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Abstract

This study focuses on the identification of an appropriate composition of raw materials for ceramic products from commonly available
red clays in Sri Lanka. The raw materials were characterized in terms of particle size distribution, chemical and mineralogical
composition. Different formulations of samples were prepared, and the linear shrinkage, water absorption and flexural strength of
the final products were measured. Microstructures of fired samples were observed under a scanning electron microscope. The best
quality product was obtained when the sample contains a high amount of illite clay in a mixture of 80 wt.% clay-silt and 20 wt.%
sand. The presence of higher concentrations of the metal oxides Na,0, K,O and Fe,O, (total ~21 wt.%) in the clay-silt fraction of
samples has resulted in obtaining higher technological properties of the body. The flexural strength and the water absorption of the
product are 26.82 MPa and 6.51% respectively. If the raw materials contain lower amounts of the oxides Na,O, K,O and Fe,O,,
higher amounts of clay-silt fraction (up to 90 wt.%) must be added to obtain an optimum quality product.
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Resumo

Este estudo é centrado na identificagdo de uma composi¢do adequada de matérias-primas para produtos ceramicos a partir de
argilas vermelhas disponiveis em Sri Lanka. As matérias-primas foram caracterizadas por meio de determinagdo de distribui¢do
de tamanho de particulas, composig¢do quimica e mineralogica. Foram preparadas diferentes formulagdes e medidas a retragdo
linear, a absor¢do de dgua e a resisténcia a flexdo. As microestruturas das amostras queimadas foram observadas em microscopio
eletrénico de varredura. O produto de melhor qualidade foi obtido com amostras com maior quantidade de ilita em uma mistura de
80 peso% de silte e 20 peso% de areia. A presenga de maiores concentragoes dos 6xidos metdlicos Na,0, K,0 e Fe,O, (total ~21
peso%) na fragdo silte das amostras resultou em melhores propriedades tecnolégicas. A resisténcia a flexdo e a absor¢do de agua
do produto sdo 26,82 MPa and 6,51%, respectivamente. Nas matérias-primas com menores concentragoes dos oxidos Na 20, K ZO e
Fe,0, maiores quantidades de fragdo silte (até 90 peso%) devem ser adicionadas para obter um produto de qualidade otimizada.

Palavras-chave: argila vermelha, ilita, vitrificagdo, produtos cerdmicos.

INTRODUCTION

China clay and Ball clay are main clay raw materials
used in the ceramic industry all over the world. Due to high
consumption, these raw materials have become a scarce
resource in Sri Lanka and in many other countries [1]. In order
to reduce the usage of ball clay and china clay, industries
are looking for means to incorporate readily available red
clay into the ceramic body composition (specially in wall
tiles and floor tiles) [2, 3]. In addition, due to the presence
of higher fluxing oxides (specially, K,O, Na,0 and Fe,O,
with clay minerals illite and montmorillonite), red clay is
capable of vitrifying at low temperature compared to china
clay and ball clay [4-10]. Therefore, the usage of red clay
will also be a good option for the energy crisis in the ceramic
industry. Furthermore, the continuous development of red
clay industry creates economical and environmental benefits

since red clay can be mixed with waste materials of some
industries such as granite, marble and steel industry to
produce many ceramic products [7, 8, 11, 12].

Despite the vast use of red clay for roof tiles, pottery
ware, ornamental ware, bricks and terracotta tile in Sri Lanka,
poor understanding of the chemical composition, texture
and mineralogy on properties of red clay has reduced the
quality of the final products. Therefore, a proper study and
understanding of red clay is essential to improve the quality
and reduce the defects of the products thereby decreasing
raw material wastage and increasing the profit margins of
the industry. It is desirable to study effects of the chemical,
mineralogical and textural properties of red clay on the
properties of red clay product as these properties of red clay
vary with the location of the deposit [2]. Furthermore, the
variation of the sand content of red clay within the same
deposit and also among the deposits is very common in red
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clay deposits of Sri Lanka [2]. Therefore, the identification
of the technological and physical property variation of red
clay based products with the sand content and finding a
suitable body composition with optimum sand content is
also equally important for the industry.

The main objective of the present investigation is
to identify the effect of mineralogical and chemical
composition of red clay and their textures on the quality
of the final product. The efforts were also made to identify
an appropriate body composition required to obtain a high
quality product.

MATERIAL AND METHODS
Raw materials characterization

Clay samples were collected from different deposits
situated in different climate zones of Sri Lanka (see Fig. 1).
A pure quartz powder (53-253 pum) of which the chemical
composition was known, was used to change the sand fraction
of samples. The chemical composition of raw materials was
measured by atomic absorption spectrophotometer (AAS) at
Industrial Technology Institute (ITT), Colombo, Sri Lanka.
Primary and secondary mineral phases of samples were
identified using X-ray diffraction (XRD) analysis (Siemens,
Germany). Particle size distribution of clay-silt fraction was
assessed using a laser particle size analyzer (Analysette 22
Compact). Clay-silt and the sand fraction were separated
using a 53 um sieve.
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Figure 1: The major climate zones of Sri Lanka and the locations
of collected samples [1].

[Figura 1: Principais zonas climdticas em Sri Lanka e localizagdo
de coleta das amostras [1 ].]

Sample preparation

Different batch compositions were prepared by mixing
different proportions of clay-silt and sand (see Table I).

Table I - The mixing proportion of sand and clay-silt of the
tested formulas.

[Tabela I - Propor¢ées de mistura de areia e silte nas
composigoes testadas.]

Formula Clay-silt Sand
(wt.%) (wt.%)
a 50 50
b 60 40
c 70 30
d 80 20
e 90 10

The body compositions with more than 90% of clay-silt
fraction or less than 50% were not selected for the study in
order to obtain a high quality product. Batches (500 g) were
prepared by ball milling the constituents with water (1:1) for
30 min. The resultant slurry was oven dried overnight at 110
°C and powdered gently to pass through a 250 pm sieve. The
resulting powder with 6% moisture (by weight) was kept in
a dessicator for 24 h. Rectangular, 70 mm x 2.5 mm %3 mm,
specimens obtained by uniaxial pressing at 20 MPa were
dried at 110 °C for 24 h and fired at 1000 °C in a laboratory
furnace. The heating rate was 10 °C/ min with 0.5 h soaking
at the maximum temperature and cooling was done by natural
convection inside the furnace after it was turned off. These
specimens were tested for linear shrinkage, flexural strength
and water absorption. Linear shrinkage was measured
using the Mitutoyo vernier caliper. Water absorption was
determined by taking the weight difference between sintered
and the water saturated samples (immersed for 2 h in boiling
water). Flexural rupture strength was determined by three
point bending test machine (model LT 10 KS, Tinius Olsen)
using a cross head speed of 0.5 mm/min. The microstructure
of the fracture surface of selected fired samples was studied
under a scanning electron microscope (LEO 1420).

RESULTS AND DISCUSSION
Characterization of raw materials

It was observed that the wet zone clays (RC1 and RC3)
are rich in kaolinite group clays (Table II) and have a higher
amount of AL O, (up to 33.11 wt.% , see Table III). Further,
these clays are low in alkaline oxides (Na,0 and KO, <
1.39 wt.%, see Table III). In contrast, the clays from the
dry zone are rich in illite and have a low amount of AL O,
(< 22.01 wt.%) and a higher amount of alkaline oxides
(up to 5.62 wt.%). The studies indicated that the chemical
compositions of the samples are in close agreement with
their mineralogical compositions. This is due to the fact that
the kaolinite group clay with 1:1 type layer structure does
not allow holding cations within the structural layers and
results in a higher amount of AL,O,. On the other hand, illite
with 2:1 type layer structure having interlayer cations results
in a lower amount of AL,O, and considerable amount of K,O
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Table II - Mineralogical composition and sand content of studied clays.
[Tabela II - Composi¢dao mineralogica e teor de areia nas argilas estudadas.]

Raw Major secondary Minor secondary Primary minerals Sand content of
materials minerals minerals (minor quantities) clay (wt.%)
RC1 nacrite gibbsite quartz 14.20
RC2 illite -- quartz 25.06
RC3 kaolinite illite quartz 26.70
RC4 illite kaolinite quartz 34.15
RC5 illite nacrite quartz 35.12
Table III - Chemical composition and loss on ignition of raw materials.
[Tabela Il - Composi¢do quimica e perda sob queima das matérias primas.]
Constituents (wt.%) RC1 RC2 RC3 RC4 RCS5 Quartz
SiO, 41.1 56.89 48.75 52.98 59.69 99.20
ALO, 31.48 14.32 33.11 22.01 17.91 0.32
Fe,O, 6.05 10.22 4.51 6.84 7.71 0.01
Na,O 0.62 2.61 0.07 2.36 0.87 0.05
K,0 1.77 3.01 1.57 2.01 1.82 0.02
CaO 0.28 1.92 0.17 1.22 0.75 0.04
MgO 0.35 0.87 0.97 0.56 0.50 0.17
TiO, 1.49 1.02 0.10 0.91 1.21 0.02
Lol 16.58 9.5 10.75 11.11 9.54 0.08

and Fe,O, according to the theoretical composition [5, 6,
9]. The chemical analysis showed considerable amounts of
Fe,O, with each clay sample while the highest amount was
measured from RC2 (10.22 wt.%) and lowest from RC3
(4.51 wt.%). Moreover, the amount of Fe,O, is higher in the
dry zone samples compared to that of the wet zone samples
(see Table III).

Particle size distribution of clay-silt fraction of each clay
sample is shown in Table IV. RC1 contains the lowest clay
fraction (<2 pm) and the silt fraction of RC1 is rich in coarse
particles (particles within 10 and 53 pm). The highest clay
fraction is measured in RC5 (33.04%) and it has the lower
amount of coarse particles. A comparatively high amount of
clay fraction and fine fraction (< 10 pm) was measured in

Table IV - Particle size distribution of the clay-silt fraction
of studied clays.

[Tabela IV - Distribui¢cdo de tamanho de particulas da
fragdo de silte das argilas estudadas.]

Clay <2 um <10 um <53 pum
samples (vol.%) (vol.%) (vol.%)
RC1 17.19 39.82 44.99
RC2 26.38 54.21 19.41
RC3 23.62 48.12 28.26
RC4 23.73 48.90 27.37
RCS 33.04 44.36 22.60

RC2. The clay and silt fractions of RC3 and RC4 are almost
similar.

Technological characterization

Fig. 2 shows the variation of flexural strength of green
bodies with increasing clay-silt fraction. It was observed
that the dry strength of all samples increases with increase
in the fraction of clay-silt. The results show that higher finer
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Figure 2: The variation of flexural strength of green bodies as a
function of clay-silt and sand of tested red clays.

[Figura 2: Resisténcia a flexdo dos corpos a verde em fungdo da
composigdo de silte e de areia das argilas testadas.]
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fraction increases the strength of the dry body. A relatively
higher dry strength was measured in RC5 and RC2 whereas,
RC1 shows the lower dry strength compared to other
samples. This can be explained considering the particle size
distribution of clay-silt fraction (Table IV). RC2 and RC5
are composed of higher amounts of both clay fraction and
fine particle fraction (< 10 pm). Accordingly, these samples
have higher dry strength as dry strength increases with
decreasing particle size. RC1 has lower amount of clay and
fine fractions and accordingly, it has lower dry strength.
Fig. 3 and Fig. 4 show the gresification diagrams of
linear shrinkage and water absorption of sintered bodies
at 1000 °C respectively. It was clearly observed that the
linear shrinkage increases with increasing clay-silt fraction
for all samples except for RC2, which shows the similar
trend from composition a to d and then, a slight decrease
at e. This may be due to formation of a high amount of a
liquid phase with lower viscosity resulting in the blotting of
the samples. In addition, RC2 shows higher shrinkage for
every composition whereas, RC1 and RC3 show the lower
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Figure 3: Linear shrinkage of the samples as a function of clay-silt
and sand of tested red clays at 1000 °C.

[Figura 3: Retragdo linear das amostras em fungdo do teor de silte
e de areia das argilas testadas a 1000 °C.]
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Figure 4: Water absorption of samples as a function of clay-silt and
sand of tested red clays at 1000 °C.

[Figura 4: Absor¢cdo de agua das amostras em fungdo do teor de
silte e de areia das argilas testadas a 1000 °C.]

linear shrinkage compared to other clays. An almost opposite
trend of linear shrinkage was observed with values of water
absorption for such clays, as expected (see Fig. 4). Further,
significantly lower water absorption was measured for every
composition of RC2. In contrast, higher water absorption
was measured in RC1. The samples rich in kaolinite (RC1
& RC3) gave normally higher water absorption compared to
illite rich samples.

The results of linear shrinkage and water absorption
could be explained considering the sintering behavior of a
red clay body. The densification of a red clay body takes
place by two mechanisms; solid state sintering is prominent
below 950 °C and liquid phase sintering is prominent above
950 °C [13-15]. In addition, the liquid phase sintering has
a more significant effect on the densification than the solid
state sintering. Therefore, the major factors controlling the
liquid phase sintering such as the amount and the viscosity
of the liquid phase play a key role in densification. Even
though the viscosity and the amount of liquid phase were
mainly controlled by temperature and content of the fluxing
oxides, only the fluxing oxide content affected the variation
of the viscosity and amount of the liquid phase of each
sample in the present study, since the firing temperature
was constant (1000 °C). The low temperature active fluxing
oxides such as alkaline oxides (N,O and K,0) and Fe,O,
mainly contributed to the liquid formation at 1000 °C [16,
17]. Accordingly, the higher amount of alkaline oxide and
Fe,0, (see Table III) of RC2 has given rise to the higher
amount of liquid phase which increases the density of the
body by decreasing the porosity. However, when the clay-silt
fraction increases up to 90 wt.%, the high amount of liquid
phase with lower viscosity which could not be penetrated by
the entrapped air has resulted in the blotting of the sample
[18]. However, the blotting was eliminated by increasing the
sand content up to 20 wt.% of the body composition, since
sand mainly acts as filler at 1000 °C, reducing the amount of
liquid phase. It is possible that this can also be performed by
increasing the Al,O, content of the body composition, which
could be easily done by blending kaolinite group clay, since
kaolinite is a refractory mineral with a high amount of AL, O,.
In addition, other illite rich samples (RC4 and RC5) with
relatively higher amounts of alkaline oxides and Fe,O, gave
a higher densification due to formation of higher amounts
of liquid phase whereas, the samples rich in kaolinite
group minerals with lower amounts of alkaline oxides and
Fe,0, (RC1 and RC3) gave a lower densification due to the
formation of lower amounts of liquid phase. In addition,
there is a higher increasing rate of linear shrinkage and
higher decreasing rate of water absorption from composition
d to e of all clay samples except RC2. This indicates that a
higher amount of liquid phase has formed when increasing
clay-silt fraction from composition d to e.

The transformation of the mineralogical structure of
kaolinite and illite at high temperature further explains
the vitrification behavior of the sample. The illite crystal
structure breaks down between 700 °C and 850 °C and
crystallizes spinel and primary mullite from 950 °C while
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alkali cations resulted from the crystalline structure of illite
start to form liquid phase at 950 °C [5, 18]. In contrast,
kaolinite group clay crystallizes the spinel, mullite and forms
the residual amorphous SiO, from 950 °C and this SiO, forms
cristoballite at 1300 °C without forming any liquid phase at
low temperature [5, 19]. Therefore, the higher densification
due to higher amount of liquid phase measured in illite rich
samples (RC2, RC4 and RCY) is further confirmed by the
observed results.

Fig. 5 shows the variation of flexural strength with
increasing clay-silt fraction of the body composition. The
flexural strength increases gradually from composition
a to e with increasing fraction of clay-silt except for RC2
which shows a slight decrease in composition e. In addition,
the flexural strength in every composition of RC2 were
significantly higher than that of other clay samples while a
comparatively lower strength was measured in samples of
RCland RC3. These results could be explained considering
the fracture mechanics [20]. The large pores connected with
the surface of the material greatly reduce the strength of the
material. Therefore, the strength of a ceramic body increases
when the pore size becomes small and they are isolated from
the surface. It is clear that the measured values of flexural
strength are in close agreement with the values of the water
absorption. The flexural strength increases with increasing
the clay-silt fraction because of the higher densification. In
addition, due to higher densification of RC2 samples, they
exhibit significantly higher flexural strength. However, the
slight reduction of the strength of the composition e is due to
blotting and small cracks on the sample as explained earlier.
Further, the lower flexural strength was measured in RCI
and RC3 due to higher open porosity that was indicated by
the measured high water absorption.
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Figure 5: Flexural strength of the samples as a function of clay-silt
and sand of tested red clays at 1000 °C.

[Figura 5: Resisténcia a flexdo das amostras em fungdo do teor de
silte e de areia das argilas testadas a 1000 °C.]

The fracture surfaces of fired samples of composition
e of kaolinite rich sample (RC1) and composition e of
illite rich clay sample (RC4) are shown in Fig. 6A and
6B, respectively. The fracture surface of composition d of
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Figure 6: SEM micrographs of fracture surface of samples fired
at 1000 °C (A- composition e of RC1, B- e of RC4, C- d of RC2).
[Figura 6: Micrografias obtidas em microscopio eletronico de
varredura de superficies de fratura queimadas a 1000 °C (A4-

composi¢do e de RC1, B- e de RC4, C-d de RC2.]

RC2 is shown in Fig. 6C. The rough surface with irregular
inter connected pores is observed on RC1 sample (Fig.
6A) whereas, the smooth surface with considerably lower
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porosity, in which most of them are isolated from the surface,
is observed on RC2 and RC4 samples (Figs. 6C and 6B).
This indicates that a significantly higher amount of liquid
phase has developed on RC2 and RC4 samples than RC1. It
can be clearly observed that the rounded smaller size pores
are present in RC2 compared to the other two samples. It can
be concluded that the measured value of water absorption,
linear shrinkage and flexural strength are in close agreement
with the observed fracture surface morphology.

CONCLUSIONS

The clay samples of dry zone were rich in illite group clay
with a higher amount of alkaline oxides (Na,O and K, O) and
Fe,0,. Samples from the wet zone were rich in the kaolinite
group clay with a lower amount of alkaline oxides and
Fe,0,. A high quality product with higher flexural strength
and densification can be obtained at 1000 °C when the clay
comprises mainly of illite. When the amount of Na,O, K,O
and Fe,O, of clay-silt fraction is around 21 wt.%, the best
quality product (flexural strength up to 26.82 MPa and water
absorption < 6.51%) can be obtained by a composition
of 80 wt.% clay-silt and 20 wt.% sand at 1000 °C. If the
amount of Na,O, K,O and Fe O, is lower, a 90 wt.% of clay-
silt fraction must be added to obtain the optimum quality at
1000 °C.
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