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Abstract

Although there are various studies published in the relevant literature on the use of borates in tile production, borax waste has been mainly used in
place of feldspar and the results showed that borate migration to the surface was the commonly encountered problem. Previously, the same authors
have investigated the possible use of dewatering sieve waste (TSW) of Etibor Kirka Borax Company (Turkey) in combination with a sanitaryware
waste in commercial terracotta production in an attempt to achieve improved product properties. In the present study, the same borax waste (TSW)
was preferred for use in a commercial wall tile formulation in proportions up to 20% as a partial substitution for Na-feldspar. A total of four
formulations was prepared with 0.5, 1, 1.5 and 2 wt.% TSW incorporation and shaped by dry pressing. The obtained samples were single fast-fired
at a peak temperature of 1170°C for a total firing time of 30 min (from cold-to-cold) under industrial conditions. According to the results, the
addition of TSW appeared to improve liquid phase development with better physical properties compared to those of standard composition for the

firing regime involved. The results indicated a prospect for using the waste as a co-flux in wall tile formulations.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacture of ceramics dates back to about 24 000 B.C.
Archeologists in Czech Republic have recently found figurines
made of animal fat and bone mixed with ash and a fine clay-like
material that were fired in kilns partially dug into the ground.!
During the long history, ceramics industry has a reputation for
being very conservative and resistant to changes in technol-
ogy and formulation. Nowadays, this behaviour has, however,
slightly changed due to the highly competitive and increasingly
transparent markets.> The challenge for the ceramic industry is
to reduce the cost of those materials whilst, at the same time,
maintaining (or even improving) the quality and characteristics
of the end product. Under this task, probably the most impor-
tant drive is cost and, in particular, the cost of raw materials.
Borates have been an essential ingredient in ceramic and enamel
glazes for centuries, integral to affixing glazes or enamels, and
enhancing their durability and luster. Borates now are gaining
acceptance as an essential ingredient in ceramic tile bodies,
allowing manufacturers to use a wider range of clays, height-
ening productivity and decreasing energy usage.>°
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There are two main world producers of borates, namely Eti
Holding, based in Turkey, and Rio Tinto Borax with its main
mine at Boron in California. These two companies control 75%
of the borate market. The rest of the market is made up of half
a dozen or so minor producers. Turkey holds 63% of the total
boron deposition shares of the world with 640 million tonnes.
Boron ores in Turkey are colemanite, ulexite and tincal. Etibor
Kirka Borax Company is the biggest borax producer in Turkey.
This plant consist of concentration and crystallization units and
produce 800 000 tonnes concentrated tincal, 480 000 tonnes pen-
tahydrate, 17 000 tonnes decahydrate and 60 000 tonnes anhy-
drite borax/year.3-¢

Continuous accumulation of industrial waste, increasing
environmental regulations, awareness and also depletion of
natural resources have led to growing recognition of the need
for extraction and manufacturing companies to seek for their
waste management instead of establish routes such as landfill.
Problems in the final disposal of waste, in particular, the
public opposition of landfill facilities for waste is beginning
to become a bottleneck to industrial activities.” Therefore, in
recycling, it becomes of interest to develop economically viable
refining technology. Development of technology becomes
imperative for products with designs and facilitates the re-use
of components and technology that enables recycling of waste
despite the fact that such designs have minimal impact to
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the environment. In a previous study by the same authors,
borax waste (TSW), obtained from the crystallization unit of
Etibor Kirka Borax Company, was investigated in terracotta
production in an attempt to improve final product properties.
It was found that increased presence of TSW as a co-fluxing
material accelerated the vitrification process.’

Ceramic tiles are very common construction materials used
in household and commercial facilities of all sizes. They are used
on floors, walls and patios, both indoors and outdoors. There are
approximately 22 ceramic tile manufacturing plants in Turkey,
and in 2003, these plants produced nearly 190 million m? of tiles.
About 84 million m? of this production was exported, which
makes Turkey the fifth biggest exporter of the word.”?

The aim of the present study is to extend the utilization
TSW in wall tile production by replacing Na-feldspar in suitable
amounts. The particular consideration was given to the change
in the technological properties of the experimented formulations
upon firing under industrial conditions. Phase and microstruc-
tural evolution were also examined. Glazing issue was, however,
ignored.

2. Materials and methods
2.1. Raw materials

The solid waste (TSW) was collected from the upper part
of the dewatering sieve of dissolution units of Etibor Kirka
Borax Company (Turkey). Preparation of TSW prior to use in
experimental compositions can be given as grinding and sieving.
This process is described in detail in the previous study of the
authors.® The main oxide constituents of the raw materials are
presented in Table 1.

2.2. Processing and characterisation

First of all, relevant raw materials were obtained from a
local tile company in order to formulate a standard mixture
(designated as Std.). Then, representative experimental wall
tile formulations were prepared by progressive incorporation of
TSW in place of Na-feldspar in different amounts ranging from
0 to 2wt.% (Table 2). The amounts mentioned were chosen
so as to highlight the effects of TSW addition. These formu-
lations were further designated as D5, D10, D15, and D20,
respectively. The preparation of the formulations involved mix-
ing in the relevant proportions and wet grinding in ball mills
long enough until the residue on 63 pm sieve was reduced to

Table 2
The composition of investigated formulations and their designations

Designation Formulation (wt.%)
Std. D5 D10 DI5 D20

Clay 50 50 50 50 50
Quartz 11 11 11 11 11
Kaolin 19 19 19 19 19
Marble 10 10 10 10 10
Feldspar 10 9.5 9 8.5 8
TSW - 0.5 1 1.5 2

3.5-4.5%. The solid content of the slurries was aimed to be kept
constant for all the formulations. To be more specific; the solid
content and the weight volume of the experimental slurries were
around 65 wt.% and 1670-1690 g/1, respectively. Furthermore,
viscosity was adjusted to be about 18-20 s from 4 mm Ford cup.
The obtained mixtures were first allowed to dry, then humid-
ified (4-5 wt.% moisture content) and sieved to pass through
1 mm screen in order to obtain suitable powders for pressing.
Rectangular samples of dimensions 110 mm x 55 mm x 6 mm
were uniaxially pressed at 110 kg/cm?. The shaped samples were
dried at around 120 °C for 24 h. Finally, the representative tiles
were single fast-fired in an industrial roller furnace at a peak
temperature of 1170 °C for a total firing time of 30 min (from
cold-to-cold).

The physico-mechanical properties of the representative
samples were measured in accordance with the standard
procedures. %12 On average, three specimens were used for each
measurement. The vitrification behaviour of rectangular com-
pacts of the representative tile bodies was studied using a double-
beam non-contact optical dilatometer (Model: MISURA, Expert
System Solutions, Italy). The measurements were conducted
according to the corresponding industrial firing profile. In the
literature, this equipment has been described to be effective for
precise determination of the best firing profile for any porcelain
composition since it solves the problem of electronic dilatome-
ters where the slight pressure exerted by the mechanical contact
of a small refractory bar on the sample above softening temper-
ature modifies the measurement. '3

The thermal expansion of the selected samples were also
determined using a fully computer controlled Netzsch thermal
dilatometer (Model: 402 EP) at a heating rate of 10 °C/min to
650 °C. Furthermore, the fired bodies were subjected to color
measurements using a UV-vis spectrophotometer (Minolta
3600d) and the change in chromatic coordinates of L' a", b

Table 1

Chemical composition of the raw materials (achieved using XRF)

Oxide (Wt.%) Si02 A1203 NaZO MgO Kzo CaO Ti02 F6203 B203 LOI
Clay 63.43 23.22 0.58 0.18 1.53 0.77 - 3.07 - 7.15
Quartz 93.33 4.13 - - - 0.18 - 0.29 - 2.07
Kaolin 63.24 24.92 0.33 0.18 0.37 0.63 - 0.88 - 9.45
Marble 1.00 0.47 - - - 56.03 - 0.09 - 42.41
Feldspar 68.10 21.61 1.54 0.18 1.68 1.11 - 1.39 - 4.39
TSW 15.83 1.06 2.58 19.84 0.63 20.66 0.01 0.24 3.99 35.16

LOl is loss on ignition.
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values with peak firing temperature was compared. Qualitative
determination of major crystalline phases present in selected
fired samples was achieved by X-ray diffraction (Rigaku, Rint
2000, Japan) on powdered samples. Microstructural observa-
tions were performed on polished surfaces of fired samples using
a scanning electron microscope (SEM-Camscan S4 Series, UK)
in back-scattered (BE) electron imaging after sputtering with a
thin layer of gold—palladium alloy in order to prevent charging.

3. Results and discussion
3.1. Physical properties

The results of the evaluated physico-mechanical properties,
namely linear firing shrinkage, water absorption, green and fired
flexural strength, are presented in Fig. 1. As can be seen, the
water absorption values of the fired products decrease slightly
with increasing amount of TSW. As an expected consequence of
this, there is a corresponding increase in the linear firing shrink-
age values (Fig. 1a). This behaviour can mainly be explained
by the fact that TSW acts a low temperature auxiliary flux,
enhancing vitrification, due to strong fluxing action of its boron
content. Use of boron compounds such as boric acid, hydrob-
oracite and borax in floor and porcelain tile compositions has
been previously investigated and reported that the presence of
small quantities of boric oxide (B,Os3) in the compositions
increased the tile vitrification rate. It was further suggested that
this advantage could be used to either reduce the peak firing
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Fig. 1. Physical properties of the investigated formulations: (a) evolution of
water adsorption and linear firing shrinkage in relation to TSW content; (b)
evolution of green and firing bending strength in relation to TSW content.

temperature or lower tile soaking time at vitrification tempera-
tures. On the other hand, it was also found that the nature of the
boron-contributing raw material had a pronounced influence on
suspension rheological behaviour.'* In the preparation of TSW
containing slurries studied in this study, an increase in viscosity
with the further addition of TSW was also encountered. How-
ever, the problem was solved with slightly higher amount of
electrolyte, namely sodium silicate addition. Referring back to
the fluxing action of the TSW waste, it has a considerably higher
content of alkaline-earth elements (MgO and CaO) compared to
the other raw materials (Table 1). Particularly, the influence of
MgO-containing raw materials, such as magnesite and dolomite,
as sintering promoters, on the vitrification behaviour of differ-
ent compositions has already been studied by several authors.
It has been reported that the concurrent presence of alkaline
and alkaline-earth elements promoted the development of a less
viscous liquid phase which improved the densification kinetics
as long as it was operated within defined limits of composition
and firing regime.'>~!° Apart from the fluxing effect of the rel-
evant oxides, considerable fine particle size distribution of the
TSW waste is also believed to have played an important role
in enhanced vitrification. According to the size distribution data
obtained by laser diffraction in the previous study of the same
authors, TSW waste has a mean particle size of around 0.74 p,m.g
It is known that bulk density or porosity is a property with a
strong influence on mechanical strength of traditional ceramic
bodies. With reference to Fig. 1a once again, the formulations
that provided the lowest values of water absorption and the high-
est values of linear firing shrinkage are also expected to provide
the maximum flexural strength values. Indeed, this assumption
is mostly confirmed in Fig. 1b where the bending strength results
of all the formulations are shown. It is also worth mentioning
that higher amounts of TSW in place of the feldspar caused a
considerable increase in the green strength values of the experi-
mental formulations, which in turn decreases the risk of rupture
during mechanical manipulation of the tile. Similar results were
also reported in the literature and the increase in dry mechanical
strength was explained by the fact that borates acts as a powerful
inorganic binder in ceramic tile body compositions.’

3.2. Color measurements

The values of the chromatic coordinates of the studied formu-
lations with increasing peak temperature are given in Table 3. It
can be observed that L” value decreases with increasing amount
of TSW waste in the formulation. This can easily be explained

Table 3
The chromatic coordinates (L*, a*, b*) of the investigated formulations
Formulation
Std. D5 D10 D15 D20
L 76.52 7431 75.77 73.74 70.37
a’ 4.79 4.85 4.64 4.58 4.36
b 15.07 15.18 15.18 15.27 14.94
AE" - 221 0.77 3.00 6.17

AE", total color difference value.
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Fig. 2. Dilatometric linear firing shrinkage curve of the experimental wall tile bodies.

by the improved vitrification behaviour of the TSW modified
formulations.

3.3. Thermal properties

Fig. 2 illustrates the shrinkage behaviour of the Std., D10
and D20 tile bodies obtained by using a double-beam optical
dilatometer. All the representative curves were plotted with time
on the x-axis and both temperature and sintering percentage on
the y-axis. As can be seen from the figure, fastest sintering rate is
obtained at the peak firing temperature of around 1170 °C for all
the bodies involved but the main difference is the better sintering
behaviour with the TSW addition.

Thermal expansion coefficient is an important property of
a ceramic body. Reported in Table 4 are the results of linear
thermal expansion values of the selected tile bodies for a specific
temperature range. It is clear from the table that the thermal
expansion of the TSW modified bodies is slightly lower than
that of the standard wall tile body. This is expected since there
appears to be higher amount of glassy phase in the TSW modified
bodies thus dissolving more free quartz into the melt. This result
is also in parallel with the measured physical properties of the

place on firing of traditional tile bodies are kinetically gov-
erned processes that do not reach thermodynamic equilibrium,
since the industrial firing cycles are as short as half an hour.
This explains the common occurrence of residual quartz and
feldspars that have not been entirely transformed in the fired
bodies. As seen in Fig. 3, new crystalline phases, mainly
anorthite (Ca0-Al,03-2Si03), and a small amount of mullite
(3A1,03-2S10,) were formed all the investigated bodies. Anor-
thite development seems to be improving with the peak firing
temperature. Apart from addition of free quartz, high dimen-
sional stability required in fast-fired wall tile manufacture is
commonly realised using various calcium containing materials
in suitable amounts such as chalk, limestone, marble, wollas-
tonite and dolomite. It has been reported that the presence of
calcium carbonate (CaCQO3) modifies the reactions course and
affects the formation of the liquid phase. During preheating,
between 800 and 900 °C, the CaCO3 decomposes to CaO accom-
panied by the evolution of CO, outside the structure of fired
bodies. The CaO reacts with the amorphous phase (metakaolin-
ite), which quickly diminishes at increasing firing temperature.

relevant bodies given in Fig. 1. 1.8+ a —
5 14 — D10
3.4. Phase analysis 2 15 =220
E .
Fig. 3 presents the representative XRD spectra of Std., D10 s 1
and D20 samples where quartz, anorthite and mullite phases £ s a
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Fig. 3. Representative XRD spectra of the selected tile bodies.
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Fig. 4. Representative BE image of the Std. formulation.

Thus, the formation of crystalline phases, namely gehlenite as
an intermediate phase and anorthite, occurs to a great extent
at the expense of the metakaolinite. The series of reactions
with the formation of small liquid phase volume, as expected,
result in the body having high porosity.?!~>3 Considering the
mineralogical analysis of TSW; the presence of dolomite, tin-
calconite, montmorillonite and calcite minerals were detected
in varying amounts by XRD in the previous study.® Under the
circumstances, it is not surprising to see increased crystallinity
of anorthite in the TSW containing bodies compared to the stan-
dard body. With regard to the influence of boric oxide originating
from tincalconite; there was no clear indication of its effect on
modifying the crystalline phases but it may have varied their
proportions.

3.5. Microstructural analysis

Typical back-scattered images of the polished surfaces of
the Std. and D20 formulations are illustrated in Figs. 4 and 5,
respectively. Both images represent similar structures where the
crystalline phases and pores are dispersed in a glassy matrix.
Pores are easily distinguishable as dark areas. It is also evident
that the sharp corners of the quartz grains, as grey areas, were
somewhat rounded by surface tension forces and their partial
solution into the glassy matrix during firing. In addition, the
presence of microcracking around and within the large quartz

Fig. 5. Representative BE image of D20 formulation.

grains due to the rapid displacive 3 to a phase transformation
of quartz on cooling is visible on both images. The main per-
ceptible difference between these images is the appearance of
slightly improved vitrification of D20 formulation.

4. Conclusion

In this study, a series of wall tile formulations incorporated
with dewatering sieve waste (TSW) of Etibor Kirka Borax Com-
pany (Turkey) up to 2wt.% as a substitute for Na-feldspar
was prepared and fired under industrial conditions. The results
showed that the waste addition in a controlled manner improved
the vitrification, and thus allowed to achieve better technological
properties for the firing regime involved. It is also worth men-
tioning that valuable use of TSW in such a possible commercial
application, with improved technological properties of the final
product, can be mentioned as an added advantage. Further study
is, however, needed on the industrial scale in order to establish
the technical and economic feasibility of the study.
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