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Abstract: Since the natural raw materials used in the manufacture of clay-based ceramic products vary 
greatly in the sintering stage, the resulting products are quite heterogeneous. In addition, different types 
of waste could be used to make ceramic tiles and bricks. Therefore, this study aimed to investigate the 
effects of pumice, bauxite, and ferrochrome slag on the vitrified ceramic body. In this context, firstly, 
binary slip mixtures were prepared by composing 40% clay with 60% pumice, bauxite, and ferrochrome 
slag one by one, which was reduced to 150 µm in particle size. Then, the mixtures were shaped by slip 
casting method and sintered at 1000°C, 1100°C, 1200°C, and 1250°C. The qualitative XRD analysis was 
performed in order to see the phase variation, and physical properties were determined with shrinkage 
and water adsorption measurements. Since pumice transformed into a glassy phase after sintering at 
1100°C, an amorphous phase was observed in all samples produced with pumice. In addition, the 
mullite development occurred in clay-pumice body composition with the temperature increment. 
However, tridymite and cristobalite phases were analysed in clay bauxite and ferrochrome body 
compositions. The shrinkage and water adsorption values, which were high in the samples sintered at 
1000°C, began to reduce from 1100°C to 1250°C significantly. In particular, water adsorption reached 
0% in the clay-pumice system which was suitable for a fully vitrified-high density standard (ISO13006-
10545/98). Besides, the brighter colour was reached in the clay-pumice system while brown and black 
colour was seen in clay-bauxite and clay-ferrochrome bodies, respectively.  
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1. Introduction 

Traditional ceramic production requires a large amount of natural raw materials since it is based mainly 
on the clay-silica-feldspar system. Natural raw materials used in the manufacture of clay-based ceramic 
products vary widely in terms of their composition, hence the resulting products are very 
heterogeneous. Such products can tolerate further compositional fluctuations and changes in raw 
materials, allowing different types of waste to be included in the internal structure of ceramic tiles and 
bricks as part of their matrix (Andreola et al., 2016). 

Various studies on traditional ceramic making in recent years are related to the substitution of 
traditional raw materials with other natural resources such as zeolites (Gennaro et al., 2003; 2007), 
volcanic rocks (Carbonchi et al., 1999; Ergul et al., 2007), and nepheline syenite (Salem et al., 2009). With 
the increasing rate of industrialization, industrial waste is increasing significantly. Industrial waste, 
often accumulating outdoors, occupies a wide area and increases the cost of operation. All also cause 
severe environmental pollution and health hazards. 

The use of various wastes in the manufacture of ceramic products has been proven to be beneficial 
both economically and environmentally (Durgut et al., 2015; Andreola et al., 2016). This typically 
includes industrial and agricultural wastes (Hoseny et al., 2018). The usage of industrial wastes 
particularly soda-lime glass fragments (Tucci et al., 2004), cathode ray tube, TV or a PC monitor (CRT 
Glass) (Andreola et al., 2008; 2010), granite cutting sludge (Torres et al., 2004), whiteware waste 
(Tarvornpanich et al., 2005), plumbing (Jackson et al., 2015), clay sewer pipes (El-Shimy et al., 2014), 
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construction waste (Jani and Hogland, 2014; Islam et al., 2017), and industrial residues from the 
polishing process (Rambaldi et al., 2007) has been investigated in the literature.  

In agricultural wastes, the use of Si-rich wastes such as rice shell ash, which may be an alternative to 
quartz, was emphasized (Prasad et al., 2003). Besides, waste rocks, ore residues, and metallurgical 
wastes are industrial wastes that have the potential to cause serious economic, ecological, and health 
problems. These wastes can be considered alternative wastes in ceramic production, characterized by a 
high tendency to crystallize. 

More recent studies have focused on alternative waste characterized by a high tendency to 
crystallize. In this way, the crystallinity of the final ceramics was increased. This effect can be achieved 
by using glass-ceramic frits (Zanelli et al., 2008) or wastes (Karamanova et al., 2011; Schabbach et al., 
2012), which tend to crystallize highly. In this case, due to the processes of re-crystallization during the 
sintering and cooling stages, the amount of amorphous phase decreases and leads to improvement in 
mechanical properties (Zanelli et al., 2008). 

In the production of vitrified ceramics (medical instrumentation), inorganic raw materials such as 
clay, feldspar, and quartz are mixed in certain ratios with the help of water to make sludge. After, 
synthetic resin or gypsum is poured into molds to be shaped. In the porcelain sintering process, mullite 
is the main crystal along with an amorphous phase in porcelain composition which the clay minerals 
are the basic source. The pure clay transformation begins with kaolinite-metakaolin transformation at 
550°C and the metakaolin changes into spinel at 980°C, then the spinel turns into the kinds of mullite 
(Type I, Type II, Type III) crystals after 1000°C (Çevikel, 2010; Romero and Pérez, 2015; Gajek et al., 
2017). In this process, there is residual amorphous silica which has nearly 1700°C of melting point 
(Wypych, 2016). However, the melting point of amorphous silica can be reduced to nearly 1100°C 
depending on the material and process parameters such as the ratio and type of fluxing agent, particle 
size distribution, specific pressure of shaping, etc (Darken, 1948; Niibori, 2000). 

Research has been focusing on using pumice, and other industrial wastes as an alternative to raw 
materials that have been used in vitrified ceramics such as kaolin, feldspar, quartz, and albite. Increasing 
the availability of pumice and waste will lead to a decrease in the search for raw materials in the vitrified 
ceramics industry. Çelik and Yılmaz (2018) determined that the pumice did not change the amount of 
plasticity water of the clay, reducing the total shrinkage value, drying shrinkage, density, and fire loss. 
They determined that the reduction in the size of the pumice grains also reduced the water absorption 
ratio. As a result of this research, they found that the contribution of the pumice increased the strength 
of the final product with the decrease in grain size. They indicated that the contribution of alkaline 
pumice, decreased plasticity water, total shrinkage values, and frost resistance has changed 
insignificantly. The addition of pumice increased the water absorption ratio, and the coarser pumice 
grains showed that this ratio was higher (Deniz et al., 2004). 

Ferrochrome slag does not contain free chromium oxide, and all components of ferrochrome slag are 
handily soluble in glass melts. Ferrochrome slag has a similar chemical composition to cordierite. Both 
mainly contain silicium (Si), manganese (Mg), and aluminum (Al). Slag also contains metallic elements 
such as iron (Fe), titanium (Ti), and heavy metals such as chromium (Cr), cobalt (Co), and nickel (Ni) 
(Liu et al., 2016). A study on the development of vitreous ceramic tiles related to ferrochrome slag, slag 
used in weight with other ceramic raw materials around 30-40%, sintered in the range of 1100-1150oC 
and sintered products showed relatively higher density with good strength properties. The properties 
of ferrochrome slag aggregate concrete explain that compared to broken limestone, reinforced 
aggregates of ferrochrome slag are better than limestone aggregates (Sahu et al., 2016). 

The ceramic products need to be shaped and have green/dried strength till reaching the sintering 
process. Clayey raw materials are used 30-40% by weight to give such properties to the ceramic bodies 
in the industry and have no alternative to today’s technology. Nowadays, the depletion of conventional 
raw materials and growing prices lead producers to research and use different kinds of local raw 
materials and industrial wastes in vitrified ceramic body compositions. As a consequence, new 
compositions are being researched to use such materials in ceramic body recipes but no adequate 
research studies can be found in the literature about the use of alternative raw materials and wastes in 
fully vitrified ceramic bodies. In this context, it was aimed to research the effects of pumice, bauxite, 
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and ferrochrome slag as alternatives for quartz and feldspathic materials in the production of fully 
vitrified ceramic bodies in terms of sintering properties. 

2. Materials and methods 

2.1. Materials 

Pumice, bauxite, and ferrochrome slag samples were supplied by Erzurum-Kalebloksbims, Konya-
Seydişehir Eti Aluminum, and Elazıg-Eti Chrome factories, Türkiye, respectively. The analysis results 
obtained from the pumice, bauxite, and ferrochrome slag samples dried at 105°C using the IQ+ non-
standard program of the Philips brand Axions model XRF spectrometer are given in Table 1. 

Table 1. Chemical analysis results of samples used in experimental studies 

Content by wt.  
(%) 

Pumice Bauxite 
Ferrochromium 

Slag (FeSiCr) 
SiO2 70.5 6.40 45.62 

Al2O3 13.6 50.00 31.90 
Fe2O3 1.9 16.25 1.95 
TiO2 0.2 2.55 0.03 
CaO 0.8 0.46 2.25 
MgO 0.3  16.80 
MnO 0.1  0.01 
K2O 4.65  0.59 

Na2O 3.6  0.08 
P2O5 0.1  0.01 

2.2. Methods 

A Union Process brand attritor device was used to grind the clay, pumice, and ferrochrome slag samples 
and to provide homogeneous mixtures of the ground raw materials. The samples were subjected to dry 
grinding for an average of 12 hours. 

In the grinding stage, 1/8–1/4 inch ceramic balls were used, and the ball/raw material ratio was 
kept constant at 3/1 and the frequency at 60 Hz operating conditions. As a result of the grinding process, 
80% of the products have passed below 150 µm. (d80 = 150 µm). Molds shown in Fig. 1 (a) were used 
for the slip casting of vitrified ceramic sludge. The molds used are made of gypsum due to their 
advantages, such as being porous and absorbing water equally on all sides. The casting process was 
carried out at a casting density of 1800 gr/lt. The products obtained at the end of the casting are shown 
in Fig. 1(b). The products obtained at the end of the casting were dried at 205oC for 1 hour. After the 
drying process, the samples were sintered for 8 hours in a PLF Series Protherm branded laboratory scale 
high-temperature furnace at temperatures of 1100°C, 1200°C, and 1250°C, respectively. After the 
sintering temperatures were reached, controlled cooling was started. The cooling process lasted an 
average of 24 hours, and the samples were taken out of the oven when the oven temperature was about 
150–200°C.  

 
Fig. 1. (a) Gypsum mold for slip casting, (b) products obtained at the end of the casting 

(a) (b) Ferrochrome slag

Pumice

Bauxite
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Water absorption and shrinkage analysis were executed according to TS EN ISO 10545 with 5 
samples of 10x10 cm in size cut from sintered samples. 

Konica Minolta CM-3600D spectrophotometer that had a 360 - 740 nm wavelength range and 10 nm 
wavelength interval was used for analyzing the color values of the specimens. The color values (L, a, b) 
were measured by scanning the surface, and three analyses were executed for each specimen with 0.08 
average color measurement accuracy (ΔE). 

XRD analyses were carried out using a Panalytical brand X-ray diffractometer device, using Cu Kα 
radiation (λ=1.54060 Ao) obtained by applying 45 kV voltage and 40 mA current to the Cu tube. We 
complete the measurements by scanning the sample surfaces at an angle of 2θ with a scanning speed of 
20/min. 

It used a Zeiss-brand Sigma 300 model scanning electron microscope at 15 kV to observe the 
morphology of the crystals and the number of crystals formed after the samples had been sintered. For 
the chemical analysis of the crystals formed in the sample, it used energy scattering X-ray spectrometry 
(EDX) operating in conjunction with the microscope. The samples were placed in a gold plating device 
before SEM. 

3. Results and discussion 

3.1. Shrinkage ratios of sintered samples 

In fully vitrified body composition systems containing clay minerals, approximately 1100°C is known 
as the temperature at which the initial phase of sintering begins and the first amorphous and mullite 
phases start to form (Romero and Pérez, 2015). At this point, the formation of the amorphous phase and 
the development of mullite phases are two mechanisms operating simultaneously. After this point, as 
the temperature increases, the reaction between the clay and the amorphous phase and the formation 
of mullite develop and the body begins to shrink with the sintering rate (Sallam and Chaklader, 1978).  
Table 2 and Figs. 2(a), (b), and (c) show the shrinkage rates in the length and width of the samples 
sintered at temperatures of 1000-1250 oC. 

As seen from Figs. 2(a) and (b), as the sintering temperatures increase, the sintering shrinkage ratio 
in the height and width (base) of the samples increases. The width/height ratio of samples with a 
starting width/height ratio of 1/2 changes by 1/2 after sintering. As the alkali content in ceramic 
composition increases, the body hardens and shrinks up to a certain temperature according to material 
and process parameters (Carty and Senepati, 1998). After a certain temperature, deformation occurs 
which causes loss of quality in the product due to the decrease in the liquid phase viscosity of the body 
(Andreev and Zakharov, 2009). As seen in Figs. 2a and 2b, the body reaches maximum shrinkage at 
1200°C with the increase in temperature due to the sodium and potassium contents in the body melting 
the quartz and, on the other hand, the development of mullite formation in the clay-pumice system 
(Weill and Kudo, 1968). Also, the clay-bauxite system showed a similar height-width shrinkage trend 
due to the iron content that acted as a fluxing agent for glass-forming oxide (Shute and Badger, 1942). 
For the clay-ferrochrome slag system, the height and width shrinkage showed important increments 
from 1200°C and 1100°C, respectively. In Fig. 3, it was seen that the fire shrinkage values were not 
affected so much for the three materials. It was also observed that the sintering shrinkage had the 
maximum value for all samples that occurred at 1250oC. 

Ceramic clay shrinks when dried, and shrinks again when fired. Shrinkage during firing is due to 
the structure becoming non-porous and condensing. Water absorption percentage is related to porosity 
and how much water the sintered body can absorb. Most ceramic artists bake ceramic bodies at low 
temperatures to ensure a low shrinkage rate. However, porosity also increases to that extent. Shrinkage 
is highest when the stem is non-porous and dense. 

The samples made with binary mixtures were also subjected to fire shrinkage experiments at 
different temperatures. After sintering at four different temperatures, the weights of binary mixtures 
were measured, and the fire shrinkage ratios were determined. It was observed from Fig. 2c that the fire 
shrinkage ratio increased at 1000oC, 1100oC, and 1200oC in 60% pumice and 40% clay mixture, while it 
decreased at 1250oC. That showed that the pumice was in the glassy phase after 1200oC. The gaps in the 
structure decreased to prevent fire shrinkage. The ratio of fire shrinkage decreased at the transition from 
1000oC to 1100oC in a binary mixture of clay with bauxite and ferrochromium slag. This indicated that 
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the sintering temperature was insufficient at 1000oC in the binary mixtures of bauxite and ferrochrome 
slag with clay. Ferrochrome slag had the lowest ratio of fire shrinkage as in the sintering shrinkage. 

Table 2. The results of shrinkage ratios of sintered samples at temperatures of 1000-1250oC 
H

EI
G

H
T 

SH
R

IN
K

A
G

E 
Temperature  

(oC) 
Repetition 

Pumice  
(%) 

Average  
(%) 

Bauxite  
(%) 

Average  
(%) 

Slag  
(%) 

Average  
(%) 

1000 
1 3.64 

4.29 
2.77 

2.78 
2.85 

2.78 
2 4.94 2.79 2.71 

1100 
1 6.48 

7.14 
2.96 

2.86 
2.87 

2.86 
2 7.80 2.76 2.85 

1200 
1 9.95 

10.96 
8.88 

8.57 
3.07 

2.94 
2 11.97 8.26 2.81 

1250 
1 10.74 

11.11 
11.86 

11.43 
5.37 

5.88 
2 11.48 11.00 6.39 

W
ID

TH
 S

H
R

IN
K

A
G

E 

Temperature 
(oC) 

Repetition 
Pumice 

(%) 
Average 

(%) 
Bauxite 

(%) 
Average 

(%) 
Slag 
(%) 

Average 
(%) 

1000 
1 1.09 

1.33 
0.00 

0 
0.82 

0.67 
2 1.57 0.00 0.52 

1100 
1 3.00 

2.67 
1.35 

1.33 
0.83 

0.68 
2 2.34 1.31 0.53 

1200 
1 5.67 

5.33 
5.97 

6 
2.62 

2.67 
2 4.99 6.03 2.72 

1250 
1 6.27 

6.67 
6.24 

6.68 
3.45 

3.33 
2 7.07 7.11 3.21 

FI
R

E 
SH

R
IN

K
A

G
E  

Temperature 
(oC) 

Repetition 
Pumice 

(%) 
Average 

(%) 
Bauxite 

(%) 
Average 

(%) 
Slag 
(%) 

Average 
(%) 

1000 
1 5.67 

5.43 
11.33 

11.17 
4.19 

4.15 
2 5.19 11.01 4.11 

1100 
1 6.11 

6.22 
10.26 

10.13 
3.35 

3.40 
2 6.33 10.00 3.45 

1200 
1 7.07 

6.57 
11.56 

11.29 
4.20 

4.30 
2 6.07 11.02 4.40 

1250 
1 5.10 

5.79 
12.84 

12.85 
5.09 

4.84 
2 6.48 12.86 4.59 

3.2. Water absorption ratios of binary mixtures 

The casting mud used in the production of ceramic sanitary ware is called Vitreous-China (Ural, 2007; 
Canduran and Ural, 2019). In its simplest definition, vitreous china is a sludge with a water absorption 
of less than 1%. Since fully vitrified body composition is used in ceramic sanitary ware that is in intense 
contact with water, such as toilets and bathrooms, water absorption value is of great importance and 
the standard water absorption value should be at most 0.5% (Fortuno, 2000) and it is determined with 
the fully vitrified body standard (ISO13006-10545/98). If the material absorbs water above this value, 
the water fills the pores in the product over time, causing cracks due to the thermal expansion and 
staining by fine-sized contaminants which reduces product functionality and quality. For this reason, 
the temperature at which 0.5% water absorption value is observed is called the firing temperature. Cups, 
bowls, and similar functional containers generally have high water absorption. Binary mixtures formed 
at different temperatures (1000oC, 1100oC, 1200oC, and 1250oC) were subjected to water absorption 
experiments. The results of the water absorption measurements are presented and shown in Table 3 and 
Fig. 3, respectively. 

As seen in Fig. 3, the increased sintering temperatures lowered the water absorption ratio for each 
sample. the porous structure of the clay-pumice body showed contrast characteristics compared to the 
state after sintering and pumice had lower water adsorption from both bauxite and ferrochrome slag 
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which showed a less porous structure. The alkaline contents such as potassium and sodium in the 
pumice composition provided a lower melting point, therefore the water adsorption was decreased 
importantly with temperature increment (Tore, 2013; Durgut et al., 2022). Finally, the water absorption 
ratio was reduced to 0% because the pores in the vitrified ceramic sludge created by the pumice were 
entirely closed at 1250°C. 

 
Fig. 2. Sintering and fire shrinkage values of the samples as a function of temperature (a) height, (b) width,  

and (c) fire  

Table 3. The results of water absorption measurement at temperatures of 1000-1250oC 

W
A

TE
R

 A
BS

O
R

P T
IO

N
 

Temperature 
(oC) 

Repetition 
Pumice 

(%) 
Average 

(%) 
Bauxite 

(%) 
Average 

(%) 
Slag 
(%) 

Average 
(%) 

1000 
1 16.89 

16.93 
23.07 

23.04 
21.16 

21.25 
2 16.97 23.01 21.34 

1100 
1 2.38 

2.27 
18.02 

18.02 
23.75 

23.92 
2 2.16 18.02 24.09 

1200 
1 0.50 

0.6 
13.99 

13.85 
18.12 

18.18 
2 0.70 13.71 18.24 

1250 
1 0.00 

0 
12.12 

12.07 
17.98 

17.86 
2 0.00 12.02 17.74 

3.3. XRD-SEM-EDX analysis of binary mixtures 

XRD results for the P60K40 (60% Pumice, 40% San-B clay) sample as shown in Fig. 4. The appearance 
of the mullite phase strengthens the structure. Mullite is one of the most considerable phases in 
ceramics. The needle shape and the fact that the grains are very close to each other after sintering, 
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increase the strength values. It was seen that the quartz peaks were decreased and mullite peaks were 
increased with the temperature increment. This was due to the reaction with quartz (SiO2) and Al-O 
content of pumice, so the peak variation showed the crystal formation change in the composition (Yuan 
et al., 2018). 

 
Fig. 3. Comparison of binary mixtures’ water absorption ratios as a function of temperature 

 
Fig. 4. XRD pattern of P60K40 sample sintered at different temperatures 

EDS analyses and SEM images of the P60K40 (60% Pumice, 40% San-B clay) sample are given in Fig. 
5 in which regional EDS data gathered from the P60K40 sample at 1000oC, 1100oC, 1200oC, and 1250oC 
sintering temperatures shows Al and Si elements predominantly. Elements such as Fe and Ti were in 
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very small quantities. Due to the high content of SiO2 and Al2O3 in pumice and clay, excess quartz and 
mullite were observed at 1000oC, 1100oC, 1200oC, and, 1250oC in the XRD peak results given in Fig. 4.  

In Fig. 5(a), the laminar shape, which looked like kaolinite minerals, was seen clearly in the 
composition. However, it was seen that the grains interacted more with each other and the body 
compactified with the increased temperature (1000oC, 1100oC, 1200oC, and 1250oC) in order of Fig. 5 (b), 
(c), (d). In Fig. 5c, the distribution of the Al2O3 and SiO2 contents were seen in the SEM image given that 
were the indications of mullite and quartz formations at 1200oC sintering temperature, respectively.  

 
Fig. 5. SEM images and EDS analyses of P60K40 sample sintered at different temperatures (a) 1000oC, (b) 1100oC, 

(c) 1200oC, and (d) 1250oC 
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XRD results for the B60K40 (60% Bauxite, 40% San-B clay) sample are shown in Fig. 6. The existence 
of Al2O3 and SiO2 oxides, as well as FeO and K2O oxides in the B60K40 binary mixture, caused the 
formation of many phases (Fig. 6). The dominant phase quartz and the FeO phase also formed at 1000oC 
sintering temperature. The increased temperature (1100oC, 1200oC, and 1250oC) replaced quartz with 
different phases. The sintering temperature of 1000oC was not sufficient for the B60K40 sample. At 
1100oC sintering temperature, it was seen that there were phases of mullite, rutile, potassium silicate, 
and cristobalite. At 1100oC sintering temperature, quartz was replaced with cristobalite. In the samples 
with pumice, an amorphous phase was observed, but no amorphous phase was found in the formation 
of bauxite with clay. Cristobalite is a silica mineral polymorph that occurs between metakaolin and 
mullite at 1050oC and can cause quality problems such as cracks in the cooling step of ceramic bodies 
due to the high thermal expansion coefficient property (Sato et al., 2000). Cristobalite becomes steady 
after the 1470oC temperature. However, when sintering at 1200oC, cristobalite crystallization occurs 
before quartz becomes tridymite. The cristobalite phase increases the coefficient of thermal expansion. 
Tridymite phase, which is the second polymorph of the silica formed at 1250oC sintering temperature 
(Hillig, 1993). 

Tridymite is not used much in the industry. In general, it resembles cristobalite and is a low-density 
version of silica (Ateşer, 2010). The rutile phase usually affects color change in ceramics. Bauxite was 
observed to add a brownish color to samples. Mullite is the most dominant phase at 1250oC sintering 
temperature.  

 
Fig. 6. XRD pattern of B60K40 sample sintered at different temperatures 

EDS analyses and SEM images of the B60K40 (60% Bauxite, 40% San-B clay) sample at sintering 
temperatures of 1000oC,1100oC, 1200oC, and 1250oC are shown in Fig. 7. In the B60K40 binary mixture, 
the elements Al and Si were in high quantities. At the same time, Fe was determined at all sintering 
temperatures. Quartz, a polymorph of silica, forms into cristobalite and tridymite as temperature 
increases (1000oC, 1100oC 1200oC, 1250oC). The SEM image given in Fig. 7a shows rutile at 1000oC 
sintering temperature. The distribution of Al2O3 phases is observed at 1200oC sintering temperature 
(Fig. 7c) and mullite and SiO2 phases are observed at 1250oC sintering temperature (Fig. 7d). 
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Fig. 7. SEM images and EDS analyses of B60K40 sample sintered at different temperatures (a) 1000oC, (b) 1100oC, 

(c) 1200oC, and (d) 1250oC 

XRD results for the C60K40 (60% Ferrochrome slag, 40% San-B clay) sample are shown in Fig. 8. Al, 
SiO2, and MgO crystals were predominant in the binary mixture C60K40 (Slag 60%, Clay 40%). SiO2 
(quartz) phase was observed at 1000oC sintering temperature. 1000oC sintering temperature was not 
sufficient for the C60K40 sample. SiO2 and Al2O phase, where the MgO phase is more predominant at 
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1200oC and 1250oC sintering temperatures respectively, is observed to be less than the MgO phase. At 
1250oC and 2θ=28o, the most dominant peak was cordierite. The thermal expansion coefficients of 
cordierite were low. This feature gives ceramics mechanical and thermal shock resistance 
(Kiattisaksophon and Thiansem, 2008). It also provides ceramics excellent shock resistance, high 
thermal and chemical stability, low dielectric constant in the high-frequency zone, and large surface 
area in bulk porous structures (Davila et al. 2008; Kobayashi et al. 2000). Quartz phase was determined 
after 1200oC sintering temperature. 

 
Fig. 8. XRD pattern of C60K40 sample sintered at different temperatures 

EDS analyses and SEM images of the C60K40 (60% Ferrochrome slag, 40% San-B clay) sample at 
different sintering temperatures are given in Fig. 9. Ferrochrome slag contains Mg and K besides Al and 
Si. Even if the composition was the same, the Fe content was determined in Fig. 9 (d) EDS analysis. In 
the XRD data given in Fig. 8 of the C60K40 sample, the cristobalite phase, which is the polymorph of 
quartz, and the quartz phase were observed at 1200oC and 1250oC. The cordierite phase was at the same 
temperatures. In the SEM images given in Figs. 9c and Fig. 9d (at sintering temperatures of 1200oC and 
1250oC respectively), cordierite phases, and distribution of SiO phases at 1000oC, 1100oC, and 1250oC 
were also observed. 

3.4. Colour measurements  

Color measurements were made to determine the color values of the sintered products obtained as a 
result of the experiments. The data obtained as a result of the measurements are shown in Table 2 and 
Fig. 10. 

In the Slag-Clay system, the phosphorite phase seen at 1000oC and 1100oC added a brown tone to 
the ceramic body. The forsterite phase is seen in the XRD analysis in Figs. 8a and 8b generally provide 
a color change in ceramics in brown tones (Arcasoy, 1983). The potassium content seen in the EDS 
analyses shown in Fig. 9 caused the color of the resulting product to be in gray tones. (Fig. 10b). 
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Fig. 9. SEM images and EDS analyses of C60K40 sample sintered at different temperatures (a) 1000oC, (b) 1100oC, 

(c) 1200oC, and (d) 1250oC 

Table 4. L*a*b* values of the products obtained as a result of the experiments 

 Pumice Slag Bauxite 

Temperature/Color L a b L a b L a b 

1000 oC 75.68 6.71 20.67 71.66 2.84 10.26 66.25 13.86 17.80 

1100 oC 61.74 5.07 27.39 70.40 2.29 16.23 63.17 9.16 18.70 

1250 oC 56.93 5.65 23.31 57.00 7.43 31.01 58.62 8.93 2.37 
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Fig. 10. Color scale of the products obtained as a result of the experiments 

The cordierite phase, which appeared at 1250 oC in the XRD analysis in Fig. 8d, caused the yellow 
(b*) and red (a*) tones in the ceramic body to increase and the white balance (L*) to decrease. The 
cordierite phase darkens the firing color of ceramics in the presence of FeO in the structure. (Arcasoy A, 
1983) With the emergence of the cordierite phase, the balance of yellow and red in the ceramic body, 
which had a brown tone, increased and the color of the ceramic structure changed from brown to yellow. 
(Fig. 10b) 

While the light red tone was dominant in the color of the product obtained at 1000oC in the bauxite 
clay system, a color tone between yellow and cream was observed in the body as the sintering 
temperature increased. As seen in the rutile phase generally provides a yellow color change in ceramics 
due to its titanium content. (Arcasoy, 1983) As the sintering temperature increased, the color of the 
ceramic body began to darken. 

4. Conclusions 

Natural raw materials, which have become the biggest problem in the world, are decreasing every year. 
The decrease in the raw materials used in ceramics every year has led the industry and scientists to 
search for new raw materials. Many studies are being conducted on the use of pumice and other 
industrial wastes as alternatives to raw materials such as kaolin, feldspar, quartz, and albite used in 
vitrified ceramics. Additionally, continuous industrial activities produce increasing amounts of waste 
and by-products that are subject to environmental legislation. Recycling these wastes is of great 
importance, both to contribute to the country's economy and to prevent the depletion of natural 
resources. Some wastes are similar in composition to natural raw materials used in ceramic production. 
For this reason, although upgrading industrial wastes to alternative raw materials is technically and 
economically interesting, recycling wastes will also provide great advantages in terms of the economies 
of the countries and the reduction of environmental damage. The availability of pumice, bauxite, and 
waste will reduce the search for raw materials in the vitrified ceramic industry. 

In this study, 40% clay, acidic pumice supplied from the Erzurum-Kalebloksbims factory, bauxite 
supplied from the Konya-Seydişehir Eti Aluminum factory, and ferrochrome slag supplied from Elazığ-
Eti Chrome factory were prepared as binary mixtures separately. Prepared mixtures were poured into 
molds by slip casting method and sintered at 1000oC, 1100oC, 1200oC, and 1250oC, and vitrified ceramic 
samples were obtained. Then, these vitrified ceramic samples have been characterized. 

It was seen that the shrinkage was increased with the temperature increment that showed vitrified 
body compaction because of the solid/liquid phase formation development. The most change was 
reached in the clay-pumice binary system due to the alkaline (Na2O+K2O) content which was the reason 
for lowering the eutectic point. Secondly, there was proximate shrinkage values were gained with the 
clay-bauxite binary system, the Fe2O3 content acted as a fluxing agent in the shrinkage value and also 
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the color change. Lastly, the lowest vitrification rate was observed in ceramics created with ferrochrome. 
The same phenomenon also occurred for water adsorption results. The glassy and crystal phase could 
not form enough at 1000°C and the water adsorption values were high for clay-
pumice/bauxite/ferrochrome binary systems. However, after 1100°C clay minerals, free quartz, and 
alkaline content began to turn into glassy phase and mullite so the open porosity and the water 
adsorption reduced to 0% for clay/pumice composition. For the clay-bauxite and ferrochrome systems, 
it was observed that the water adsorption did not lower so much due to the lack of fluxing material in 
the composition. With the temperature increment, the quartz peak decreased and the mullite peak 
increased for the clay-pumice composition. However, quartz transformed into cristobalite and 
tridymite, also mullite and rutile development was detected for clay-bauxite composition. On the other 
hand, clay-ferrochrome composition resulted in magnesium aluminum oxide, cristobalite, quartz, and 
cordierite as formed phases.  

In conclusion, the clay-pumice system showed vitrified ceramic body properties and gave brighter 
colour values to the final product. However, the cristobalite and tridymite contents, which occurred for 
sintered clay-bauxite and ferrochrome bodies, could cause thermal shock cracks because of the high 
thermal expansion coefficient, especially in glazed products. Again, the darker colour properties of clay-
bauxite and clay-ferrochrome systems were the results of metal elements such as Fe, Ti, and Cr in the 
composition and were used to make dark-colored products. 
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