












































































































































































































































































































































































































































































































CHAPTER 6 - STUDY OF THE STANDARD AND SLS-CONT AINING WHITEW ARES 

cracking of the ceramic body (Davidge and Green, 1968; Dinsdale, 1986; Monshi, 

1990). These cracks appear in the glass near the interface between quartz and glass 

(circumferential cracking). In either case, the thermal mismatch between quartz and 

the glassy matrix results in the presence of stresses that may produce cracking and a 

decrease in mechanical strength of the ceramic body if these stresses are too high. 

Little attention has been paid to the role of other crystalline phases, such as anorthite, 

in strengthening whiteware bodies although three dimensional dispersions of 

anorthite crystals in an alumino silicate matrix has been shown to be beneficial to the 

overall mechanical strength (Traore et al., 2003). Apart from crystalline phases, the 

glassy phase also affects the strength of a whiteware body. Triaxial whiteware bodies 

such as hard porcelain formulated with 50wt% clay and equal amounts of feldspar 

and quartz are composed mainly of glass (greater than 70wt%) with some crystalline 

phases after firing at 1300-1500°C. High glass contents reduce the strength. Glass is 

weaker than most crystals thus the crystal/glass ratio should be as high as possible 

for maximum strength. (Rado, 1988; Monshi, 1990; Mohd Noor, 1995) 

From Table 6.1, increasing the SLS content resulted in: decreased residual quartz, 

decreased mullite formed on heating, and increased amount of plagioclase. The 

decrease in strength from S25 to S 1 00 to some extent can be attributed to the 

decrease in mullite content. On the other hand, thermal mismatch caused by quartz 

on cooling should have been lessened with decreasing residual quartz content from 

S25 to S 1 00, and should result in an increase in strength. However, this was probably 

counterbalanced by the sharp decrease in the content of mullite needles (see SEM 

image of S25 fired at 1l00°C (Figure 6.46) and that of S100 (Figure 6.37)), and it 

seems that the development of interlocking fine mullite needles in the microstructure 

had a stronger effect and was the key factor controlling strength in these whiteware 

bodies. Increasing the amount of plagioclase could have led to increase in strength, 

but it seems to have had only a minor influence. SO (fired at 1200°C) has a higher 

mullite and lower glass content than those of S25, but possibly due to higher quartz 

content it has lower strength than S25. Even though S25 has a higher glassy phase 

content, and also a lower crystal/glass ratio than seen in SO, S50 and S100, it still 

showed the highest strength. This may be related to the different composition of the 

glassy phase present. 
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However definitive reasons for the decrease in flexural strength values of batches 

containing high % SLS glass are still uncertain as the fracture origins have not been 

identified. 

Modulus of elasticity is a measure of the capacity of a material to withstand stress 

without permanent deformation. Ceramic bodies, being brittle, deform very little and 

can withstand relatively high stress levels without deforming and therefore have a 

high modulus of elasticity. Ceramics usually do not distort to relieve stress but 

simply crack. From Table 6.2, the presence of SLS glass in whiteware batches results 

in decreased Young's moduli E, as reported (Tucci, et ai., 2003; Pontikes et ai., 

2005). Porosity has a deleterious influence on both the elastic properties and 

strength. As explained above, the bulk density decreases with SLS content when 

firing the whitewares at 1100°C. Therefore, an increase in SLS content results in a 

decrease modulus of elasticity. Moreover, SLS glass itself has a flexural strength 

value 69 MPa and modulus of elasticity of 69 GPa while mullite has flexural strength 

of -185 MPa and E -145 GPa (Richerson, 1992). As a result, whiteware bodies 

containing higher amounts of mullite are expectedly stronger. The highest E of SLS­

containing whiteware bodies was attained from S25 (6.25wt% SLS content), 72±5 

GPa, which is comparable to that of the standard whiteware body SO (74±3 GPa). 

From the literature (Rado, 1988; Russell, 1991), E for unglazed earthenware, 

stoneware, vitrified hotelware, hard porcelain and bone china are 55, 69, 82, 69-79 

and 96 GPa, respectively. The E value of S25 is still within the range of hard 

porcelains. 

The average mechanical strength value is insufficient to fully characterize the 

mechanical properties of ceramics. It is necessary to take into account the scattering 

of results. Weibull modulus (m) indicates the degree of variability in strength. The 

higher the value of m the less the variation in strength. The scattering in the 

mechanical strength data decreases with increasing m. The Weibull modulus "m" has 

also become a criterion for the variability of ceramic materials quality. Values 

between 5-20 are common for ceramics. The calculated variability for the data in this 

work may be attributed to compositional variations, firing temperatures and 

homogeneity of the samples tested. Fractography have not been studied in this work 

therefore the discussion on the effect of parameters such as chemical composition on 
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Wei bull modulus is rather speculative. Also, it is worth mentioning that grinding and 

polishing of the sample's surface prior to strength measurements may remove surface 

microcracks which could lead to decreased strength values upon testing. In the 

present study, the samples were not ground and/or polished before the mechanical 

tests. S25 has the lowest value of m (Table 6.2), probably because S25 contains 

various crystalline phases and they are inhomogeneously distributed in the intricate 

microstructure. However, 13 is still an acceptable value for ceramic materials. 

Fracture toughness is a measure of a material's resistance to crack propagation. 

Unlike strength, toughness is independent of fracture-initiating flaws (microcracks), 

although it is a strong function (Lee and Rainforth, 1994; Esposito et ai., 1995) of the 

microstructure of the material. The fracture toughness for SO fired at 1250°C was 

1.61±0.07 MPa..[;z, and that for S25 fired at 1150°C was 1.61±0.08 MPa..[;z. 

These are acceptable values for porcelains. These materials usually have K1C values 

between 1.0 and 2.5 MPa..[;z . Fracture toughness depends on the relative amounts 

of crystalline phases, glassy phase and pore fraction. Glasses have low toughness 

values, typically about one half to one third of those measured for whitewares such 

as porcelain (Batista, 2001). Increasing the proportion of crystals in the glass should 

increase the value of KIC as it is expected that cracks will have more difficulty in 

propagating through the crystals dispersed in the glass. S25 has a crystal/glass ratio 

of 0.49 which is lower than the 0.62 seen in SO. The reason why S25 has the same 

fracture toughness as SO is unclear. It has been reported that an increase in porosity 

reduces fracture toughness because it also reduces the load bearing area, which 

reduces Young's modulus, and the fracture surface area to be formed as moving 

cracks are attracted to pores (Batista, 2001). The porosity present in S25 could be a 

reason for this low fracture toughness value. 

In conclusion, 6.25wt% of SLS glass could be used as a flux in white ware bodies 

without deterioration in mechanical properties. This environmentally friendly 

white ware composition attained higher flexural strength, similar E and K1c values as 

a standard triaxial whiteware body (SO). It is worth noting that this remarkable 

achievement was observed firing S25 100°C below the firing temperature of the 

standard whiteware body. 
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CHAPTER 7 - FURTHER DISCUSSION 

The characterisation of raw materials (kaolin clay, quartz sand, nepheline syenite and 

colourless SLS waste glass), binary mixtures of raw materials (clay-quartz, clay­

nepheline syenite, clay-SLS glass, quartz-nepheline syenite, quartz-SLS glass and 

nepheline syenite-SLS glass), and whiteware bodies of 50wt% kaolin clay and 

25wt% quartz sand with various amounts of SLS glass replacing nepheline syenite 

flux, have been presented in chapters 4, 5 and 6. In this chapter, those results are 

summarised and compared from a different perspective with schematic diagrams 

representing the microstructural evolution on heating the compositions quoted above, 

as well as their sequence of reactions on firing by XRD. Attention will be paid to 

phase development and microstructural evolution, as these are key to understanding 

the properties of whitewares when new formulations are developed. 

Phase development revealed by XRD of raw materials fired for 3h at varIOUS 

temperatures is summarised in Table 7.1 which also shows the phases present in the 

raw materials in their unfired state. The kaolin clay used in this work contained 

impurities such as muscovite and microcline which had an influence on its phase 

development on firing. These impurities acted as fluxes which hastened formation of 

mullite and liquid phase upon firing. The quartz sand is quite pure and contains only 

a-quartz therefore no phase change occurred at low temperatures. Inversion from 

quartz to cristobalite was observed after firing for 3h at temperatures 2:1300°C. 

Nepheline syenite contains mainly microcline, nepheline and small amounts of 

albite. Sanidine formed from the mixture of these alkali feldspars after firing 2:600°C 

and later leucite was detected at ~ 1 OOO°C. These feldspars started to decompose at 

temperatures above 1000°C and melted completely by 1200°C. Colourless SLS glass 

was used in this study to substitute for the natural flux: component in white ware 

compositions. Because SLS glass has a T g at ~560°C, the main idea was to use it 

(due to its low viscosity) to fill gaps between other more refractory raw materials 

leading to densification. The phase development upon firing SLS glass is therefore 

important as it affects significantly the microstructure, densification behaviour and 

mechanical properties of fired bodies containing it. 
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XRD shows the development of cristobalite, wollastonite and devitrite on fIring SLS 

glass. These phases are the product of devitrifIcation of SLS glass when reheating 

SLS glass powder. The whiteware processing procedure means that SLS glass needs 

to be crushed into a fIne powder before it can be mixed with the other raw materials. 

Powdered SLS glass has a high tendency to devitrify when reheating due to this high 

surface area and impurities that enhance its surface crystallisation (Kirby, 2000). 

When crystallisation occurs, the viscosity of the glass increases and the rate of 

softened glass flow decreases, inhibiting further densifIcation. However, the 

devitrifIed (crystalline) phases were found to dissolve and become liquid after fIring 

to 1000°C. All SLS glass becomes liquid phase at temperature -200°C lower than in 

nepheline syenite flux. Consequently, using SLS glass as a flux component brings 

whiteware bodies to a dense state at lower fIring temperatures than using nepheline 

syenite. 

Table 7.1 - Constituents of raw materials held 3h at various temperatures. 

Temperature (Oe) Kaolin clay Quartz sand Nepheline syenite SLS glass 

unfired kaolinite a-quartz microcline glass 
(a-quartz) nepheline 

(muscovite) albite 
(microcline) 

600°C (a-quartz) a-quartz microcline glass 
(muscovite) nepheline cristobalite 
(microcline) albite 
(microcline) sanidine 

800°C (a-quartz) a-quartz microcline glass 
(muscovite) nepheline cristobalite 
(microcline) albite wollastonite 

spinel sanidine devitrite 

1000°C (a-quartz) a-quartz nepheline glass 
muIIite sanidine 
(glass) leucite 

1200°C (a-quartz) a-quartz glass glass 
mullite 
(glass) 

1300°C (a-quartz) a-quartz glass glass 
mullite cristobalite 
(glass) 

Note: phases in brackets are present in small amount. 

For a better understanding of the sequence of reactions that occurred on heating SLS 

glass, a box diagram of phase evolution on firing SLS glass pellets, based on the 

XRD study, is shown in Figure 7.1. A schematic of the microstructural evolution of 
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SLS glass on firing, based on SEM studies conducted in the present research work, is 

shown in Figure 7.2. According to Shelby (2005), the glass transition temperature 

(T g) of commercial SLS glasses lies within the range 550-580°C. The recycled SLS 

glass used in this study has a Tg ~563°C (see DTA of SLS glass, Figure 4.4(a», thus 

above this temperature SLS glass particles start to soften. At higher temperatures, the 

viscosity of the glass decreases and the glass can flow to the surrounding areas and 

stick to other glass particles which have not completely flowed. Interconnected pores 

are filled with liquid from softened glass leading to a denser microstructure (Figure 

7.2) where closed pores are clearly visible. 

SLS glass 

~ 
-560°C 

SLS glass starts to soften 

~ 
>600°C 

Devitrification of SLS glass to form cristobalite 

J 
>650°C 

Devitrification of SLS glass to form wollastonite 

1 
>700°C 

Devitrification of SLS glass to form devitrite 

~ 
-900-1000°C 

Dissolution of cristobalite, wollastonite and devitrite 

~ 
>1000°C 
Liquid 

Figure 7.1 - Box diagram of phase evolution on firing SLS glass at 10oC/min. 
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Figure7.2 - Schematic diagram of the microstructural evolution in SLS glass for 

firing at lO°C/min. 
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As discussed in section 4.5.4, after heating SLS pellets to temperatures above 6000C 

cristobalite devitrifies (crystallises) from softened SLS glass, exhibiting rounded 

small particles. Wollastonite crystallises only above 650°C. Formation of 

wollastonite is believed to arise due to diffusion of highly mobile Na ions from the 

softened SLS glass to the developing liquid phase. This leaves remnant SLS glass 

particles high in Ca and Si, which are the slower moving ions. At higher 

temperatures Ca ions start to diffuse to the surrounding liquid phase thus making the 

liquid high in Na, Ca and Si, and therefore suitable for crystallisation of devitrite 

above 700°C. The morphology of devitrite cannot be readily distinguished from that 

of wollastonite as the former is often found mixed with wollastonite. Melting of 

these crystalline phases devitrified from SLS glass occurred between 900-1000°C 

associated with an endothermic peak at -990°C on the DT A of SLS glass (Figure 

4.4(a)). Above 2:1000°C, the glass which comes from the cooling liquid is the only 

phase present along with pores in the microstructure. 

Following the characterisation of each raw material individually, as presented in 

chapter 4, the interaction between raw materials was studied (chapter 5) and revealed 

that some binary mixtures formed new phases that did not form when firing the raw 

materials separately. The phases detected by XRD of binary mixtures of the relative 

proportions as indicated in Table 3.1, unfired and fired 3h at various temperatures, 

are summarised in Table 7.2. 

Mixtures of clay and quartz (C-Q) formed no new crystal phases. The phase 

development on firing C-Q is very similar to that of firing kaolin clay alone (Table 

7.l). This is due to the refractoriness of quartz when mixed with clay, as it acts as a 

filler in this mixture in the same way as in ordinary whiteware batches. The liquid 

phase, which cooled to glass, is present in small amounts when firing the C-Q 

mixture at high temperatures. This liquid comes from melting of alkali-containing 

phases (e.g. micro cline and muscovite) present as impurity in the clay. Some 

amorphous silica from the decomposition of clay may also have contributed to liquid 

formation on firing. 

Mixtures of clay and nepheline syenite (C-NS) also formed no new phases on firing. 

The phases present are simple mixtures of those phases present when clay and 
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nepheline syenite are fired individually. Leucite, however, was not found in this C­

NS mixture. Nepheline, albite and sanidine began to melt at -1000°C, and these 

feldspars acted as fluxes helping to form liquid leading to denser ceramic bodies than 

those made out of clay alone or C-Q. This liquid also hastened the formation of 

secondary mullite in the C-NS mixture. 

Table 7.2 - Constituents of two-component mixtures held 3h at various 

temperatures. 

Temperature (OC) C-Q C-NS C-SLS Q-NS Q-SLS NS-SLS 
unfIred kaolinite kaolinite kaolinite a-quartz a-quartz microcline 

a-quartz (a-quartz) (a-quartz) microcline glass nepheline 
(muscovite) (muscovite) (muscovite) nepheline albite 
(microcline) microcline (microcline) albite glass 

nepheline glass 
albite 

600°C a-quartz (a-quartz) (a-quartz) a-quartz a-quartz microcline 
(muscovite) (muscovite) (muscovite) microcline glass nepheline 
(microcline) microcline (microcline) nepheline albite 
(microcline) nepheline glass albite sanidine 

albite sanidine glass 
sanidine 

800°C a-quartz (a-quartz) (a-quartz) a-quartz a-quartz microcline 
(muscovite) (muscovite) (muscovite) microcline cristobalite nepheline 
(microcline) microcline (microcline) nepheline devitrite sanidine 

spinel nepheline cristobalite albite glass cristobalite 
albite wollastonite sanidine wollastonite 

sanidine albite glass 

spinel spinel 
mullite 
.glass 

1000°C a-quartz sanidine cristobalite a-quartz a-quartz wollastonite 

mullite mullite wollastonite microcline cristobalite glass 

(glass) glass plagioclase nepheline tridymite 
mullite albite glass 
glass sanidine 

1200°C a-quartz mullite glass a-quartz cristobalite glass 

mullite glass cristobalite tridymite 

(glass) glass glass 

Note: phases in blanckets are present in small amount. 

It has been found that the mixture between clay and SLS glass (C-SLS) formed a 

new phase which was not produced by firing each component separately. That phase 

is plagioclase. Other phases developed in this mixture are the phases that were 

formed when firing clay and SLS glass separately. A box diagram of the phase 

evolution and the sequence of reactions occurring on firing C-SLS glass, based on 

the XRD studies, is shown in Figure 7.3. A schematic of the microstructural 

evolution of C-SLS on firing is shown in Figure 7.4. 
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Figure 7.3 - Box diagram of phase evolution in the kaolin clay-SLS glass 

mixture for firing at lOoC/min. 
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Figure 7.4 - Schematic diagram of microstructural evolution on firing the kaolin 

clay-SLS glass mixture at 10 °C/min. 
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After heating the C-SLS mixture to -550°C, dehydroxylation of clay occurred and 

metakaolinite formed. SLS glass alone has a T g at -560°C but when mixed with clay, 

SLS glass seems to shift its T g to above 600°C. The microstructure of C-SLS after 

firing at 600°C (Figure 7.4) still showed the SLS glass particles with angular shape. 

This may be a result of the presence of clay plates in between SLS glass particles, 

reducing the effective contact area between SLS glass particles. SLS glass has a 

particle size (-10-100 Jlm) significantly larger than that of clay «1 Jlm), and 

therefore clay platelets can fit in the cavities formed by the packing of SLS glass 

during the pressing of the pellets. Limited contact between glass particles hinders, to 

some extent, their welding and the consequential shrinkage of the body. SLS glass is 

still able to retain its original shape. Hence, the clay increases the refractoriness of 

the SLS glass by reducing the contact area between SLS glass particles on heating. 

After firing C-SLS above 650°C, cristobalite formed from devitrification of SLS 

glass. Wollastonite devitrifies from SLS glass when firing C-SLS above 750°C. It is 

worth noting that devitrite does not devitrify from SLS glass when SLS glass is 

mixed with clay. This is likely to be because the Na ions in the liquid are used to 

form albite after reacting with decomposed clay between 700-900°C. The 

microstructure of C-SLS pellets fired at 800°C (Figure 7.4) contains interconnected 

pores, decomposed clay relicts and rounded cristobalite and wollastonite (areas high 

in Ca and Si) in remnant SLS glass particles. The microstructure of C-SLS at 800°C 

is somewhat denser than that at 600°C, as some areas show fusing of softened SLS 

glass with the surrounding decomposed clay. Spinel and primary mullite formed 

from decomposed clay relicts between 800-900°C. The dissolution of cristobalite and 

wollastonite together with the enhanced softening of SLS glass leading to a liquid 

phase, fostered Ca ions diffusion into the liquid and reaction with previously formed 

albite by replacing some Na ions and forming a solid solution which stabilised as 

plagioclase. 

The microstructure of C-SLS fired at IOOO°C (Figure 7.4) contains tabular 

plagioclase at the interface between decomposed clay and decomposed SLS glass (a 

viscous liquid). Elongated wollastonite and rounded cristobalite can also be found in 

these regions. Cuboidal primary mullite (type I, Iqbal and Lee (1999)) can be seen in 

decomposed clay relict agglomerates. Molten glass liquid spreads throughout the 
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microstructure leading to open pore closure. The liquid formed allows mullite to 

grow longer. Elongated mullite can be found with longer tabular plagioclase particles 

after firing at 1200°C. Wollastonite and cristobalite are completely melted at this 

temperature while plagioclase and mullite are still observed by SEM, although they 

cannot be detected by XRD due to being present in small amounts. 

Phase development on firing the mixture of quartz and nepheline syenite (Q-NS) is a 

blend of the phase development on firing nepheline syenite and quartz individually 

(see Table 7.2). Sanidine formed from the mixed alkali feldspars present in nepheline 

syenite after firing ~600°C, and the system completely melted at 1100°C. The phase 

development of the quartz component is similar to that which occurred on firing 

quartz, which comprised the inversion from a to ~ quartz at 573°C and the 

conversion of some quartz to cristobalite, but in this mixture this conversion occurred 

when firing 3h at a lower temperature (1200°C) due to the nepheline syenite flux 

present in the system. Cristobalite formed on firing quartz solely at 1300°C. 

The mixture of quartz and SLS glass (Q-SLS) developed tridymite on firing, a new 

phase that was not observed when firing quartz or SLS glass separately. A summary 

of the phase development on firing Q-SLS is shown in Table 7.2. Attention has been 

paid to this mixture as this study has not, to the author's knowledge, been reported 

previously. A box diagram of phase development and the sequence of reactions 

taking place on firing Q-SLS glass is presented in Figure 7.5. A schematic of the 

microstructural evolution ofQ-SLS on firing, is shown in Figure 7.6. 
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Figure 7.5 - Box diagram of phase evolution on firing the quartz-SLS glass 

mixture at lOoC/min. 
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Figure 7.6 - Schematic diagram of the microstructural evolution on firing the 

quartz-SLS glass mixture at lO°C/min. 
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The phase development starts with the softening of SLS glass after firing Q-SLS to 

560°C, followed by the inversion of quartz at 573°C. The microstructure of Q-SLS 

after firing at 600°C contains angular quartz and fusing SLS glass. Because quartz 

has a larger particle size distribution than the SLS glass, the latter can easily fill the 

gaps between quartz particles and establish a network of contacting points with other 

glass particles. A large area of interconnected fused glass is then formed. 

Devitrification of SLS glass to form cristobalite, wollastonite and devitrite occurred 

above 750°C. The microstructure of Q-SLS fired at 800°C contains rounded 

cristobalite crystals embedded in the glass near devitrite and wollastonite. Open 

pores were closed. Because quartz was surrounded by molten glass (liquid) during 

the heat treatment, dissolution of quartz can be seen from the rounding of its edges 

and from the formation of solution rims. The dissolution of devitrite and wollastonite 

started when firing Q-SLS above 800°C. Quartz converted to cristobalite above 

800°C, and at ~ 1 OOO°C cristobalite started to convert to tridymite. Only small 

amounts of quartz were detected after firing at 1000°C. 

The microstructure of Q-SLS fired for 3h at 1000°C contains some tabular tridymite, 

remnant quartz, and agglomerates of rounded cristobalite which formed from both 

the devitrification of SLS glass and the conversion of quartz. At higher temperatures 

further conversion of cristobalite to tridymite occurs and therefore the microstructure 

of Q-SLS fired at 1200°C contains mostly longer tridymite and some cristobalite 

embedded in the glassy phase. It was noticed that tridymite does not form when 

firing SLS glass and quartz separately. According to Hrma et al. (2002), the Si02 

content in the glass has to be higher than 75wt% in order to crystallise tridymite, and 

the SLS glass used in this study contains only ~ 73wt% Si02• Also Stevens et al. 

(1997) found that conversion of quartz to tridymite only occurs in the presence of 

flux, and therefore the SLS glass present in the Q-SLS mixture plays an important 

role in the quartz-tridymite conversion as SLS glass functions as a fluxing agent (or 

mineraliser) for that reaction. Moreover, in the Q-SLS mixture the total Si02 content 

is ~87wt%. 

When mixing nepheline syenite and SLS glass (NS-SLS), the phase development on 

firing follows rigorously that occurring when firing nepheline syenite and SLS 

separately. The formation of sanidine after firing nepheline syenite above 600°C is 
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followed by the melting of the feldspars when firing above 1000°C. Cristobalite and 

wollastonite form at -SOO°C as devitrification products of SLS glass. No new phase 

forms from the reaction between nepheline syenite and SLS glass. However it was 

noticed that feldspar melted faster in the NS-SLS mixture than in NS alone. This is 

likely to be due to the fact that both components contain high alkali contents (Ca, Na, 

K) thus making it easier to form liquid in the mixture on firing. SLS glass itself starts 

to soften and form a viscous liquid at above 560°C, whereas nepheline syenite is a 

well known flux component in whitewares. 

The phase and microstructural evolution on firing raw materials and binary mixtures 

of raw materials were discussed above. The following summarises the phase 

development and microstructural evolution on firing whiteware bodies which 

comprised three or four raw materials each, as the amount of nepheline syenite flux 

replacement by SLS glass was systematically varied. Each whiteware body in this 

study consisted of 50wt% kaolin clay, 25wt% quartz and 25wt% flux (nepheline 

syenite and/or SLS glass). A box diagram of the sequence of reactions and phase 

evolution occurring on firing SO (no SLS glass added) is shown in Figure 7.7, and a 

schematic of the morphologies and distribution of phases observed after firing at 

various temperatures is shown in Figure 7.S. When the as-mixed body is heated, 

kaolinite in the clay undergoes dehydroxylation at -550°C and amorphous 

metakaolin is formed, similar to when firing clay alone or in binary mixtures. 

Inversion of quartz occurs -573°C and was followed by sanidine formation at 

2:600°C. The microstructure of SO fired 3h at 600°C can be simply sketched as quartz 

and feldspar grains surrounded by clay relicts (Figure 7.S). At about 900°C, y-Ah0 3 

spinel, cuboidal primary mullite and amorphous silica are formed. Feldspars start to 

melt at -1000°C and elongated (type II) secondary mullite is initially crystallised out 

of the molten feldspar (in contact with clay). Primary mullite in clay relict 

agglomerates and secondary mullite in molten feldspar particles are seen after firing 

SO at 1000°C (Figure 7.S). 
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Figure 7.7 - Box diagram of phase evolution on firing standard (nepheline 

syenite-fluxed) whiteware at 10°C/min. 
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Figure 7.8 - Schematic diagram of the microstructural evolution on firing 

standard (nepheline syenite-fluxed) whiteware at 10°C/min. 
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With increasing firing temperature, the progressive melting of feldspars and 

consequential increase in liquid content caused the melt to move into capillary 

particle contacts, penetrate into gaps between particles and fill pores leading to 

denser fired bodies. Needle-like mullite (type III) forms and grows larger toward the 

centre of the melted regions. The feldspar melt dissolves more quartz. The rounding 

of edges of quartz particles with solution rims indicated their partial dissolution. 

Cracks can be observed due to the coefficient of thermal expansion mismatch 

between quartz and glassy phase on cooling. In the glass, cracks occurred near the 

interface between quartz and glass. Cracking was also noticed in quartz grains. 

Feldspars completely melt above 1100°C increasing the quartz dissolution. Porosity 

further decreases and gas trapped by flow of liquid forms into closed rounded 

porosity. Secondary mullite grows larger and further reinforces the microstructure. 

The increase in strength of fired SO bodies from 1100°C to 1200°C was already 

shown in Table 6.2. SO reaches its maximum densification at 1200°C, and at this 

temperature it attained lowest water absorption and highest strength and modulus of 

elasticity. The phases present in SO after firing at its optimum firing temperature, 

1200°C, are mullite, quartz and glass and the microstructure contains mullite 

particles (both in primary and secondary forms) and partially dissolved quartz grains 

embedded in the glass. 

When nepheline syenite flux was replaced totally by SLS glass, the new white ware 

batch formulation, so called 'SLS-fluxed whiteware (SI00), comprised 50wt% 

kaolin clay, 25wt% quartz and 25wt% SLS glass. This composition change had a 

strong effect on fired properties (both physical and mechanical), densification 

behaviour, and mineralogical and microstructural transformations of fired whiteware 

bodies. It also shifted the optimum firing temperature to lower values than those of 

the standard composition. A box diagram showing the sequence of reactions upon 

firing this batch is summarised in Figure 7.9, and a schematic of the microstructural 

evolution is shown in Figure 7.10. These figures provide a quick insight into the 

mechanisms of crystallisation operating in SLS waste glass-fluxed whitewares, from 

mineralogical and microstructural standpoints. 
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The sequence of reactions of SLS-fluxed whiteware is similar to that of C-SLS 

mixture, only differing in tenns of added quartz reactions. Some reactions are 

slightly delayed compared to C-SLS, for instance the crystallisation of cristobalite 

and wollastonite from devitrification of SLS glass. Tridymite forms upon firing Q­

SLS mixtures at and above 1000°C but was not found in S 1 00 (ternary mixture of C­

Q-SLS). Cristobalite fonns at >7S0°C (whereas it is at >6S0°C in C-SLS) followed 

by wollastonite at 2:800°C (>7S0°C in C-SLS). These two phases are seen in the 

frozen microstructure (after cooling) derived from molten SLS glass particles. 

Albite/plagioclase fonns from the interaction between clay and molten SLS glass 

above 800°C and can be seen at the interface of molten SLS particles in contact with 

decomposed clay. Plagioclase particle size increases when SLS glass completely 

melts into liquid phase and when wollastonite dissolves and releases Ca ions to the 

liquid at high temperatures (> 1 OOO°C). Wollastonite can still be seen in molten SLS 

areas (especially in the centre) together with rounded cristobalite particles when 

firing S 1 00 at 10S0°C, but completely disappears and leaves only cristobalite in 

those areas when firing up to 1100°C. Primary mullite forms in decomposed clay 

relicts at ~900°C and secondary mullite fonns at ~ 11 OO°C and above. The latter can 

be seen in areas near the molten SLS glass. Quartz dissolution begins above 1000°C 

after being attacked by molten SLS glass. Rounding of quartz edges with solution 

rims can be seen in the microstructure of S 1 00 after firing at 2: 1 OSO°C. 

Cracks occurred in and around quartz particles, caused by thermal coefficient 

mismatch between glassy phase (a ~3xl0-6 /K) and quartz (a ~23xl0-6 /K). 

Comparing the phase development and microstructural evolution of SLS-fluxed 

whiteware (S 1 00) with nepheline syenite-fluxed whiteware (SO), the main difference 

is the fonnation of new phases such as cristobalite, wollastonite and plagioclase in 

S 1 00 and the lower amount of mullite fonnation and progressive quartz dissolution. 

In S 1 00, the presence of 2Swt% SLS glass resulted in extensive liquid formation 

even for the lower firing temperature applied (1000°C, at this temperature SLS glass 

is expected to have melted as it starts to soften at above S60°C). The liquid formed 

filled the porosity at an early stage of firing, causing the gases coming from the 

processing or evolved on firing (i.e. carbon dioxide from decomposition of organic 

matter, and water vapour from clay dehydroxylation) to be trapped, and resulting in 

severe bloating at firing temperatures higher than 11 OO°C. 
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Formation of crystalline phases such as cristobalite and wollastonite from low 

temperatures (below 900°C) is also likely to increase the viscosity of molten SLS 

glass due to its lower alkali content (i.e. Ca) which is being used to crystallise 

wollastonite. The higher viscosity of the liquid hinders its flow and also the diffusion 

of gases. An increase in closed porosity in S 1 00 comparing to SO was observed 

(Figure 6.4), and can be correlated to the lower bulk density (from 2.47 g/cm3 in SO 

to 2.29 g/cm3 in S100) and lower shrinkage (from 9.17% in SO to 8.11% in S100) 

after firing at the same temperature, 1100°C. An increase in closed porosity was also 

found by Matteucci et al. (2002), who used SLS glass as a flux in porcelain 

stoneware tiles. SO has not reached its optimum firing temperature until firing to 

1200°C whereas S 1 00 reached its optimum firing temperature at 1100°C. Even 

though SLS accelerated the densification process making S 1 00 reach its optimum 

firing temperature ~ 100°C lower than SO, this accelerated densification brought 

about formation of greater volumes of closed pores, and a subsequent lower bulk 

density and lower mechanical performance. The lower mechanical performance in 

S 1 00 was also connected to the phase changes such as decreased mullite content. 

Partial substitution of nepheline syenite flux with 6.25wt% SLS glass was reported in 

previous chapters to be the best new formulation due to the lower optimum firing 

temperature, yet attaining comparable physical and mechanical properties to those of 

the nepheline syenite-fluxed whiteware (SO). 

When 6.25wt% of nepheline syenite was partially replaced by SLS glass in the 

whiteware body composition, this new whiteware body (S25) comprised 50wt% 

kaolin clay, 25wt% quartz, 18.25wt% nepheline syenite and 6.25wt% SLS glass. A 

box diagram of the phase development and the sequence of reactions occurring upon 

firing S25 is shown in Figure 7.11, and a schematic of the microstructural evolution 

is shown in Figure 7.12. The reactions occurring upon firing this batch are, as 

expected, the combination of reactions occurring in SO and S 1 00. No new phase was 

observed. However, due to the low SLS content (6.25wt%) in this whiteware batch 

composition, products of devitrification of SLS glass such as cristobalite and 

wollastonite and products of the interaction of SLS glass and decomposed clay such 

as plagioclase, are formed in lesser amounts compared to S 1 00. Less competition to 

use alumina for the formation of plagioclase allows more formation of mullite. 
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Figure 7.11 - Box diagram of phase evolution on firing partially SLS-fluxed 
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Table 6.1 revealed a higher amount of mullite formed in S25 (slightly less than that 

formed in SO, but more than twice that in S 1 00). The formation of secondary mullite 

(both types II and III) is more pronounced in S25 than in S 1 00, probably due to the 

combined effect of higher alumina content in the mixture, and the more powerful 

flux present (nepheline syenite) when it melts. The viscosity of the liquid phase from 

nepheline syenite is believed to be lower than that from SLS glass when fired to 

higher temperatures. The viscosity for SLS glass at 1l00°C is ~3.58 Pa-s. This may 

be because alkalis in the liquid from SLS glass are extensively used in the formation 

of plagioclase, leaving the liquid high in Si. Moreover, additional Si is expected to go 

into solution due to the larger extent of quartz dissolution. The more fluid liquid from 

nepheline syenite enhances the growth kinetics of mullite. The body fired at the 

optimum firing temperature (11 OO°C) has a microstructure containing mullite (both 

primary type I and secondary types II and III), remnant cristobalite, plagioclase and 

partially dissolved quartz embedded in the glassy phase. 

S25 attained its best physical and mechanical properties when fired to 1100°C and 

these properties are comparable with SO fired at 1200°C. It seems that the addition of 

small percentages of SLS glass to nepheline syenite flux has improved properties by 

increasing the physico-chemical activity at low temperatures. SLS glass promotes 

accelerated densification as it starts to soften at temperatures well below (above 

560°C) the activity range of nepheline syenite flux (above 1000°C). Thus, combining 

nepheline syenite with SLS glass can accelerate the overall fluxing action at both at 

low and high temperatures. 

From this study, it was found that SLS glass plays an important role in the 

mineralogical transformations on firing whiteware bodies, either enhancing liquid 

formation or forming new phases. The extent of these transformations depends on the 

amount of SLS added to the whiteware batch. The phases present in as-mixed 

whiteware bodies, and those fired 3h at various temperatures are summarised in 

Table 7.3. Note that the partially SLS glass-fluxed whiteware batches (i.e. S25, S50 

and S75) revealed a similar phase evolution from a qualitative standpoint, but 

differing quantitatively according to the amount of SLS waste glass added. Semi­

quantitative XRD of these batches (Figures 6.20-6.24) was discussed at length in 

previous section (section. 6.4). 

264 



CHAPTER 7 FURTHER DISCUSSION 

Table 7.3 - Constituents of white ware bodies held 3h at various temperatures. 

Temperature eC) 80 825 850 875 8100 
unfired kaolinite kaolinite kaolinite kaolinite kaolinite 

a-quartz a-quartz a-quartz a-quartz a-quartz 
muscovite muscovite muscovite muscovite muscovite 
microcline microcline microcline microcline microcline 
nepheline nepheline nepheline nepheline glass 

albite albite albite albite 
glass glass glass 

600 a-quartz a-quartz a-quartz a-quartz a-quartz 
muscovite muscovite muscovite muscovite muscovite 
microcline microcline microcline microcline microcline 
nepheline nepheline nepheline nepheline glass 

albite albite albite albite 
11;lass glass glass 

800 a-quartz a-quartz a-quartz a-quartz a-quartz 
muscovite muscovite muscovite muscovite muscovite 
microcline microcline microcline microcline microcline 
nepheline nepheline nepheline nepheline cristobalite 

albite albite albite albite albite 
sanidine sanidine sanidine sanidine glass 

glass glass glass 
1000 a-quartz a-quartz a-quartz a-quartz a-quartz 

microcline microcline microcline sanidine cristobalite 
nepheline nepheline nepheline cristobalite wo II aston ite 
sanidine sanidine sanidine wollastonite plagioclase 
mullite cristobalite cristobalite plagioclase mullite 

plagioclase plagioclase mullite glass 
mullite mullite glass 

11;lass glass 
1050 a-quartz a-quartz a-quartz a-quartz a-quartz 

mullite cristobalite cristobalite cristobalite cristobalite 
glass plagioclase plagioclase plagioclase wo lias ton ite 

mullite mullite mullite plagioclase 
glass glass glass mullite 

11;lass 

1100 a-quartz a-quartz a-quartz a-quartz a-quartz 
mullite cristobalite cristobalite cristobalite cristobalite 
glass plagioclase plagioclase plagioclase wollastonite 

mullite mullite mullite plagioclase 
glass glass glass mullite 

glass 

1150 a-quartz a-quartz a-quartz a-quartz a-quartz 
mullite cristobalite cristobalite cristobalite cristobalite 

glass plagioclase plagioclase plagioclase plagioclase 
mullite mullite mullite mullite 
glass glass glass glass 

1200 a-quartz a-quartz a-quartz a-quartz a-quartz 

mullite cristobalite cristobalite cristobalite cristobalite 

glass plagioclase plagioclase plagioclase plagioclase 

mullite mullite mullite mullite 
glass glass glass glass 
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The replacement of nepheline syenite with colourless SLS waste glass in whiteware 

bodies changed their chemical composition, as well as the extent of the availability 

of the fluxing agents. The amount of potassium and alumina decreased, and the 

amount of sodium, calcium and silica increased. The change in composition and the 

nature of the raw materials affected both physical and mechanical properties and also 

the phase and microstructural evolution of the whiteware on fuing. Considering the 

physical properties, SLS glass seems to accelerate the densification process due to 

earlier vitrification. Whiteware bodies densified faster due to the formation of a 

highly-fluid liquid rich in sodium and calcium that filled the pores and prevented 

escape of trapped gas causing severe bloating, strongly limiting the actual amount of 

SLS glass used. Nepheline syenite-fluxed whiteware undergoes vitrification only 

above 1000°C. From the results of physical properties, the replacement of 6.25wt% 

nepheline syenite by SLS glass is by far the best composition. This batch attained the 

best physical properties after firing at 1100°C. It produced fired bodies with almost 

0% water absorption, and slightly higher (~1 %) linear shrinkage and 0.08 g/cm3 

higher bulk density than those of the best physical properties of the standard 

composition body fired at 1200°C. On the basis of these comparable properties, it is 

suggested that this combination of composition/firing temperature may allow 

production of whitewares from cheaper raw materials and at lower temperatures thus 

saving energy. The lower firing temperature required for the firing of the 6.25wt% 

SLS-containing whiteware batch has been estimated to save ~4.64% in the energy 

consumption comparing to the firing of the standard whiteware batch. The energy 

consumption for firing the standard whiteware is ~30.8 kWh per piece whereas that 

for the 6.25wt% SLS-containing whiteware is ~29.35 kWh. Assuming a current 

standard electricity price of £0.1614 per kWh, the energy cost for firing the standard 

batch would be £4.96 per piece, and £4.73 per piece for the 6.25wt% SLS-containing 

whiteware. Therefore, an industry producing 1 million pieces of whiteware per year 

could expect to achieve energy savings on firing of £230,000 per year for the use of 

6.25wt% SLS glass. 
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Standard composition whiteware body made of 50wt% clay, 25~1o quartz and 

25wt% nepheline syenite after firing at 1200°C has a microstructure comprised of 

primary and secondary mullites and partially dissolved quartz embedded in glassy 

phase. The microstructures of fired specimens from batches containing SLS glass 

(6.25-25wt%) comprised partially dissolved quartz, primary and secondary mullites, 

cristobalite, wollastonite and plagioclase, as well as glassy phases with variable 

composition depending on the local environment. The amount of cristobalite, 

wollastonite and plagioclase increased with increasing SLS content as cristobalite 

and wollastonite are direct products of SLS glass devitrification, and plagioclase is 

formed from the interaction between SLS glass and decomposed clay. The formation 

of plagioclase in SLS glass containing whiteware batches depends strongly on the 

migration of Ca2+ and N a + to regions containing clay decomposition products. The 

standard whiteware body, having insufficient CaO and N a20 (which are more 

abundant in SLS glass) to form plagioclase, develops a microstructure of larger 

mullite crystals, and quartz at variable stages of dissolution depending on the firing 

temperature. Quartz solution rims contain Al and K (as well as Si and 0), consistent 

with the melting of nepheline syenite flux which ultimately attacks the quartz. 

Mullite and quartz contents decreased with increasing SLS content in SLS­

containing whiteware batches. The decrease in mullite formation is due to the lower 

alumina content in the liquid because of the substitution of nepheline syenite for SLS 

glass which is very nearly alumina-free, and also due to the fact that alumina was 

consumed in the plagioclase. Ca2
+ and Na + are highly reactive and can react with 

decomposed clay and form plagioclase faster than mullite. No new phase formed by 

the interaction of nepheline syenite and SLS glass. The study of mixtures between 

raw materials revealed formation of tridymite on heating Q-SLS, however this phase 

was not clearly identified in the whiteware batches. Decreased quartz content in SLS­

containing batches results from accelerated dissolution of quartz in the presence of 

decomposed SLS glass. This also increases the amount of liquid which deforms the 

ceramic body especially in batches with higher SLS content. 

Fired samples made from SLS-containing batches fired at 11000 e have higher 

flexural strength and modulus of elasticity than those of the standard batch fired at 

the same temperature. Similarly to physical properties, mechanical properties were 

found to worsen with higher additions of SLS glass, and the best mechanical 
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properties were seen in the batch containing 6.25wt% SLS glass. It's worth noting 

that the strength results were statistically very similar, although pointing to a 

decrease in its values with increasing the SLS glass content above 6.25wt%. Mullite 

seems to be the strongest factor for strength of whiteware bodies in this study, as 

higher SLS contents result in decreased mullite and decreased strength. Whiteware 

bodies containing 6.25wt% SLS glass and 18.75wt% nepheline syenite as flux 

components fired at 1100°C have higher flexural strength (~71 MPa), slightly lower 

modulus of elasticity (~72 GPa) and similar fracture toughness (1.61 MPaJ;;;) to 

those of the standard whiteware body fired at 1200°C. The lower Weibull modulus of 

the batch containing SLS glass was probably due to the more heterogeneous 

microstructure. 

It is feasible to produce whitewares using ~6.25wt% recycled SLS waste glass as it 

shows comparable physical and mechanical properties to a standard white ware body 

even firing at 100°C lower. The values of most properties actually match those of 

commercial porcelains, thus there is a real potential to produce porcelains using SLS 

glass as partial flux. Using SLS glass as the sole flux in the whiteware body narrows 

the firing temperature range and increases bloating that would lead to severe 

difficulties in production. The waste glass may be best used in combination with 

natural fluxes to overcome those difficulties. 
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SUGGESTIONS FOR FUTURE WORK 

The microstructural evolution of SLS-containing whitewares could also be 

investigated by TEM analysis of quenched samples. Morphology of sub-micron 

crystalline phases and glassy phase local composition could be revealed at each step 

of firing. 

In this study, the densification behaviour, mechanical behaviour and microstructural 

evolution were limited to samples subjected to traditional firing schedules. In modem 

whiteware industry, fast firing is also used and therefore full investigation of the 

densification behaviour and microstructures of fast-fired bodies should be carried out 

to compare with those of slowly fired bodies. 

Complex shaped products are formed by slip casting. Viscosity of the slip after using 

SLS glass as a flux in whitewares should be measured in order to produce complex 

shapes such as tableware and sanitary ware. The solubility of the SLS glass in the 

slurry is an important factor as large amounts of sodium ions are leached out of the 

glass and might interfere with fluidity and thixotropy of the slips. Also the 

replacement of feldspar with SLS waste glass affects the viscosity of the liquid 

formed on firing, which is related to the capability of the liquid to wet and react with 

crystalline phases and fill the inter-particle voids during densification. This can cause 

dense or porous products, thus the viscosity of the high-temperature liquid should be 

measured. 

The potential for extending the use of recycled coloured SLS glass in whitewares 

with opaque glaze and in other vitreous ceramic systems, to avoid the need to 

separate different colour waste glasses should be examined. Red-clay based ceramics 

such as structural bricks and roof tiles would certainly accommodate such recycled 

coloured glasses in their composition. 

Devitrification of SLS glass is more likely in fine particles. If devitrification occurs, 

the viscosity of glass will increase and make it more difficult for further 

densification and also for gases trapped to be released (highly viscous glass obstructs 
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the elimination of gases out of the body). It would be interesting to study the use of 

coarser SLS particles in whitewares, and also different particle size distributions to 

look at their effects on both green and fired density, as well as on the overall 

crystallisation of the ceramic body. Waste glass is relatively easy to break into a 

coarse powder and therefore industrial milling should not be a limiting factor. 
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