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Abstract

The effect of sieve boron waste (SBW) and borate-containing Evansite™ on the thermal behaviour, microstructure and properties of a clay-
based body was investigated. SBW and Evansite®™ were introduced in quantities that correspond to 0.6 wt.% B,05 addition in the dry body for both
cases. Cylindrical samples were extruded and fired at three different peak temperatures 900, 950 and 1000 °C. The reference body, R, and the body
with SBW, RB, demonstrate a comparable dilatometric behaviour whereas the densification for the body with Evansite™, RV, initiated 50 °C
approximately lower and resulted in higher firing shrinkage. After firing at 900 °C, the physico-mechanical properties as well as the microstructure
are comparable. Nonetheless, dkermanite is formed in RB, whereas hercynite and mullite, the latter at 1000 °C, are formed in RV. For firing at
1000 °C, the role of borates is intensified. Water absorption is reduced by 16.1% and 18.0%, whereas bending strength increased by 27.6% and
40.8%, for RB and RV respectively, compared to the reference formulation. This is attributed predominantly to the enhanced vitrification that took

place in the boron-containing bodies.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The largest reserves of borates occur in West Turkey, with a
worldwide share of 72% (851Mt) in terms of B,O5 content,
and are controlled by the national mining enterprise Eti
Maden Works [1,2]. In 2008 the production amounted to
2.25 million tons, with 4.1 million tons being the world’s total
production without the US share included [3]. The principal
sedimentary borate ore minerals are borax decahydrate
(Na,0:2B,03:10H,0), ulexite (Na,0-2Ca0-5B,03-16H,0)
and colemanite (2Ca0O-3B,03-5H,0) which are refined into
pure chemical compounds [4]. During this process large
quantities (~400.000 tons/y) of different types of solid boron
wastes are formed and rejected in tailing dams [5]. It is
expected that over the next several years the demand for
borates will increase [3] (although projections may need
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revisions in view of the financial crisis). As a consequence, the
amount of boron wastes will increase too.

Utilisation of boron-containing wastes in the heavy clay
industry may improve the quality of the final products and
simultaneously diminish the disposal and leaching problems.
According to Uslu and Arol [6], addition of up to 30 wt.% of
clay containing tailings in a clay mixture suitable for red brick
production enhances the formation of glassy phase and
improves the overall brick quality. Higher additions reduce
the compressive strength and deteriorate the surface of the
bodies. Kavas [7] reports that introducing clay and fine boron
wastes up to 15 wt.% in mixtures with Bayer’s process red mud,
results in the formation of glassy phase improving the
mechanical properties of the fired bodies. Kurama et al. [8],
studied a mixture consisting of dewatered sieve waste, ball clay
and sanitaryware waste for the production of a terracotta floor
tile body. It was found, also in this case, that the addition of BW
promotes vitrification. The authors ascribe the improved
physical and mechanical properties apart from the presence
of boron to the high content of alkaline-earth oxides in the
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Table 1
Chemical composition, in wt.%, of R and SBW.

8102 A1203 CaO F6203

MgO KzO NaZO B203 LO.IL

R 66.89 14.36 0.91 6.91
SBW 19.64 0.77 8.29 0.28
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Fig. 1. XRD patterns of the raw materials (a) R and (b) SBW. Abbreviations—
Qtz: quartz, Ab: albite, Sa: sanidine, Tin: tincalconite, D: dolomite, Cc: calcite,
111: illite, Chl: chlorite, Mo: montorillonite.

boron waste that decrease the viscosity of the developed liquid
phase. In a different work, Kurama et al. [9], investigate the
same boron waste (addition up to 2 wt.%) as a partial
substitution for Na-feldspar in the field of commercial wall
tile production. Waste addition in controlled rates improved the
vitrification and simultaneously enhanced the technological
properties of the fired samples. The results indicate that this
boron waste can be used as a ‘“co-flux” in the wall tile
formulation. Elbeyli et al. [10] studied the utilisation of a
treated borax waste (mainly consisting of clay minerals) for
brick production. Samples with different amounts of borax
waste (addition up to 30 wt.%) were dry pressed and fired. It
was demonstrated that the physical properties of the final
bodies were negatively affected as the amount of borax waste
increased. Nevertheless, the optimum waste ratio according to
the authors accounts to 10 wt.%, which gives compressive
strength values higher than the reference formulation. Olgun
et al. [11] tested the effect of coal fly ash and borax solid waste
on the properties of wall tiles. Potassium feldspar was replaced
by fly ash in the range of 2-10 wt.%, while the boron waste
remained at fixed quantities, 2 wt.% and 5 wt.% respectively. It
was observed that the firing strength of the tiles containing

Table 2

boron waste is higher than that of the reference tile and the one
containing fly ash. Moreover, addition of up to 6 wt.% boron
waste as potassium feldspar replacement improved the strength
values. More recently, Christogerou et al. [12], report on the
addition of 5 wt.% (0.6 wt.% B,03) and 15 wt.% (1.9 wt.%
B,0O3) of a sieve boron waste in a dry pressed clay body
mixture. The addition of 5 wt.% resulted in higher bending
strength, whereas the mixture with 15 wt.% deformed at high
firing temperatures due to enhanced liquid phase formation.

A challenging issue on the use of borates in the heavy clay
industry concerns the water solubility of borates. Tests with
borax (Na,B407-10H,0) and boric acid (H3;BOs3) in clay bodies
showed migration of boron to the clay surface as the water is
expelled during drying [13]. Consequently on firing, the surface
is prone to viscous phase formation, creating problems in the
production and the quality of the end-product. Due to the
awareness of boron solubility, the various studies found in the
open literature concerning boron waste utilisation in brick and
tile production have in common that the formation of the
samples is based on dry pressing.

To counter the solubility issues of borates, researchers
developed and patented [14] a sugar-based microcrystalline
sodium pentaborate suspension that was commercially avail-
able under the name Evansite™ by Borax®™. Austerberry and
Stubbs found that addition of 1-2% Evansite® in a clay body
mixture [13] decreases the water absorption whereas increases
the compressive strength and the abrasion resistance. There-
fore, a reduction of firing temperature by 50 °C approximately
is feasible. This approach permitted the use of borates in
processes that involved plastic forming, such as extrusion.

In the present work, sieve boron waste or Evansite® are
introduced in a clay-based mixture aiming to investigate their
behaviour during a processing cycle comparable with that
followed in the heavy clay industry.

2. Experimental procedure

The raw materials used were clay body mixture, R,
industrially used in W. Greece for the production of reddish
roofing tiles, and SBW, a boron waste supplied from Etibor Co.
Kirka Borax plant in Turkey. This waste derives from the first
treatment of the boron ore, which includes the steps of crushing,

Semi-quantitative, wt.%, mineralogical composition of the raw materials. Abbreviations—Qtz: quartz, Ab: albite, Sa: sanidine, Tin: tincalconite, D: dolomite, Cc:

calcite, I11: illite, Chl: chlorite, Mo: montorillonite and n.d.: not detected.

Qtz Ab Sa Tin D Cc 1 Chl Mo
R 50.1 16.4 6.9 n.d. n.d. n.d. 19.9 6.7 n.d.
SBW n.d. 14.9 11.1 29.3 275 6.2 n.d. 6.2 4.8
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washing and sieving, and results in the production of the
concentrate ore. Evansite® was a commercially available
suspension containing microcrystalline sodium pentaborate
developed by Borax™. The chemical composition of R and
SBW was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES Optima 3200 XL, PerkinEl-
mer). The crystalline phases of the raw materials were
determined by X-ray diffraction analysis (D8 Advance,
Bruker-AXS). Qualitative analysis was performed by the
DIFFRACplus EVA® software (Bruker-AXS) based on the
ICDD Powder Diffraction File. The mineral phases were
quantified using a Rietveld-based quantification routine with
the TOPAS™ software (Bruker-AXS). The routine is based on
the calculation of a single mineral-phase pattern and the
refinement of the pattern using a non-linear least squares
routine [15]. A number of corrections, including among others
the instrument’s geometry, background, sample displacement,
detector type, mass absorption coefficients of the refined phases
and the preferred orientation of certain % k [ planes were applied
in order to achieve the optimum pattern fitting. The amorphous
phase was calculated by the determination of degree of
crystallinity.

For the preparation of the bodies, the raw materials were
milled at a particle size <1 mm. SBW and Evansite® were
introduced in quantities that correspond to 0.6 wt.% B,0;
addition as per dry body mixture, for both cases. The powders
were mixed in an arm mixer and subsequently water was
added. For the mixture with SBW, water addition was
approximately 28 wt.%, whereas for the mixture with
Evansite™, 23 wt.% water was introduced; along with the
pre-calculated amount of Evansite™ suspension the water
content also in this case amounts to a total of 28 wt.%. The so-
obtained mixtures with SBW and Evansite™ were labelled RB
and RV respectively.

The relatively small content of SBW (and B,05) introduced
in the bodies was due to a previous study [12], where a higher
amount of SBW (15-1.9 wt.% B,03) resulted in the deforma-
tion of the dry-pressed samples when fired >900 °C. None-
theless, a second mixture, RB2, was also prepared with 10 wt.%
SBW (1.9 wt.% B,05) added to the dry clay mixture. The goal
was to make more easily discernible the boron migration and its
effect on drying/firing.

The plastic mixtures were kept 24 h closed in plastic bags for
maturation. A vacuum pug mill (75 mm, mk2, Venco) was used
for the extrusion of cylindrical samples, dia =25 mm and
/=120 mm. The bodies in the complementary study with
10 wt.% SBW were shaped by hand. The green samples were
left at room temperature for 24 h and then dried in a drying oven
at 110 °C till constant weight was attained. Firing was
performed in a laboratory muffle furnace at three peak
temperatures: 900, 950 and 1000 °C, with 4 h soaking time.
The specimens were cooled to room temperature inside the
furnace.

For the fired ceramics, apparent porosity, water absorption
and bulk density were determined according to ISO standard
[16]. Bending strength was determined using a testing machine
(DTM, Dillon) equipped with a three point bending fixture.

Roller span was regulated at two-thirds of the sample length
and crosshead speed was 1.5 mm min~"'. The crystalline phases
of the fired samples were determined by XRD, as mentioned
above, on pulverised bodies. For the thermal analysis,
thermogravimetry (TGA Q50, TA Instruments), differential
thermal analysis (DTA, 402, Netzsch) and dilatometry (402ES,
Netzsch) were performed. TGA and DTA analysis was
performed in powdered samples <125 pwm, in static air with
a heating rate of 10 °C/min. The TGA/DTA results are
supported by XRD analysis on SBW, after heating at 10 °C/min
and extraction of the sample from the furnace at designated
temperatures. Dilatometry was conducted in static air with a
heating and cooling rate of 5 °C/min. The specimens were rods,
dia = 3 mm and / = 25 mm. Observation of microstructures was
performed by scanning electron microscopy, SEM (JSM-6300,
Jeol) on gold coated, polished surfaces. For microchemical
analyses, an energy dispersive X-ray spectrometer, EDS (LINK
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Fig. 2. TG curves for the raw materials R and SBW, and the mixtures RB and
RV.
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PentaFET 6699, Oxford Instruments) was employed. The 3.2. Drying and firing behaviour
default standards of LINK ISIS have been used.
No visible salts were observed on the surface of the samples

3. Results and discussion after drying at 110 °C. That applies for RB2 as well, although in
this case, as will be discussed in Section 3.4, boron diffusion is
3.1. Raw materials discernible. The reduced mobility of borates, apart from the low

The chemical analysis of the raw materials is reported in

Table 1. The analysis of the clay body, R, reveals high levels of 13 Bode B0 -&-RY

silica, the absence practically of calcium oxide and low levels )
of magnesium oxide. Contents of alumina and of iron oxide are 124
14.4 wt.% and 6.9 wt.% approximately. Those of alkaline ] . _%
oxides amount to 2.8 wt.% approximately. SBW has consider- & 1l m------""70" o N .
able high levels of boron and sodium that are expected to g n
function as fluxing oxides. Alkaline earth oxides are also at high b= a ~
. . . . £ 104 [ Tx
levels and are expected to contribute in the neomineralisation 5 \ .
during firing [17]. Silica and alumina that act as network j: 9. §‘*——~A\____.
formers are 19.6 wt.% and less than 1 wt.% respectively. The 5 W
high loss on ignition, 28.5 wt.% approximately, is expected to = g e
result in pore formation during firing, as seen also in other cases = N
[12]. For Evansite™, the boron oxide content is 18% according ; ]
to the manufacturer. The loss on ignition at 1000 °C was ]
measured 48 wt.% approximately. 5

XRD patterns of the raw materials, R and SBW, are shown
in Fig. 1, whereas the results for the semi-quantitative
mineralogical analysis are presented in Table 2. For the
clay body mixture, R, the identified phases are quartz Fig. 5. Water absorption as a function of firing temperature for all tested
Si0,, albite NaAlSi;Og, sanidine KAISi;Oyg, illite/muscovite samples.
K>Al4[(SigAl;)O20](OH),4 and clinochlore (Mg, Fe2+)10A12
[(SigAl;)O50](OH) 6. This mixture can be considered as an
illite-rich, non-calcareous sediment. For SBW, tincalconite 40

I . I » T
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Temperature, ‘C
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Na,B407-5H,0, dolomite CaMg(CO3), and albite NaAlISizOg 1
are the main crystalline phases, at 29.3 wt.%, 27.5 wt.% and 28
14.9 wt.% respectively. In lower amounts, sanidine KA1Si;Og, & s
calcite CaCOg;, chlorite (Mg, Fez+) 10AL[(SigAly)O50](OH) 6 =
and montmorillonite (1/2Ca,Na)y7(Al, Mg, Fe)4[(Si,Al)gOx0] = 28
(OH),4 nH,0 are also present. AN A
o 24
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A
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Quantitative, wt.%, mineralogical composition of the fired samples at the three temperatures. Abbreviations—Qtz: quartz, Ab: albite, Sa: sanidine, He: hematite, Hc:
hercynite, Ak: dkermanite, Mul: mullite, Mi: illite/muscovite and n.d: not detected.

Temperature (°C) Qtz Ab Sa He Hc Ak Mull Mica Amorphous GOP
R 900 50.6(5) 12.7(7) 7.7(4) 5.4(3) n.d. n.d. n.d. 4.6(7) 19.3 1.51
R 950 50.2(3) 12.1(7) 8.6(5) 6.5(2) n.d. n.d. n.d. n.d. 22.7 1.46
R 1000 48.9(2) 11.2(6) 6.8(4) 6.7(2) n.d. n.d. n.d. n.d. 26.4 1.49
RB 900 48.4(1) 10.6(8) 7.1(8) 5.9(3) n.d. 1.3(5) n.d. 4.0(7) 22.7 1.47
RB 950 47.2(1) 9.7(8) 8.9(3) 6.5(3) n.d. 3.3(4) n.d. n.d. 24.3 1.38
RB 1000 45.5(3) 8.5(8) 5.9(5) 6.7(3) n.d. 4.8(5) n.d. n.d. 28.7 1.49
RV 900 50.0(5) 10.7(6) 8.1(4) 6.0(3) 1.8(6) n.d. n.d. 4.4(7) 18.9 1.37
RV 950 48.9(5) 7.6(3) 6.5(6) 6.2(3) 2.13) n.d. n.d. n.d. 28.8 1.38
RV 1000 40.3(1) 5.4(6) 4.6(5) 6.5(3) 3.1(3) n.d. 2.8(4) n.d. 37.2 1.36

percentage added, is attributed to a number of reasons: (a) the
solubility of tincalconite is rather low; at 40 °C, is less than
12 wt.% in Na,B40O; [18]. Since the extrusion and first days of
drying took place at room temperature (i.e. 22-25 °C) the
solubility is expected to be even lower. (b) Only a fraction of the
tincalconite in solution will migrate to the surface as this
depends on the permeability (i.e. pores’ size distribution, pores’
shape, pores’ connectivity, etc.) of the body. Indeed, it has been
experimentally observed in the case of hand pelletising for
lightweight aggregate production with boron wastes [19] that
the results on surface salts depend on the exercised force by the
operator. This is attributed to the different particle packing. To
this extent, the results between RB and RB2 are not comparable
as the latter samples have been shaped by hand.

The TGA and DTA analysis for the raw materials, R and
SBW, as well as for the mixtures, RB and RV, is presented in
Figs. 2 and 3, respectively. In the case of R, the overall weight
loss is about 6 wt.% and is mainly due to dehydroxylation of
the clay minerals. SBW has three characteristic steps of
weight loss, Fig. 2. In the first step, up to 135 °C, the
endothermic, Fig. 3, dehydration of tincalconite takes place.
At 550 °C approximately, the dehydroxylation of tincalconite
to anhydrous borax, Na,B40, has been completed, in line
with the accompanied weight loss, Fig. 2. In fact, the thermal
behaviour of tincalconite resembles that of chemically pure
borax Na,B4;07-10H,O [20,21]. Dolomite and calcite,
originally present in SBW, start to dissociate at 530 °C
approximately, as indicated by the weight loss, Fig. 2, and the
strong endothermic peak, Fig. 3. This is an interesting result,
as the dissociation starts at an early temperature, but in line
with findings reported elsewhere [8]. It could be attributed
either to the particle size of calcite and dolomite and/or to a
catalytic effect [22] by the other constituents of the mixture.
At 700 °C, the process is completed and there is subsequently
minimal weight loss up to the final temperature. The weight
loss between 530 and 700 °C is 18.7 wt.% which is in close
agreement with the calculated loss due to CO, emission, based
on the semi-quantitative analysis of Table 2. Moreover, the
XRD pattern of SBW heated at 10 °C/min up to 750 °C and
quenched at room temperature verify the absence of
carbonates. The sample is composed of clinokurchatovite
Ca(Mg)B,0s, augite Ca(Mg,Fe,Al)(Si,Al),O¢, sanidine
(K,Na)(Si3Al)Og, albite NaAlSi;Og and nepheline NaAlSiO,.

The overall weight loss for SBW is approximately 28.5 wt.%.
The TG curve of the mixture RB presents a small weight loss
(approximately 2 wt.%) up to 70 °C. At 645 °C the weight loss
for RB is completed and amounts to 8 wt.%. Comparable
behaviour, in terms of both TGA and DTA, was observed for
RV, with an overall weight loss of 7.5 wt.%.

The results of dilatometry are presented in Fig. 4. In general,
R and RB demonstrate comparable behaviour whereas RV
densifies at a lower temperature and has higher firing shrinkage.
In the temperature interval 100-160 °C, RV shows higher
shrinkage compared to R and RB. For the interval 200 to
500 °C, as well as 600 to 750 °C, all bodies present comparable
thermal expansion coefficient. At 570 °C approximately, the
transformation of a- to PB-quartz, accompanied by volume
expansion, is evident. The densification for RV begins at
760 °C, whereas for R and RB initiates at higher temperature,
810 °C. The overall shrinkage is 3.1%, 3.2% and 4.0%
approximately for R, RB and RV respectively. The higher
shrinkage of RV, in conjunction with the similar to RB weight
loss during firing, Fig. 2, are indicative for reduced open
porosity for RV compared to RB after firing at 1000 °C.
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Fig. 7. XRD patterns of the samples R, RB and RV, fired at 1000 °C.
Abbreviations—Q: quartz, P: plagioclase (albite), H: hematite, Sa: sanidine,
Hc: hercynite, Ak: akermanite, Mul: mullite.
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Fig. 8. Elemental mapping of polished cross section of RB2 after firing at 1000 °C. Dashed line marks approximately the surface of the sample. Left to right:

Secondary electrons’ image, B distribution, Na distribution.

3.3. Physico-mechanical properties

The results of water absorption are depicted in Fig. 5. It is
observed that at lower firing temperatures, 900 °C, RB and RV
show higher water absorption than R. Indeed, this is in line with
the high weight loss recorded for RB and RV, Fig. 2. At 950 °C,
both R and RB present lower water absorption compared to
900 °C; the values for RV do not diminish. Nevertheless, RB
and RV still present higher water absorption than R. At
1000 °C, minor decrease is observed for R. On the contrary, RB
and RV show a noticeable decrease and the obtained values are

7.6% and 7.4% respectively. Compared to the reference body
fired at 1000 °C, water absorption is decreased by 16% and 18%
for RB and RV respectively. The above results suggest that RB
and RV become more reactive at > 950 °C, which is in
agreement with other works [12,13].

Fig. 6 presents the bending strength of the ceramics as a
function of firing temperature. At 900 °C, all bodies
demonstrate comparable values, with RV having the lowest
strength compared to R and RB. Increasing the temperature at
950 °C, RB presents a notable increase to 26.6 MPa whereas R
and RV undergo a slight increase to 15.9 MPa and 14.6 MPa

Fig. 9. Secondary electrons’ images of polished surface of (a) R, (b) RB and (c) RV, fired at 900 °C.
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respectively. For firing at 1000 °C, the bending strength of RV
increases considerably to 33.6 MPa, whereas RB and R also
increase to 30.7 MPa and 23.9 MPa respectively.

Table 3 shows the Mohs’ hardness of the fired ceramics as
a function of firing temperature. Addition of SBW into the
clay mixture and firing at 900 °C leads to increased hardness,
8-9, compared to the reference samples, 7-8, and the one
with Evansite, 8. Similar behaviour is observed at 950 °C,
where the bodies with SBW presented higher hardness than
R and RV. For firing at 1000 °C, all bodies show the same
hardness.

3.4. Crystalline phases and microstructure

The mineralogical assemblage for R and RV is typical for a
calcium-poor clay-based ceramic, Table 4. At 900 °C, the
main phases identified by XRD for both samples are quartz,
albite, sanidine, hematite, mica and amorphous; RV has in
addition hercynite (Fe**Al,0,). The crystallisation of
hercynite indicates that reducing conditions were created
during the firing process [23], probably due to the combustion
of organic matter in Evansite®™. The formation of hematite is
attributed to the iron released after the dehydroxylation of

chlorite and illite minerals. In general, there are not
significant variations in the crystalline composition between
R and RV at this temperature.

As the firing temperature increases, mica disappears due to
the complete breakdown of its structure. Quartz, albite and
sanidine decrease, hematite remains practically stable whereas
the amorphous content increases. For RV fired at 1000 °C,
hercynite increases to 3.1 wt.% and mullite, most probably
formed after the complete structural destruction of dehydroxy-
lated mica [24], is the new mineral detected. From 950 to
1000 °C for RV, the percentage of quartz decreases drastically,
from 48.9 wt.% to 40.3 wt.%, while the content of amorphous
increases significantly, from 28.8 wt.% to 37.2 wt.%. The latter
is in line with the enhanced formation of viscous phase at this
temperature interval for RV.

Contrary to R and RV, the mineralogical assemblage for RB
is typical of a calcium-rich clay-based ceramic. At 900 °C,
akermanite CaMgSi,O; starts to form after the dissociation of
calcite, dolomite and the dehydroxylation of clay minerals. The
other phases that make up the mineralogical composition of RB
are the same with those for R and RV. Nonetheless, compared to
R and RV, RB exhibits the highest amount of amorphous phase
at 900 °C, 22.7 wt.%. For firing at 950 and 1000 °C, quartz,

Fig. 10. Secondary electrons’ images of polished surface of (a) R, (b) RB and (c) RV, fired at 1000 °C.
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albite and sanidine decrease, dkermanite and the amorphous
phase increase whereas mica is no longer present. At 1000 °C,
quartz is 45.5 wt.%, dkermanite has risen to 4.8 wt.% and the
amorphous phase, 28.7 wt.%, is higher than the amorphous
content of R (26.4 wt.%) and lower than the amorphous content
of RV (37.2 wt.%) (Fig. 7).

Elemental mapping by EDS, carried out on RB2 between the
bulk and the surface of the body, Fig. 8, revealed that both boron
and sodium are present in higher concentration close to the
surface. This is attributed to the migration of water soluble
Na,B407, as already discussed in Section 3.2.

For 900 °C, the secondary electrons’ images of all
samples tested, Fig. 9, present a similar microstructure,
typical for heavy clay bodies, with predominantly open and
interconnected porosity and clearly distinguished quartz
grains. No notable differences are observed among R, RB
and RV. At higher temperatures, 1000 °C, the microstructure
is different for each composition, Fig. 10(a—c). The reference
sample R has both open and closed pores and vitrification
has taken place. RB and RV on the other hand, appear less
porous with a higher percentage of closed pores. The
formation of glassy phase is enhanced compared to R and a
continuous vitrified matrix has been developed. Quartz grains
are rounded in shape whereas the smaller ones along with
grains of feldspars are embedded in the vitrified areas. The
above observations are in line with the measurements on
the firing behaviour as well as the physico-mechanical
properties.

4. Conclusions
The conclusions of this work can be summarised as follows:

e Addition of 3 wt.% SBW in a clay-based body suitable for the
production of red roofing tiles (mixture RB) is compatible
with the established ceramic processing followed and did not
result in surface migration of boron-containing compounds
with adverse effects.

e R and RB demonstrate a comparable dilatometric behaviour
and have similar overall shrinkage during firing. In the case of
RV, densification initiated 50 °C approximately lower
compared to R and RB.

e Both RB and RV presented higher development of liquid
phase during firing. For all firing temperatures tested no
deformation of the samples was observed.

e Addition of borates resulted in the formation of new
crystalline phases. In the case of RB, dkermanite is formed
for firing at 900 °C and above, whereas in RV, hercynite for
firing at 900 °C and above, and mullite, for firing at 1000 °C.
Quantitatively, the differences are small at 900 °C and
become noticeable at 1000 °C, especially for RV that
demonstrates substantial reduction of quartz and increase
of amorphous phase.

e For firing at 1000 °C, the role of borates is intensified. Water
absorption is reduced by 16.1% and 18.0%, whereas bending
strength increased by 27.6% and 40.8%, for RB and RV
respectively, compared to the reference formulation.

o The results are promising for the utilisation of boron waste as
a flux in the heavy clay industry.
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