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ABSTRACT
In	the	present	investigation,	two	different	clay	samples	from	the	region	of	Menemen	(İzmir)	and	
the	region	of	Kınık	(Bilecik)	were	characterized	by	mineralogical,	chemical	and	thermal	analyses	
and	different	technological	 tests.	The	drying	sensitivity	of	 the	clay	bodies	was	also	studied	by	
determining	Drying	Sensitivity	Index.	The	results	revealed	that	the	Menemen	Clay	(MC)	composed	
of	kaolinite	and	muscovite	clay	minerals	whereas	Kınık	Clay	(KC)	consists	mostly	of	clinochlore	
and	muscovite.	The	MC	contains	about	50%	clay	minerals	and	35.71%	quartz	whereas	the	KC	
has	about	41%	clay	minerals	and	50%	quartz.	As	a	result	of	this	composition,	the	firing	shrinkage	
and	total	shrinkage	values	of	the	MC	were	higher	than	that	of	the	KC.	On	the	other	hand,	the	KC	
presents	a	higher	value	of	plasticity	index	(PI)	than	the	MC.	On	the	evaluation	of	drying	sensitivity	
of	two	ceramic	muds,	it	was	concluded	that	the	KC	has	the	less	Drying	Sensitivity	Index	(DSI)	
(0.75)	value	than	the	MC	(0.84).

ÖZ
Bu	çalışmada,	Menemen	(İzmir)	ve	Kınık	(Bilecik)	bölgelerinden	alınan	iki	farklı	kil	numunesinin	
mineralojik,	 kimyasal,	 ısıl	 ve	 teknolojik	 özellikleri	 belirlenerek	 tanımlaması	 yapılmıştır.	 Kil	
bünyelerinin	kuruma	hassasiyeti	Kuruma	Hassasiyeti	İndeksi	belirlenmek	suretiyle	çalışılmıştır.	
Sonuçlara	göre	Menemen	Kili	(MC)	kaolinit	ve	muskovit	minerallerinden	oluşmakta	iken,	Kınık	
Kili	(KC)	çoğunlukla	klinoklor	ve	muskovit	içermektedir.	MC	%50	kil	mineralleri	ve	%35.71	kuvars	
içerirken,	 KC	 %41	 kil	 mineralleri	 ve	 %50	 kuvars	 içeriğine	 sahiptir.	 Bunun	 bir	 sonucu	 olarak	
MC’nin	 pişirme	 küçülmesi	 ve	 toplam	 küçülme	 değerleri	 KC’den	 daha	 yüksek	 çıkmıştır.	 Diğer	
taraftan	KC’nin	 plastisite	 indeksi	 (PI)	MC’den	 daha	 yüksektir.	 İki	 seramik	 çamurunun	 kuruma	
hassasiyetlerinin	değerlendirilmesi	neticesinde	KC’nin	(0.75)	MC’den	(0.84)	daha	düşük	Kuruma	
Hassasiyeti	İndeksi	(DSI)	değerine	sahip	olduğu	sonucuna	ulaşılmıştır.
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INTRODUCTION

Clays and clay minerals used in various process 
industries are crucial industrial minerals (Harvey 
and Murray, 2006). Clay minerals are the main 
constituents for traditional ceramic industries and 
some advanced ceramic products. Application of 
clay minerals in these industries depends on their 
chemical compositions, mineralogy, and physical 
properties. The small size of the particles and 
their unique crystal structures give clay materi-
als special properties, including cation exchange 
capabilities, plastic behaviour when wet, catalytic 
abilities, swelling behaviour, and low permeabili-
ty. Clays undergo a lot of physical and chemical 
changes with various firing temperatures, which, 
in turn, predominantly determine their ceramic 
properties and their uses as an industrial ceramic 
raw material (Baccour et al., 2009; Carretero et 
al., 2002; Celik, 2010; Ozkan, 2015).

In Menemen (İzmir, Aegean region of Turkey) 
and in Kınık (Bilecik, Marmara region of Turkey), 
there are extensive clay deposits, the clay from 
which are fired in different colours. These clays 
are currently being used by local ceramic manu-
facturers for traditional pottery and brick produc-
tion. Hence, these two regions remain important 
pottery centres of Turkey.

The aim of this study is to determine the techno-
logical characterisation and comparison of Mene-
men Clay (MC) and Kınık Clay (KC). For this pur-
pose, the clay samples were first characterized 
by chemical analyses, X-ray diffraction (XRD) 
analyses and plasticity measurements, etc. Sub-
sequently, the Drying Sensitivity Index of ceramic 
mud was determined by employing the Bigot’s 
method. It is expected that the present investi-
gation will help to improve the resourcefulness of 
the knowledge on the Menemen Clay and Kınık 
Clay. Although limited characterisation studies of 
red firing MC have been reported in the existing 
literature on this field of study (Ozkan 2015; Colak 
and Aksu, 2001), characterisation of the KC and 
the comparison of these deposits have not been 
studied comprehensively before.

1. MATERIALS AND METHODS

1.1. Sample Material

The MC deposit is located about 35 km north of 
İzmir, whereas the KC deposit is located near to 
the town of Pazaryeri, about 36km south of the Bi-
lecik City. These deposits are widely used as raw 
materials by ceramic manufacturers in Turkey for 

the production of earthenware ceramics, i.e. tradi-
tional pottery and brick production. Five bag sam-
ples (20 kg each) were supplied from the ceramic 
manufacturers for the MC and the KC. They were 
blended, quartered into about 1 kg of specimens 
for laboratory assessment including characteriza-
tion study and industrial processing tests.

1.2. Mineralogical and Chemical Analyses

The mineralogical characterization of the samples 
was carried out by XRD analyses. The XRD pat-
terns were obtained with a Rigaku Rint-2200 dif-
fractometer operating at tube voltage and current 
40 kV and 30 mA, respectively using monochro-
matic Cu-Kα1 radiation (λ=1.5406 Ǻ). Diffraction 
patterns were recorded between 5o and 70o(2θ) 
with a scanning rate of 2o/min. Quantification of 
different phases in the samples was carried out 
using the computer program MAUD 1.9 (Lutterot-
ti, 2010), which is based upon the Rietveld meth-
od combined with a Fourier analyses (Can et al., 
2010). Phase changes of fired samples at 1000oC 
of the MC and the KC were also investigated by 
XRD method. The chemical compositions of raw 
materials were determined using X-ray fluores-
cence spectroscopy (XRF, Rigaku ZSX Primus).

1.3. Thermal Analyses (DTA-TGA and  
Dilatometry Tests and Thermal Expansion  
Coefficients)

Differential thermal analyses-thermo gravimetric 
analyses (DTA-TGA) of the samples were de-
termined by a differential calorimeter apparatus 
(Netzsch STA 409) under air atmosphere. The 
temperature was increased from room tempera-
ture to 1200°C at a rate of 10°C/min, and it was 
kept at this maximum temperature for 10 minutes.

The firing characteristics of the raw clay samples 
were determined by heating the sample up to 
1250oC at a heating rate of 50oC/min for <1100oC 
and 30oC/min for 1100-1250oC and maintained at 
the maximum temperature for 10 minutes. The 
pressed sample was dried overnight at 105oC and 
then heated in Misura 3.32 ODHT-HSM 1600/80 
dilatometer. Length changes were recorded at ev-
ery minute during the heating stage.

The thermal expansion coefficients of the select-
ed samples of dimensions 25mmx5mmx5mm 
were also determined using a computer-con-
trolled Netzsch thermal dilatometer (Model: 402 
EP) at a heating rate of 10oC/min to 650oC.
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1.4. Particle Size Analyses

A combination of wet sieving for the fraction 
>63μm and X-ray sedimentation technique for 
the fraction <63μm was used. For the sieving, 
100 grams of samples dispersed in deionized 
water were disaggregated using 0.1% sodium 
hexametaphosphate (SHMP) (Na6O18P6). For the 
X-ray sedimentation analyses, the <63μm frac-
tion (about 3 grams) was disaggregated using 
0.5% SHMP, agitated mechanically and disaggre-
gated ultrasonically. The size analyses were per-
formed with the Mikromeritics SediGraph 5120 
particle size analyzer, at a size range between 
0.1–300μm.

1.5. Industrial Tests

Rectangular samples in dimensions of 
84mm×20mm×7mm for bending strength mea-
surements and cylinders samples in dimensions 
of 50mmx6mm for determination of shrinkage 
and water absorption rate were uniaxially pressed 
by a standard laboratory hydraulic press (Gabbri-
elli Titan, Italy mark) at 250kg/cm2. First of all, the 
specimens were kept in a room prevented from 
the air flow until the weight became constant for 
determination of drying shrinkage (DS) and mass 
loss. Then, the representative tiles were fired in a 
laboratory electric furnace at a peak temperature 
of 1000oC (soaking time 8 minutes). In order to 
obtain gresification diagram of the fired samples 
of the MC and the KC, the specimens were sin-
tered in a laboratory electric furnace at the tem-
perature between 900-1200oC.

The technological properties of the representative 
samples fired at 1000oC like water absorption and 
bending strength were measured in accordance 
with the Turkish standards procedures (TS EN 
ISO 10545-3, 1995; TS EN ISO 10545-4, 1995). 
On average, ten specimens were used for each 
measurement. The bending strength (BS) val-
ues were determined by a three-point bending 
test using a Universal Testing Machine (Nannet-
ti Faenza, Italy), and calculated by 3FL/2bh2 in 
which F=breaking load (kg), L=distance between 
supports (mm), b=sample with (mm) and h=sam-
ple thickness (mm). The support span of 80 mm 
and the crosshead speed of 5 mm/min were cho-
sen for all measurements. The water absorption 
values (Wa%) were determined by the routine 
procedure involving measuring mass differenc-
es between the as-fired (D) and water saturated 
samples (M) (immersed in boiling water for 2h, 
cooling for 3h and sweeping of their surface with 

a wet towel) using 100(M-D)/D equation. The di-
mensions of the pressed specimens were mea-
sured before and after firing to determine the firing 
shrinkage (FS%) by 100(Ld−Lf)/Ld, where Ld=the 
length of the dried specimen and Lf=the length 
of the fired specimen. The total shrinkage (TS%) 
was calculated by 100(Li−Lf)/Li, where Li=the ini-
tial diameter of the cylindrical specimen (50mm).

1.6. Evaluation of Plasticity

The evaluation of plasticity was performed by At-
terberg limits method: liquid limit (LL), plastic limit 
(PL) and plasticity index (PI). The plasticity index 
was calculated based on the arithmetic difference 
of the LL and PL of the studied clays. LL and PL 
tests were carried out with a Casagrande appara-
tus using the method described by Casagrande 
(1947).

1.7. Drying Sensitivity Measurement

Drying of ceramics is understood as a process of 
removing water from an unfired ceramic object or 
raw material in the green or as formed state. It is 
a complex process involving simultaneous heat 
and mass transfer between the body and a sur-
rounding atmosphere (Aungatichart and Wada, 
2009). Drying sensitivity is one of the good indi-
cators to evaluate the easiness of drying. There 
are many papers related to the drying sensitivity 
of clay materials (Aungatichart and Wada, 2009; 
Atanasov, 2005; Ratzenberger, 1986a; Ratzen-
berger, 1986b; Ratzenberger, 1990; Reinholz, 
1987; Schneider and Hanke, 1996). Bigot’s curve 
method was used to determine Drying Sensitivity 
Index (DSI) as described in the literature (Aunga-
tichart and Wada, 2009). Specimen preparation 
and measurement methods for the DSI are as 
follows:

(I) The plastic dough was formed into a rectangu-
lar bar of 120×20×5 mm in size.

(II) The specimen was put on a glass plate with a 
thin paper lining. The paper would shrink with the 
specimen during drying.

(III) On the top surface of the specimen, 100 mm 
distance was marked.

(IV) The specimen was kept in a room prevented 
from the air flow for 48 h.

(V) The weight of the specimen together with the 
glass and the paper was taken, and the length of 
the mark on the specimen was also measured at 
0, 1, 2, 3,… until 48 h.
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(VI) The specimen was dried at 110°C until the 
weight became constant (24 h) and the length of 
the dried specimen was measured in order to cal-
culate the drying shrinkage (DS).

(VII) The graph of the relationship between shrink-
age and water content was plotted.

(VIII) The DSI was calculated using the equation 
DSI= ((Mi- Mc)/100)xDS. Where;

-DSI: Drying Sensitivity Index

-Mi: the initial moisture of the dough (%)

-Mc: the critical moisture at which the drying 
shrinkage finishes (%)

-DS: drying shrinkage of specimens dried at 
110°C for 24h (%)

2. RESULTS AND DISCUSSION

2.1. Mineralogical and Chemical Analyses

Fig. 1 shows the XRD patterns of the clay sam-
ples. The following mineralogical phases were 
identified for the MC; kaolinite (Al2O3.2SiO2.2H2O) 
(JCPDS Card No:029-1488), albite (Na2O.Al2O3.
6SiO2) (JCPDS Card No:009-0466), calcite 
(CaCO3) (JCPDS Card No:047-1743), muscovite 
(KAl2(Si3Al)O10(OH)2) a member of mica group clay 
minerals (JCPDS Card No:007-0042) and quartz 
(SiO2) (JCPDS Card No:046-1045), whereas the 
KC consists mostly of clinochlore (Mg5Al(AlSi3O10)
(OH)8) (JCPDS Card No:024-0506), which is a 
member of chlorite group clay minerals (Bergaya 
and Lagaly, 2006), albite (JCPDS Card No:009-
0466), muscovite (JCPDS Card No:007-0042) 
and quartz (JCPDS Card No:046-1045).

Figure 1. X-ray diffraction patterns of the raw samples 
MC, and KC (cl:clinochlore, a:albite, m:muscovite, 
k:kaolinite, c:calcite, q:quartz)

The crystalline phases identified are in agree-
ment with the results observed by XRF (Table 1). 
The two clays consist mainly of SiO2 and Al2O3 
which correspond to about 70% for the MC and 
72% for the KC as shown in Table 1, because of 
the presence of clay minerals and quartz and ac-
companied by albite for the MC and the KC.

It is considered that the KC has relatively more 
quartz and less clay mineral than the MC, in con-
sequence of higher SiO2/Al2O3 ratio for the KC 
(3.32) than for the MC (2.98). Coherent with the 
XRF results, the MC contains about 50% clay 
minerals and 35.71% quartz whereas the KC 
has about 41% clay minerals and 50% quartz as 
shown in Table 2.

The amount of alkaline oxides (K2O and Na2O) 
that act as flux materials of the MC (4.39%) is 

Table 1. Chemical compositions (mass%) of the clay materials

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O MnO P2O5 Cr2O3 LOI*

MC 52.66 17.67 6.70 0.91 4.77 2.17 0.98 3.41 0.09 0.11 0.08 10.44

KC 55.62 16.73 7.64 1.14 1.36 3.74 1.00 2.38 0.15 0.12 0.09 10.03
*LOI=loss on ignition (10oC/min up to 1000oC, and maintained at this maximum temperature for 1 h)

Table 2. Mineral content of the raw clay samples estimated by the computer program MAUD 1.9

Kaolinite Muscovite Albite Quartz Calcite Clinochlore

MC 13.04±0.62 36.91±0.85 9.85±0.86 35.71±0.54 4.49±0.24 ---

KC --- 19.76±0.92 8.89±0.24 49.91±0.68 --- 21.42±0.36
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higher than the KC (3.38%) probably due to a rel-
atively large amount of muscovite content. In clay 
based bodies, flux materials enable to lower the 
temperature which liquid or glass forms during 
sintering. The amounts of earth-alkaline (CaO 
and MgO) oxides are 6.94% and 5.1% for the 
MC, and the KC respectively coherent with the 
XRD results. The MC contains a carbonate min-
eral (calcite). The Fe2O3 content of the MC is on 
the lower side when compared with the KC. Fe2O3 
is not the only factor responsible for the coloration 
of ceramic wares, as also other constituents such 
as CaO, MgO, MnO and TiO2 can appreciably 
modify the color of fired clay (Kreimeyer, 1987). 
Moreover, the temperature of firing, the amount 
of Al2O3 relative to a range of other constituents, 
and the furnace atmosphere all play an important 
role in the development of color in the fired clay 
products (Fisher, 1984).

Typical XRD patterns of fired raw clay samples at 
1000oC are given in Fig. 2. An overall examina-
tion shows that kaolinite and muscovite clay min-
erals and calcite existing in the MC disappeared 
firing at 1000oC, while andradite (Ca3Fe2(SiO4)3) 
(JCPDS Card No:010-0288) appeared as new 
crystalline phases probably due to the reaction 
between disappeared minerals. Even if the mini-
mum melting point of muscovite is 1130°C, it was 
lowered to 1000 oC because of the effect of other 
components such as calcite (Diels and Jaeckel, 
2013). The clinochlore and albite minerals ex-
isting in the KC disappeared while the anorthite 
(CaAl2Si2O8) (JCPDS Card No: 018-1202) and 
sekaninaite (Fe2Al4Si5O18) (JCPDS Card No: 031-
0616) appeared as new crystalline phases.

Figure 2. X-ray diffraction patterns of fired (at 1000oC) 
MC, and KC (s:sekaninaite, a:albite, m:muscovite, 
At:anorthite, q:quartz, an:andradite)

2.2. Thermal Analyses (DTA-TGA and Dilatom-
etry Tests and Thermal Expansion Coeffi-
cients)

The interpretation of the DTA-TGA curves of the 
MC (Fig. 3) and the KC (Fig. 4) leads to the fol-
lowing results:

A significant endothermic peak at 109oC for the 
MC and 125oC for the KC can be attributed to 
the removal of adsorbed and interlayer water of 
clay minerals. The mass loss associated with 
this peak is about 1% for the MC and the KC. In 
addition, a large exothermic event until the peak 
point of 350oC and 300oC for the MC and the KC, 
respectively due to organic matter decomposition 
was observed for both studied clays.

Figure 3. DTA and TGA curves of the MC

Figure 4. DTA and TGA curves of the KC

A broad endothermic band centered at 520oC for 
the MC and 575oC for the KC is due to both clay 
minerals dehydroxylation (for kaolinite dehydrox-
ylation leading to the formation of metakaolinite) 
and α→β-quartz transformation. The MC (about 
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3%) undergoes the mass loss associated to this 
endothermic peak (about 4% for the KC). The de-
hydroxylation stage has important consequenc-
es for the stability of fired bodies because water 
molecules evaporate during the dehydroxylation 
stage and subsequently the structure of clay min-
erals collapses. The small endothermic peak at 
775oC for the MC can be attributed to the calcite 
decomposition coherent with the XRD result. 
An exothermic peak was obtained at 800oC and 
625oC for the MC and the KC, respectively. The 
appearance of these exothermic peaks is due to 
the formation of new crystalline phases. The total 
loss in weight after running DTA/TGA to 1200oC 
was about 10% for both samples, consistent with 
the loss on ignition value at Table 1. It is noted 
that the thermal behaviors of the clay samples 
are coherent with their chemical and mineralog-
ical compositions.

The dimensional changes observed after firing of 
the raw clays are given in Fig. 5.

Figure 5. Dilatometric curves of the MC and the KC

It can be observed from the MC curve that there 
is a small expansion (0.25%) up to 400oC fol-
lowed by more expansion between 400-924oC 
due to polymorphic α→β-quartz transformation, 
β-quartz→β2-tridymite transformation and due 
to metakaolinite formation with concomitant loss 
of water as suggested previously by Souza et al. 
(2002). Singer and Singer (1963) point out that 
α-quartz transforms β-quartz at 573oC with a vol-
ume increase of 2% and on further slow heating 
β-quartz changes to β2-tridymite at 870oC with a 
volume increase of 12%. The total expansion up 
to 924oC is 0.6%. After a slight shrinkage starting 

at around 924oC, a sharp shrinkage starting at 
1000oC is attributed to particles sintering and the 
formation of vitreous phases. The greatest shrink-
age speed between 924-1146oC is obtained at 
1000oC. When the temperature reaches the max-
imum point (1250oC), the shrinkage rate is about 
10%. The total shrinkage after the temperature 
reduced to room temperature is 8.74%.

As it can be noticed, the dilatometric curve of the 
KC starts with the slight expansion up to 400oC 
similar to the MC, which can be attributed to the 
diminution of the adsorbed water. The second ex-
pansion between 400-850oC may be due to quartz 
transformation as described above. The total ex-
pansion up to 850oC is 0.6%. The slight shrinkage 
between 850-1000oC can be attributed to particles 
sintering and the formation of vitreous phases. 
The second shrinkage seen above 1000oC seems 
to be due to the recrystallization of new ceramic 
phases and vitrification. The maximum shrinkage 
speed above 1000oC is obtained at 1070oC. The 
total shrinkage after the temperature reduced to 
room temperature is assigned as 7.73%.

The obtained dilatometric results demonstrate 
that the MC, which possesses a larger quantity of 
clay minerals as stated from the result of particle 
size analyses and the quantitative XRD analyses, 
show more firing shrinkage compared with the 
KC. At the same time, it can be said that the rel-
atively low rate of shrinkage of the KC indicates 
more content of quartz mineral than MC coherent 
with the XRD and the XRF results.

The results of linear thermal expansion coef-
ficient’s values of the clay bodies for a specific 
temperature range are also reported in Table 3. It 
is clear from Table 3 that the thermal expansion of 
the MC body is slightly lower than that of the KC. 
This is expected since there appears to be a high-
er amount of glassy phase in the MC body which 
dissolves more free quartz into the melt (Celik, 
2015; Kurama et al., 2007).

2.3. Particle Size Analyses

The particle size distribution of clay is a factor 
in determining its suitability for various applica-
tions, and particular attention should be given to 
the finer fraction (lower than <2µm) for ceramic 
products (Mahmoudi et al., 2008). Fig. 6 shows 
the cumulative results of particle size analyses of 
the clay samples. The KC presents a wider par-
ticle size distribution range, with an average par-
ticle size of about 50 µm with 80% mass while 
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the average particle size of the MC is about 15 
µm. It can be observed that the percentage of 
clay minerals (particles with sizes <2µm) is about 
46% for the MC, whereas it is 40% for the KC. 
The silt fractions (particles with sizes between 2 
and 20µm) are about 38% for the MC and 30.18% 
for the KC. The sand fraction (particles with siz-
es >20µm) is about 16% for the MC and 29.42% 
for the KC (see Table 4). Particle size analyses 
results are coherent with the qualitative analyses 
of the samples. As calculated from Table 2, clay 
minerals content of the MC is about 50% whereas 
it is 41% for the KC.

Figure 6. Particle size distribution of the MC and the KC

2.4. Industrial Tests

The results of the physical parameters obtained 
from industrial tests of the MC and the KC are 
shown in Table 3. The drying shrinkage value of 
the MC was 7.6% whereas the KC was 5.4%. In 
the drying step, it is adequate to obtain a value 
of drying shrinkage between 0-0.5% in order to 
avoid microcracks around sand grains (Baccour 
et al., 2008). The both samples had almost the 
same properties in drying bending strength. The 
water absorption increases slightly from 5.77% for 
the MC to 7.31% for the KC as shown in Table 3. 
Coherent with the Wa% values, the firing bending 
strength increases 162 N/mm2 for the KC to 179 
N/mm2 for the MC. The firing shrinkage and total 
shrinkage values of the MC were higher than the 
KC as shown in Table 3. This may be due to the 
presence of more quartz in the KC and more clay 
and more alkaline oxide content (K2O and Na2O) 
in the MC coherent with the chemical analyses. It 
is recognized that reducing the content of clay in 
the KC causes a decrease in bending strength.

The sintering behavior of the clay samples was 
evaluated by using gresification diagrams (Figs. 
7 and 8), which present the variation in properties 
of a ceramic as a function of firing temperature. 
As seen from Figs. 7 and 8, above 950oC, the val-
ues of water absorption decrease distinctly, as it 

Table 3. Drying and firing characteristics and drying sensitivity characteristics of MC and KC samples

MC*   KC*

Drying characteristics
Bending strength, BS, N/mm2 1 1.1   10.8

Shrinkage, DS, %   7.6     5.4

Firing
characteristics

(1000oC)

Water absorption, Wa%   5.77   7.31

Bending strength, BS, N/mm2   179   162

Shrinkage, FS, % 10.82   9.51

Total shrinkage, TS, % 17.60 14.40

Drying sensitivity 
characteristics 

(Bigot’s method)

The initial moisture of the dough, Mi (%) 23.45 21.59

The critical moisture at which the drying shrinkage finishes, 
Mc (%) 11.41  6.53

Drying shrinkage of specimens dried at 110°C, DS (%)  7.00  5.00

DSI: Drying Sensitivity Index  0.84  0.75

Thermal expansion 
coefficients 10−7/oC (20–400oC)  64.2  66.5

*average of ten specimens
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is associated to a more significant liquid phase 
formation. This phase penetrates the pores, clos-
ing them and isolating neighboring pores.

The liquid surface tension and capillarity help to 
bring pores closer together and reduce porosity; 
this explains the intense decrease of the water 
absorption in this temperature range (Baccour 
et al., 2009). The firing shrinkage up to 950oC 
is around 9% for the MC and 7.25% for the KC. 
Above 950oC, the firing shrinkage increases pro-
gressively to 13% for the MC while to 14% for 
the KC at 1200oC. The firing temperature has an 
important effect on the mechanical strength of 
ceramic tile. The bending strength of the MC in-
creased progressively from 134 to 152, 179, 186, 
192, 195 and 208 N/mm2 fired at temperature dis-
played at Fig. 7, respectively. The mentioned val-
ues for the KC were 125, 144, 162, 181, 199, 206 
and 211 N/mm2. The effect of the temperature 
was to increase the bending strength by means of 
densification. As mentioned before, liquid phase 
formation above 950oC reduces porosity, which 
hinders crack formation and improves the me-
chanical strength.

Figure 7. Gresification diagram of fired samples of the 
MC

Figure 8. Gresification diagram of fired samples of the 
KC

2.5. Evaluation of Plasticity

The mineralogical composition of distinct argil-
laceous materials can influence their plasticity. 
The clay mineral fraction, clay minerals types, 
the quantity and type of natural accessory mate-
rials can alter plasticity (Modesto and Bernardin, 
2008). Among the main impurities that possess 
non-plastic properties are iron minerals (mainly 
Fe2O3), aluminum oxide, sodic and potassium 
feldspars, soluble salts (K2SO4, NaCl, Na2CO3, 
etc.), calcium minerals (mainlycalcite) and silica 
(Ancey, 2007; Peters, 1991). Table 4 depicts the 
results of the plasticity tests, given by the Atter-
berg limits. One may observe that the KC pres-
ents a higher value of plasticity index (PI) than the 
MC. In fact, the elevated values of PI characterize 
them as highly plastic, which is also demonstrat-
ed by Casagrande diagram (Casagrande, 1947) 
(Fig. 9) based on given data in Table 4.

Table 4. Fractional particle size distribution and Atter-
berg parameters of the clay materials

MC KC
Liquid limit, LL, mass%
Plastic limit, PL, mass%

Plasticity index, PI, mass%

58.1
23.8
34.3

62.3
21.7
40.6

>2000 µm - -
200-2000 µm 2.00 3.00
20-200 µm 13.41 26.42
2-20 µm 38.45 30.18
<2 µm 46.14 40.40
Total 100.00 100.00

Because the MC has more amount of clay fraction 
(<2µm) as indicating from particle size analyses, 
the MC has more plastic limit (PL) than the KC. 
The plasticity parameters of the MC are quite sim-
ilar to results of the study (Ozkan, 2015). Both the 
MC and the KC samples also show high values 
for the PL, which has an important technological 
application, since it indicates the minimum per-
centage of moisture necessary to reach a plastic 
condition. With a high plastic limit, there will be 
more difficulty in drying the samples. On the other 
hand, the use of high plastic clays contributes to 
a reduction in the wearing down of the equipment 
for comminution and conformation (extruder). 
Moreover, high plasticity is associated with bodies 
with greater mechanical strength (Monterio and 
Vieira, 2004). Fig. 10 shows the position of these 
clays on the Holtz and Kovacs Diagram (Holtz 
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and Kovacs, 1981). The position of the MC and 
the KC on the diagram shows that the samples 
are presented between illitic and montmorillonitic 
domains. However, the MC is quite near the illite 
field, possibly due to kaolinite contents coherent 
with the XRD results. On the other hand, the KC 
is quite near the montmorillonite field.

Figure 9. Location of the MC and the KC samples on 
the Casagrande chart

Figure 10. Position of the MC and the KC on the Holtz 
and Kovacs diagram

2.6. Drying Sensitivity Measurement

The plot of drying shrinkage vs. loss of mois-
ture content (Bigot’s curve) of the clay bodies is 
shown in Fig.11. The initial moisture (Mi), the crit-
ical moisture at which the linear drying shrinkage 
finishes (Mc), drying shrinkage (DS) and Drying 
Sensitivity Index (DSI) of all clay mixtures are 

shown in Table 3. The theory and modeling for 
drying of ceramic bodies have been the sub-
ject of many studies (Aungatichart and Wada, 
2009; Ford, 1986; Konig, 1998; Scherer, 1990). 
The relevant literature on drying divide a drying 
process into (I) “constant rate period” with initial 
weight loss and major shrinkage, and (II) “declin-
ing rate period” with successive weight loss and 
minor shrinkage. The shrinkage process can lead 
to the occurrence of the drying crack of the ce-
ramic bodies. Drying crack is also related to the 
term “drying sensitivity” (Aungatichart and Wada, 
2009). As seen from Fig. 11, at the end of the 
constant rate period the MC lost 12.04% moisture 
whereas the KC lost 15.06%. It is concluded from 
Table 3 that the KC has the less DSI (0.75) value 
than the MC (0.84). The high DSI value reflects 
the high stress in the ceramic body that is dried 
quickly or unevenly and as a result, this body is 
prone to break during the drying process (Aunga-
tichart and Wada, 2009). According to obtained 
these results, it can be said that the MC is more 
sensitive to drying process than the KC. Similarly, 
it was observed at the end of the drying process 
that the MC had more drying cracks than that of 
the KC had.

Figure 11. Relationship between drying shrinkage and 
loss of moisture content of the clay samples

3. CONCLUSIONS

The clays from Menemen and Kınık region, Tur-
key were characterized by chemical, mineralogi-
cal and thermal analyses. As concluding remarks, 
the following aspects related to the characteriza-
tion and industrial application of two clays can be 
summarized:
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1. It appears that from the mineralogical point of 
view, the main phase present in Menemen Clay 
(MC) was muscovite and kaolinite at an amount 
of about 51% and containing a substantial amount 
of SiO2 and albite and calcite as main impurities. 
The ceramic materials from Kınık region (KC) 
consisted mostly of clinochlore and muscovite 
clay minerals at an amount of 41% with a high 
SiO2 content (about 50%) as well as a low amount 
of alkaline oxides. The results from the chemical 
analyses of the raw clays show that the most im-
portant are Al2O3 and SiO2 since they have a de-
cisive influence on the refractoriness and strength 
of the final ceramic product.

2. The samples basically consist of a finely 
grained material. The MC consists of <2µm mate-
rial around 46% whereas the KC 40%. As a con-
sequence of this, the MC has a higher plastic limit 
than the KC. Higher proportions of finer particles 
and higher content of alkaline oxide especially for 
the MC favored vitrification due to good compac-
tion of samples during firing. This has a positive 
effect on the firing strength of the MC clay sam-
ples. The firing strength value of the MC was 1.1 
times greater than that of the KC, whereas water 
absorption value of the MC was 1.3 times less 
than the KC.

3. Concerning the technological parameters of 
fired bodies, the MC had higher firing and total 
shrinkage values than the KC due to the pres-
ence of more quartz in the KC and more clay min-
erals in the MC. 

4. The relationship between water absorption, fir-
ing shrinkage and strength as a function of the 
firing temperature was examined for both clay 
samples, and above 950oC, water absorption was 
decreased and firing strength was increased dis-
tinctly with rising temperature of firing. The higher 
percentage of alkaline flux for the MC contributes 
achieving a low-level of water absorption above 
950oC.

5. It was concluded from the drying sensitivity test 
that the KC has less DSI value of 0.75 than the 
MC (0.84). Since the MC is more sensitive to the 
drying process, the MC led to the occurrence of 
more drying cracks than the KC.

6. Characterization of Kınık Clay and compar-
ison of Menemen and Kınık clay deposits have 
not been studied widely before. It is expected that 
the present investigation will help to improve the 
knowledge of both deposits. Investigations are 
still continuing on this important clay deposits for 
its exploitation for sustainable development.
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