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Abstract

Natural granite was used to completely replace both feldspathic and inert components of a traditional ceramic body. Raw material from Sinai
(Egypt) was added (in the range 20-35 wt%) to a commercial Egyptian ball clays (from Aswan, Egypt) in order to obtain laboratory tiles sintered
at 1220°C.

Densification was studied according to ISO rules, while sinterability was estimated by optical dilatometry. Chemical, physical and microstructural
analyses were accomplished to find the relationship between both the phase composition and microstructure of the fired bodies properties. The fired
samples show moderate thermal expansion as well as reasonable bending strength. Therefore, as a nonconventional raw material in the modern
ceramic production, the studied batches are recommended for the production of industrial fast firing tiles showing properties similar to commercial

ceramic floor and/or wall tiles.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last decades, the ceramic tile industry has progres-
sively shifted its production toward new materials with excellent
technical properties that are able to successfully compete with
ornamental stones.!> These products are manufactured using
clay, quartz and large amounts of fluxes such as sodic and
potassic feldspars.> However the high price of feldspar has a
remarkable impact on the cost of the end-product. Therefore,
many of the recent studies related to stoneware compositions
concerned the substitution of the traditional fluxes with other
low cost minerals and/or waste.* Some promising results were
obtained using glass cullet,>® cathode ray tube (CRT) glass,”-8
different industrial wastes® ! as well as some volcanic ash and
zeolite rich rocks.!!"1> Other igneous rocks such as, nepheline
synite,”‘15 gabbro,16 granite,17‘l9 basalt?®2! and basaltic
tuffs2>23 were successfully used to produce vitrified ceramic
tiles on firing at temperature ranging between 900 and 1300 °C.

* Corresponding author. Tel.: +20 122174737 fax: +20 233370931.
E-mail addresses: salmanaga@yahoo.com, ss.naga@nrc.sci.eg
(S.M. Naga).
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The aim of this study was to evaluate the possibility to use
natural granite in the manufacture of ceramic products. Different
compositions using only ball clays, Kalabsha clay from Aswan
area (Egypt), and natural granite from Sinai (Egypt) were tai-
lored to completely replace both feldspatic and inert components
of a traditional ceramic body.

Granite is an intrusive holocrystalline rock characterized by
medium and fine grain structure which usually consists of ortho-
clase, acidic plagioclase, and quartz. Magnesia and ferruginous
compounds (hornblends, biotite, muscovite, and others) can also
be present in granites as accessory minerals. Another charac-
teristic feature of pegmatites, which is due to their semideep
bedding in the Earth’s crust, is the so-called pigmatoid structure
characterized by coarse grains (sometimes even gigantic grains
of industrial mineral components) and regular intergrowth of
quartz and feldspars.?*

In this study the exclusive use of Egyptian raw materials
was tested in order to verify the possibility to use only local
raw materials to obtain ceramic materials with high added value
instead of proceed to import them also for the local production.
In fact even if in the ceramic field the technology is widely
well-known, further research is mandatory to reduce the general
environmental impact. The possibility and the importance for
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Table 1 Table 3

Chemical analysis of the used raw materials (oxide wt%). Batch composition of the prepared mixture and their fluxing oxides content.

Constituents Kalabsha clay Granite Batch Granite (Wt%) Clay (wWt%)

SiOy 47.35 75.86 S1 20 80

AlLO3 36.12 11.45 S2 25 75

Fe,03 0.77 2.48 S3 30 70

TiO, 2.22 0.24 S4 35 65

CaO 0.77 0.31

MnO 0.00 0.05

;45% g'i? 2;2 The obtained mixtures were experimented at a laboratory
2 . J. . . . . . .

K,0 0.14 595 scale, simulating the industrial tilemaking process: batches

P,0s5 0.00 0.03 (100 g each) were prepared by dry milling for 30 min in a lab-

LOL 12.42 0.02 oratory ball mill using alumina grinding media, followed by

Total 100.00 100.00

the ceramic industry to obtain less expensive materials from an
energetic point of view is securely very high also because it is
reflected on the total production costs. Moreover, in this work
the use of granite could help to achieve the complete bodies
densification at low firing temperature. In fact during firing both
the feldspar and mica present in granite could favor the formation
of aliquid phase that could contribute to obtain the final ceramic
products at lower temperature.

In particular the interest was focused on the effect of granite
content (20-35 wt%) on the properties of the obtained laboratory
tiles that were characterized in accordance of ISO rules in order
to define their UNI EN ISO classification.

2. Experimental
2.1. Raw materials

Egyptian raw materials, Kalabsha clay from Aswan and gran-
ite from Sinai, were selected and characterized for the present
study. Chemical and mineralogical compositions are reported in
Tables 1 and 2, respectively.

2.2. Processing

The raw materials were ground separately to pass 200 mesh
(0.75 mm) sieve. Four mixtures were prepared by adding 20, 25,
30, and 35 wt% of granite to the clay (sample codes S1, S2, S3
and S4). The batch compositions are reported in Table 3.

Table 2

Mineralogical composition of raw materials.

Rational constituents (wt%) Kalabsha clay Granite
Albite 0.9 37.06
Orthoclase 0.8 30.67
Anorthite 3.8 3.42
Kaolinite 86.8 -
Free quartz 4.1 22.25
Diposide - 3.26
Pyroxene - 1.39
Apatite - 0.28
Ilmenite - 0.80
Magnetite - 0.94

sieving below 63 wm. The dried powders were humidified to a
water content of 6 wt% and uniaxially pressed at 40 MPa to pro-
duce rectangular tiles (11 x 5.5 x 8 mm?). The green compacts
were dried at 105 °C up to constant weight before firing, then
fired in an industrial kiln at 1220 °C with a firing cycle of 50 min.

2.3. Characterization

The dilatometric behavior of the green mixtures was deter-
mined using a vertical optical non-contact dilatometer with
15 mm sample height (model Misura, Expert System Solution,
I). For this measurement, the pressed samples of 15 x 4 x 4 mm?>
were heated from 20 to 1400 °C with heating rate of 50 °C/min.

The thermal behavior of the starting materials was investi-
gated by DTA (Netzch STA 409), at a heating rate of 10 °C/min
up to 1000 °C.

The densification obtained after the sintering step was
described in terms of water absorption, as required by UNI EN
ISO 10545.3, together with linear shrinkage, bulk density and
apparent porosity according to the ASTM C20-74. The coef-
ficient of reversible linear thermal expansion was determined
using a horizontal dilatometer (NETZSCH, 402 EP) with a heat-
ing rate of 10 °C/min up to 1000 °C.

The bending strength of the fired samples was measured using
athree-point loading method with a spam of 80 mm (Flexometer,
CCR, Faenza, Italy) according to the UNI EN ISO 10545.4.

X-ray diffraction (XRD) measurements were carried out on
the powdered sintered samples in order to qualitatively evaluate
the crystalline phases, using a powder diffractometer (PW 3710,
Philips Research Laboratories, Netherlands) with Ni-filtered
CuKa radiation. The peaks area of mullite (atd = 5.39 A, I = 50),
cristobalite (at d=4.05A, I=100) and quartz (at d=4.26 A,
I=35) was determined in order to compare their content in
the different studied batches. The peak area is calculated by
multiplying the width at half of the selected peak by its height.

The microstructure of the fired bodies was examined by scan-
ning electron microscopy (SEM, Model XL30, Philips Research
Laboratories) coupled with an energy dispersion spectroscopy
(EDS, INCA 350, OXFORD) equipment, both on etched and
non-etched fractured surfaces of the bodies.

Colorimetric measures were performed by UV-Vis spec-
trophotometer (Perkin Elmer, Lambda 19) using CIE Lab color
space (Illuminant D65, observer 10°). The L*, a*, and b* param-
eters were calculated by the Hunter method.?
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Fig. 1. DTA curves of granite (a) and Kalabsha clay (b).
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3. Results and discussion

The chemical and mineralogical compositions of the used
raw materials are reported in Tables 1 and 2, respectively. Kal-
absha clay consists mostly of kaolinite, quartz, and anorthite,
while granite is composed of quartz and feldspatic minerals such
as orthoclase, albite, and anorthite together with diopside. The
chemical analysis is coherent with the diffractometric results
underlining that the chromophore oxides, in particular Fe;O3
and TiO,, that can influence the color developed in a ceramic
matrix, are quite abundant.

The DTA curve of the granite sample (Fig. 1a) shows low
intensity endothermic peak at 597.5 °C indicating the polymor-
phic transformation of low — high quartz, which is a major
mineral in the granite. Fig. 1b shows the DTA curve recorded for
Kalabsha clay characterized by the presence of four endothermic
peaks. First endothermic peak, at around 112 °C, was related to
the removal of adsorbed water. The next endothermic peaks are
related to the characteristic thermal behavior of kaolinite, the
main mineralogical constituent of the used clay. In particular
the peak at 506 °C is mainly attributed to the dehydroxylation of
the clay mineral (kaolinite), the peak at 671 °C to the formation
of metakaolinite whereas the last endothermic peak at 985 °C
could be attributed to structural reorganization and formation
of new crystalline phases, e.g. silica-rich y-Al,O3 having the
spinel structure.

The sinterability of the green mixtures obtained by milling
granite with the commercial clay was defined by an optical non-
contact dilatometer. The obtained curves allowed to estimate the
initial sintering temperature and the temperature of maximum
sintering rate. In Fig. 2 the dilatometric curves of the samples
containing 20 (S1), 25 (S2), 30 (S3) and 35 wt% (S4) of gran-
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Fig. 2. Dilatometric curves of the samples containing 20 (S1) and 35 (S4) wt% of granite.
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ite are plotted as representative. Independently from the granite
content, the samples initially present a thermal expansion until
~550 °C and successively, after two decomposition steps, start
to sinter at ~1150 °C. In particular the sharp shrinkage behav-
ior in the range 98—1000 °C was attributed to a transformation
reaction in which SiO4 groups combine with the AlOg groups to
form the Al-Si spinel phase. The increase of granite content of
the bodies led to the presence of additional fluxing ions, which
activates this transformation and produces a decreasing of the
transformation temperature.

Regarding the temperature of maximum sintering rate, iden-
tified by the negative peak on the first derivate curve, decreases
(from 1281 for 20 wt% to 1253 °C for 35 wt%) as the granite
content is increased. This behavior is due to the low viscosity of
glassy phase which favors the enhancement of sintering kinetics.
These results evidence the fluxing nature of this natural material
and it can be noticed that the shrinkage of the mixtures increases
in an exponential form with temperature.

The mineralogical behavior of the fired samples at the stud-
ied temperature (1220°C) as a function of granite content
(Fig. 3) pointed out that the whole samples present quartz [ICDD
(01-085-0794)] and mullite [ICDD (01-089-2814)] as main
crystalline phase and, as minor phase, cristobalite [ICDD (01-
082-0512)], albite [ICDD (00-001-0739)], and anorthite [ICDD
(01-076-0948)]. In particular mullite and cristobalite contents
decrease as the granite content is increased (Fig. 4). Regarding
the inert phase, with the only exception of S4 composition, the
quartz content, as expected, increases as the granite is increased.
This is probably due to the formation, at the higher granite con-
tent, of an aggressive glassy phase rich in iron, alkaline, and earth
alkaline ions that activates the quartz dissolution and decreases
residual quartz content.

Sintering degree was studied in terms of linear shrinkage
(LS%), water absorption (WA %) and apparent density measured
as a function of granite content on the tiles sintered at 1220 °C
(Table 4).

The water absorption, strictly related to the material
microstructure and to the open porosity, significantly decreases
as the granite content is increased. Moreover the apparent density
values and LS% indicate an enhancement of the densification
process as the granite content is increased with an important
decrease of the apparent porosity. It is possible to conclude that
the increase in granite content increases the bodies content of
the liquid phase. During vitrification, the formed liquid phase
migrates through the open pore microstructure and fills it.

According to the UNI EN ISO standards and on the basis
of water absorption percentage the obtained tile samples could

Table 4
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Fig. 3. X-ray diffraction patterns of fired bodies S1-S4.
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Fig. 4. XRD peak area of mullite, quartz, and cristobalite phases.

be classified into Blla (S1, S2 and S3) and BIb (S4) groups
having WA 3% < E < 6% and 0.5% < E < 3%, respectively, and
belong to (medium water absorption) semi-vitrified and (low
water absorption) vitrified ceramic tiles.?’

Finally, the mixes showed in general moderate thermal
expansion coefficients between 20 and 1000 °C (Table 4) that
increases with the increase of granite content (from 6.15 x 1076
t0 6.34 x 107°).

The microstructure of the S1 and S4 bodies depicts the typical
features of a well-fired ceramic body in which all the physical

Linear shrinkage (LS%), water absorption (WA%), apparent density (AD), apparent porosity (AP%), bending strength (MPa) and thermal expansion coefficient (&)
of the sintered samples as a function of granite content compared with respect to a commercial product.

Sample LS (%) WA (%) AD (g/cm?) AP (%) BS (MPa) a (x107%)
S1 7.90 & 0.01 5.1 £ 0.01 223 11.20 - -

S2 8.00 £ 0.01 4.03 + 0.01 225 9.06 24.36 6.15

S3 8.20 + 0.01 3.56 & 0.01 227 7.15 31.20 6.29

S4 8.70 £ 0.01 2.47 + 0.01 2.30 5.56 31.81 6.34
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Fig. 5. SEM micrograph of non-etched fracture surface of S1 sample fired at
1220°C and its EDS spectra.

transformations and chemical reactions between the original raw
materials have taken place. The presence of areas with differ-
ent morphologies is clearly observed. Such areas correspond to
amorphous regions (Figs. 5 and 6). Furthermore, etched sam-
ples (Fig. 7) show etch pits which are a typical microstructural
feature of etched glasses?® and hence, those regions are likely
feldspar derived glassy phase. Regions including mullite crys-
tals with two different morphologies can be distinguished in
Figs. 7 and 8. Primary mullite with fine mullite crystals derived
from clay relicts show similar morphology to that found in early
studies of mullite formation from thermal decomposition of pure
kaolinite.”® Moreover, needle-like mullite crystals having fine
and coarse nature are also observed corresponding to secondary
mullite formed from regions in which feldspar has penetrated
clay agglomerates. It is noticed that primary mullite is usually
adjacent to regions of secondary needle-like mullite crystals.
This suggests that primary mullite crystals formed from clay
could grow and transform into secondary mullite crystals if they
are near to a lower viscosity matrix. This result is in agreement
with Marquez et al.>° Moreover the SEM micrographs show that
the edges of quartz particles are rounded, indicating their partial
dissolution in the formed liquid phase.3® Some of these quartz
particles show micro-cracks (Fig. 9), likely due to both the a—3
phase transformation of quartz crystals taking place at 573 °C
and to the relaxation of micro-stresses originated between quartz
grains and the surrounding glassy phase by the differences in
their thermal expansion coefficients.?

The values of the bending strength measured on the different
obtained tiles (Table 4) show that it is affected by the poros-
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Fig. 6. SEM micrograph of non-etched fracture surface of S4 sample fired at
1220°C and its EDS spectra.

ity and granite content. In fact two factors have influence on
the bending strength of a fired bodies. The first is relating to
the phenomenon known as the pre-stressing effect. Quartz is
the most abundant crystalline phase present in the fired bodies.
The difference between the thermal expansion coefficients of
the quartz and the matrix has a strengthening effect, since it sub-
jected the matrix to microscopic residual compressive stresses
that originates during the cooling phase of the firing cycle. The
larger these stresses are, the higher is the strength of the ceramic
body.?!3? The increase in S3 bending strength in comparison
to S2 is due to this effect. The slight increase in S4 bending
strength value is due to the quartz presence and the decrease of
its porosity. Generally, bending strength in ceramics decreases

Spot Magn
8 b000x E.M.R A-XL30

Fig. 7. SEM micrograph of etched S1 fired sample showing primary (X1) and
secondary (X) mullite regions.
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Fig. 8. SEM micrograph of etched S4 fired sample showing coarse needle-like
secondary mullite (X) regions.

exponentially by increasing porosity, and the denser the fired
bodies is the higher the bending strength is.>?

The second factor is the morphology of secondary mullite
needles which has a great effect on the bending strength values.
The increase in S4 bending strength is related additionally to
the presence of coarse needle-like secondary mullite. The liquid
phase developed in S4 is rich in fluxing ions and accordingly, has
a lower viscosity, in comparison with other mixes (Table 3 and
Figs. 7 and 8). The lower viscosity of the liquid phase allows the
crystallization of needle-like secondary mullite, having a rather
aspect ratio. This is in agreement with the results reported by
Marquez et al.>® However, the samples show values higher than
those prescribed in the EN ISO 10545.4 rule for the floor tiles
materials (>22 MPa for Blla, 30 MPa for BIb).

From the colorimetric analysis, L* and b* values decreases
as the granite content is increased while the opposite trend char-
acterized the a* parameter (Table 5). This behavior is due to
the chemical composition of the used raw materials. In fact,
as the granite content is increased, TiO,, mainly present in the
Aswan clay, decreases as the L* and b* values and Fe, O3, mainly
present in granite, increases as a* parameter. In general, how-
ever, the obtained values are compatible with white single fired
floor tiles.

b pm

-

Fig. 9. SEM micrograph of etched S1 fired sample showing cracked quartz
particle.

Table 5

CIE-LAB parameters of the fired bodies S1-S4.

Samples L* a* b*

S1 79.66 291 16.87
S2 76.89 2.92 15.66
S3 72.68 3.25 15.29
S4 69.26 3.38 14.77

4. Conclusions

The environmental and economical advantages obtained from
this study confirm the feasibility of use of natural granite in a
ceramic formulation. The result was achieved without substan-
tially modifying the process and the technological conditions
and therefore avoiding raw materials import, with relative poten-
tial pollution. The laboratory samples obtained show main
properties similar to commercial ceramic products and can
be classified into BIla (S1, S2 and S3) and BIb (S4) groups
having WA 3% < E < 6% and 0.5% < E < 3%, respectively, cor-
responding to single firing tiles mainly used for floor or wall
covering.
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