggesting that the energy required (only in the firing process) to 
produce masonry bricks and roof tiles is 2-4 MJ/kg, wall and floor tiles is 5-
10 MJ/kg, sanitaryware is 7-10 MJ/kg, and tableware 15-17 MJ/kg.  

The CS process presented in this study (which has comparable heating rate 
to those used commercially) consumes large amounts of energy compared to the 
industrial sector because of only one sample is produced, which is different from 
the actual industrial process in terms of the sample size, shape, continuity of the 
process, source of energy used, and losses. 

Although, DS, MWS and FS can potentially reduce energy compared to the 
CS process even though the comparison made here is on a laboratory scale. This 
comparison can give an idea that the DS, MWS and FS are potential techniques 
aiming to challenge the current sintering techniques. 

10.10 Limitations of applying rapid firing processes to porcelains 
 Even though the rapid sintering techniques in this study show potential to 
reduce processing time and energy consumption of porcelain production there are 
still some aspects to be considered including porcelain characteristics and furnace 
technology. 

10.10.1 Porcelain characteristics 
a. Porcelains usually are composed of natural raw materials (clays, 

feldspar, and quartz), which contain impurities such as organic 
matter and volatile substances. The volatile substances need to be 
burned out before densification complete. By employing rapid 
heating rates, the volatile matter would be trapped producing 
undesirable bubbles embedded in the porcelains reducing the 
technological properties. However, the applied pressure and 
vacuum conditions in the SPS help to minimize porosity even 
though the volatile matter is not fully burnt out. 

b. The actual porcelain products are large and complex in shape such 
as tableware and sanitaryware. The rapid heating rates may not 
be possible because the heat transfer would be limited producing 
different shrinkage rates, which cause internal strains. 
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c. Some of porcelains are glazed to obtain desired properties. It is 
difficult to sinter porcelains together with the glaze by using the 
rapid sintering techniques because the glaze would melt and 
adhere to the die (in SPS) or electrode (in FS). The thermal 
expansion mismatch is another problem which would possible 
limit the heating rates because the mismatch induces stress in the 
glaze and porcelain body when the glazed porcelain is cooled, 
crack in the glaze occurs. Instead of glazed porcelain, a surface 
polishing (in the case of tiles) is required to flatten the surface 
and/or get rid of the defects from processing. 

d. Large amounts of liquid phase produced makes porcelain difficult 
to sinter by FS because of the non-uniform electrical current 
distribution. 

10.10.2 Furnace technology 
e. In the case of DS process, as shown in sections 10.8 and 10.9, the 

energy is mainly consumed by the furnace, not the samples. The 
large furnace chamber requires large amounts of energy to heat 
the furnace and sample to the desired temperature. Moreover, the 
large amount of heat lost through the furnace wall and opening 
gaps must be considered.  

f. The energy spent in the SPS is for heating the die components not 
the sample, the energy loss is large from the discussion in section 
10.8-10.9. Even though the radiation loss can be reduced by 
employing graphite felt wrapped around the die, the energy loss 
due to conduction via water cooling of steel structure is 
unavoidable. Cooling the graphite die is also an energy consuming 
process. Larger samples require larger graphite dies resulting in 
higher power being needed to heat the die. The larger graphite die 
means greater energy losses through radiation. Moreover, it is 
difficult to engineer the applied pressure and electric current 
homogeneously as both play an important role in controlling 
microstructure [359]. 
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g. Complication of the sample shape is the major drawback of the 
rapid sintering process. SPS can produce only simple geometry 
such as discs. FS can produce small dog-bone sample or small 
pellets. 

h. The FS process aims to apply the energy directly to the sample, 
hoping to reduce the energy consumed by the furnace and loss via 
the furnace wall. However, as porcelain is poorly conductive at 
low temperature a preliminary hearing process is still required 
(furnace temperature is 950 °C) which means that the energy to 
heat the furnace and losses cannot be reduced.  

i. High power is required to sinter porcelain which is associated 
with high cost electric equipment in FS. 

j. Surface heat loss is crucial because the temperature generated 
within the sample bulk is as high as >1200 °C so the radiative 
heat loss between the sample and its surroundings, which 
produces a temperature gradient, is unavoidable. 

k. In the case of MWS, it is possible to sinter porcelain 
homogeneously by employing a turntable cavity (to homogenize 
the microwave radiation in the cavity) and susceptor (to reduce 
sample surface heat loss). However, controlling the microwave 
distribution in the furnace cavity is a challenge because the loss 
tangent of porcelain changes rapidly. 

l. It is possible to waste the power because the magnetron, where 
the microwave is produced, would fully run but partially be 
absorbed by the samples, the rest of the power is wasted to the 
circulator. The circulator redirects the microwave power, which is 
not consumed by the material, towards a water load. This water 
load consumes the microwave preventing the reflected power 
travels back causing damages to the microwave source. 

10.11 Conclusions 
 In this chapter it has been shown that the rapid sintering techniques have 
potential to produce porcelains with lower energy consumption when considering 
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the densification, microstructure, and mechanical properties. It is interesting that 
once the porcelain is fully sintered regardless of the processing routes, in the fully 
dense areas the microstructure, phase evolution and mechanical properties are 
similar. 

However, the specific energy consumption suggest that reduction of heat 
losses and microstructural homogeneity is the key to making the rapid sintering 
process more competitive. Even though the studied rapid sintering techniques 
have a potential to be commercialised, there are several restrictions which need to 
be considered.  
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Chapter 11 

 

Conclusions and future perspective 
 

 

 
11.1 Conclusions 

An industrially processed porcelain powder was sintered using different 
rapid sintering techniques including direct sintering (DS), spark plasma sintering 
(SPS), microwave sintering (MWS), and flash sintering (FS). Densification, phase 
evolution and physicomechanical properties of the sintered samples were 
investigated in order to improve understanding of the role of particular process 
parameters. 

Study of the thermal properties at 50-1200 C with 10 C/min was primarily 
performed using DTA-TGA, DSC, dilatometer, laser flash apparatus, and 
impedance spectroscopy, aimed to understand the porcelain sample behaviour 
during heat treatment and help to interpret sintering behaviour. DTA-TGA 
revealed that the porcelain powder experienced four major thermal events 
including the loss of physically bound water (<200 C), loss of the chemically bound 
water (400-600 C), mullite formation (~942 C), and liquid phase formation 
(>950 C). Dilatometry revealed the porcelain started to shrink at ~950 °C at the 
eutectic point of the porcelain (in kaolinite-felspar-quartz system) and the 
porcelain sample was fully sintered at 1200 °C with total contraction ~7%. 

Laser flash apparatus determined thermal conductivity of  samples as a 
function of temperature up to 1300 C, revealing that thermal conductivity of the 
porcelain decreases to 0.37 W/mK at 900 °C from room temperature (0.45 W/mK) 
before melting of albite, once albite melts at ~950 °C, thermal conductivity 
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increases substantially (becoming 3.12 W/mK at 1200 °C) due to increasing  
density of the porcelain.  

 AC conductivity was determined from 100-950 °C and during heating, 
conductivity increased from 100-200 °C mainly arising from H+ and OH− 
generated from the physically bound water. At >200 °C, a combination of H+, OH−, 
Na+ and K+ dominated the conductivity by ionic conduction. Upon cooling, the 
change of phases in the sample produced higher values of electrical conductivity 
over the same temperature range because change in the phase composition and 
elimination of porosity. 

DS at 1150-1200 C revealed that it had great potential to reduce processing 
time due to the high heating rate used (780 °C/min). The physicomechanical 
properties of the DSed samples were comparable to the porcelain conventionally 
sintered, the apparent bulk density and water absorption of the DSed samples 
sintered at 1175 C were 2.36±0.01 g/cm3 and 0 % respectively. Vickers hardness 
(HV) was ~7.4±0.5 GPa. DS reduced total processing time by ∼50 % and also 
lowered the sintering temperature from 1200 °C to 1175 °C. The microstructural 
characterisation of the DSed samples suggested that the phase evolution, such as 
mullite formation in the porcelain, was heating rate independent while glass 
formation was heating rate dependent. 

The porcelain was consolidated using SPS from 1000 to 1200 °C with a 
heating rate of 100 °C/min. The porcelain started to densify at ∼920 °C observed 
from the punch displacement.  SPS produced about 10 times faster densification 
rate than the conventional sintering and the dwelling step was negligible due to 
rapid flow of the molten glass assisted by applied pressure. The SPSed samples 
exhibited denser microstructures resulting in improved physicomechanical 
properties compared with conventionally sintered samples. For example, apparent 
bulk density improved from 2.38 to 2.46 g/cm3, Vickers hardness from 6-7 GPa, 
and fracture toughness from 4-6 MPam1/2. SPS affected the kinetics and 
morphology of mullite formed in the porcelain samples. SPS promoted the 
formation of mullite above 1100 C due to a combination of vacuum and applied 
pressure. The effect of vacuum enhances the decomposition of kaolinite and albite, 
resulting in enhancing Al3+ diffusion for mullitisation while the applied pressure 
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induced plastic deformation that triggers the transformation of kaolin at low 
temperature. Mullite growth was altered by the atmosphere (vacuum), dwell time, 
and temperature. The atmosphere changes the viscosity of the silicate melt during 
heating; reducing atmosphere decreases the viscosity of the liquid glass while 
oxidation atmosphere produces more viscous silicate melt.  

The applied pressure caused mullite needles to orient perpendicular to the 
direction of the applied load. Depending on SPS dwell time, the mullite formed 
after sintering at 1100 °C also had different crystal structure (tetragonal for short 
dwell time of 0‐5 min and orthorhombic for a long dwell time of 10-15 min). 
Dissolution of mullite was observed at 1100 °C by extending the dwell time by up 
to 15 minutes and the dissolved mullite reprecipitated on the small needles 
(~40 nm in (110) reflection) and coarsened via Oswald ripening resulting in larger 
mullite needles (~60 nm at (110) reflection). 

By using microwave energy, sintering temperature of the porcelain powder 
was reduced by ~75 °C and dwell time from 15 min to 5 min while retaining 
comparable physicomechanical properties to conventionally sintered porcelain i.e. 
apparent bulk density (2.36±0.03 g/cm3), water absorption (~0 %), Vickers 

hardness was 5-6 GPa, fracture toughness was 4-5 MPam1/2. Porcelain absorbed 
microwave energy significantly above 600 °C due to a rapid increase in its 
dielectric loss tangent. Mullite in the porcelain samples produced by microwave 
sintering had a nanofibre morphology with high aspect ratio (~32±3:1) believed to 
be associated with a vapour-liquid-solid (VLS) formation mechanism, in which Fe 
acted as the catalyst. Microwaves also produced mullite with different chemistry 
having ~63 mol.% alumina content compared to ~60 mol.% alumina in 
conventional sintered porcelain. This was likely due to accelerated Al+3 diffusion 
in mullite under microwave radiation. Liquid phase was observed to form at 
relatively low temperature (~900-1000 °C) using microwaves when compared to 
conventional sintering. This liquid phase promoted the microwave absorption 
ability of porcelains. 

Porcelain powder compacts were flash sintered using a two-electrode setup, 
an electric field of 1.5 kV/cm and furnace temperatures of 950 and 1000 °C. The 
liquid phase produced during the flash event acted as a conductive path, producing 
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localised melting and non-uniformly sintered microstructure. During flash events, 
the applied electric field increased mullite nucleation and altered mullite 
formation mechanisms by producing different supersaturation of alumina levels 
in the liquid glass phase such that ‘elongated’ mullite was formed at low level of 
alumina supersaturation while ‘dendritic’ mullite was found at high alumina 
supersaturation. Under an applied electric field, alkali ions (or other cations) move 
towards the cathode while free oxygens (O2-) move towards the anode (producing 
bubbles at the anode). In this study, it is proposed that the flash event might be 
occurring by a combination of Joule heating and dielectric breakdown because the 
pore shapes in the porcelain were complex, and the volume fraction of the pore 
was about 25±1 vol.% at 950 °C, which can lower the breakdown voltage. 

The polished surface in CSed, DSed, SPSed, MWSed, and FSed samples are 
similar showing dense surface, only the number and size of residual pores is 
different. Most pores observed in CSed, DSed, SPSed, MWSed, and FSed samples 
are round. A few interconnected pores were only found in the CSed, DSed and 
MWSed samples, not SPSed and FSed. The HV in fully dense areas of CSed, DSed, 
SPSed, and MWSed samples are between 4-7 GPa, and KIC is between 3-6 
MPa· m1/2. The amount of mullite in CSed, DSed, SPSed and MWSed samples are 
similar, ~9.5±0.5 wt.%. However, the formation of type III mullite, which is found 
in SPS, MWS and FS, is different to the type I and II mullites. Considering the 
type III mullite in SPS and MWS, they are different in terms of their sizes (SPSed 
samples have shorter aspect ratio mullite than MWSed samples) which is likely to 
result from the different process conditions leading to different growth 
mechanisms. 

The comparison of specific energy consumption showed that the CS 
consumed 117 MJ/kg, DS consumed 10.8 MJ/kg, MWS 18 MJ/kg, FS consumed 
4.79 MJ/kg (but 3060 MJ/Kg when the furnace heating is included), and SPS 
consumed 1612 MJ/kg. The DS, MWS and FS can potentially reduce energy in 
commercial systems compared to CS process even though the comparison made 
here is on a laboratory scale. This comparison suggests that DS, MWS and FS 
could potentially challenge the current sintering techniques. However, all of them 
consumed large amounts of energy compared to the current industrial processes 
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because they are different in terms of sample size, shape, continuity of the process, 
source of energy used, and losses. The specific energy consumption also suggests 
that reduction of heat losses is the key to making the rapid sintering process more 
competitive. Even though the studied rapid sintering techniques have a potential 
to be commercialised, they also have limitations such as the volatile matter would 
be trapped producing undesirable bubbles embedded in the porcelains reducing 
the technological properties. The actual porcelain products are large and complex 
in shape such as tableware and sanitaryware. The rapid heating rates may not be 
possible because the heat transfer would be limited producing different shrinkage 
rates, which cause internal strains. Some of porcelains are glazed to obtain desired 
properties. It is difficult to sinter porcelains together with the glaze by using the 
rapid sintering techniques because the glaze would melt and adhere to the die (in 
SPS) or electrode (in FS). 

11.2 Future perspectives 
11.2.1 Porcelains 
It is interesting that regardless of the processing routes for porcelain with 

identical chemistry, mullite amounts formed are in a similar range and produce a 
similar hardness. It is believed that the dispersed particles and the glassy phase 
control the hardness of porcelain thus, it is interesting to know the chemistry of 
the glassy phase in porcelain produced under different processing routes. 

The amount of mullite determined via X-ray diffraction is a combination of 
the primary mullite and secondary mullite. It would be interesting to see if the 
primary and secondary mullite can be distinguished by more advanced 
characterisation techniques. 

The hardness of porcelain is a function of the combination of the dispersed 
particles and the glass matrix. It would be useful to determine the hardness at the 
nanoscale using nanoindentation. The hardness might suggest which area 
dominates the overall hardness, whether it be the glassy matrix, primary mullite, 
secondary mullite, quartz or other residual particles. The result might be useful 
in order to tailor the porcelain microstructure to obtain better mechanical 
properties. 
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11.2.2 Processing 
11.2.2.1 DS process 
The study of DS process suggests that an optimal glassy phase, which is 

required to produce fully dense porcelain, can be calculated. Thus, it is possible 
that the optimal glassy phase might be different for different processing methods. 
The effect of rapid heating rate on the internal residual stress generation requires 
further investigation, because porcelain is composed of mullite, residual albite, 
quartz and glass, all of which have different coefficients of thermal expansion. 
Thus, a useful study would be to determine the residual stress produced by 
different processing routes. In addition, it is important to sinter larger porcelain 
samples because the effect of heating rate may be different. 

11.2.2.2 SPS process 
Special properties of porcelain might be produced by the SPS process, for 

example, mullite oriented perpendicular to the compressive plane might have 
different properties (electrical and/or dielectric) in different directions.  

Dissolution of mullite under SPS conditions is not fully understood. It would 
be useful to further investigate the effect of dwell time, pressure and temperature 
on mullite dissolution. 

11.2.2.3 MWS process 
A more accurate sample temperature measurement system is important for 

the MWS process which would help to better control the heating rate. A simulation 
of microwave distribution in the microwave furnace cavity and in the sample needs 
to be done to enable a more uniform temperature distribution to be obtained. A 
hybrid furnace, electric-microwave heating, infrared-microwave heating, gas-
microwave heating for porcelain production can be potentially developed. 

11.2.2.4 FS process 
The densification mechanisms of flash sintering in porcelain should be 

further investigated. Since the liquid phase produced during the flash sintering 
causes localised melting, it would be worth to reduce or reformulate the liquid 
phase chemistry. The effect of electric current direction might affect the mullite 
orientation which could produce some interesting properties.  
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In addition, the technological properties of the flash sintered porcelain must 
be investigated, as to the best of the authors knowledge, no literature reports any 
comparison of porcelain properties between flash sintering and conventional 
sintering.   
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