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Abstract
In this paper, we investigate the effect of the clay concentration on the mechanical and rheological
properties of the slip used in the fabrication of ceramic. We demonstrate an increase of flexural
strength of the slip’s with an increase the clay concentration on the composition of the slip’s.
Concerning the effect of clay concentration on rheological behavior of ceramic slip, the modified
Cross model is used to fit the stationary flow curves at different concentration of clay added to
ceramic slip and the generalized Kelvin-Voigt’s model successfully applied to fit the creep and
recovery data and to analyse the viscoelastic properties of ceramic slip modified.
Keywords: clay concentration, slip of ceramic, modified cross model, mechanical properties,
rheological behavior
Kulcsszavak: agyagkoncentráció, kerámia massza, módosított keresztmodell, mechanikai
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1. Introduction
Ceramic slips consist of raw materials such as clays,
feldspars, silicas, calcites, etc., suspended in water in the
presence of deflocculates. According to Baccour et al [1] the
clay minerals used in the manufacture of ceramic tiles belong
to the family of phyllosili. The ceramic product requires clays
having particular and appropriate characteristics; they must
not contain a swelling phase, and are plasticised to facilitate the
shaping of the body [2]. To improve the corrosion resistance of
ceramic Shi et al [3] added the Na2B4O7 end EDTA in Na2SiO2
– Na3PO4 in order to improve the ceramic coating. The authors
indicate that both additives cause an amelioration of corrosions
resistance of the ceramic coatings.
The effect of soda ash, liquid glass and sodium
tripolyphosphate on rheological properties and stability of
ceramic slip have been investigated by Kichkail and Levitskii
[4]. It was shown that the introduction of electrolyte on ceramic
slip caused stabilization as well as a decrease in the thixotropic
behaviour of ceramic slip. Andreola et al [5] demonstrated that
adding bentonite to clays used on ceramic improves the plastic
components and this causes the amelioration of the mixture’s
rheological behavior such as the increasing the viscosity and
the thixotropy. Moreover, Hammadi [6] has indicated that
incorporating a percentage from 0% to 9% of bentonite in the
formation of ceramic cases an increase, not only in yield stress,
but also in the consistency index of slip of ceramic. Likewise,
the author demonstrated that the incorporation of bentonite
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on slip of ceramic causes an increase of mechanical resistance
of slip of ceramic. Contreras et al [7] demonstrated that the
incorporation of 7.5% of phosphogypsum in the formation
of ceramic cause an increase of the rupture resistance of
ceramic tiles. The effect of solid loading on the rheological
properties of feedstocks used on fabrication of ceramic has
been investigated by Wei et al [8]. The authors have proved
the feed stocks viscosity increased with the solid loading
increase. Xuand Hilmas [9] studied the rheological behavior
of mixtures
. It was demonstrated that
the rheological behavior of mixtures exhibits shear thinning
with a yield stress.The effect of Hyperme KD on rheological
properties of ceramic slip has been studied by Xin et al [10].
The authors have demonstrated for lower solids loading (40%)
dispersant does not greatly influence the rheological properties
of the suspensions but with increasing solids loading to 50%,
the rheological properties of the suspensions became more
sensitive to the added amount of dispersant. Mohammadi et
al [11] investigated the effects of slurry solid concentration
on rheological properties of slip ceramics. It was shown that
for solid concentration of 76% the rheological behavior of slip
ceramics is thixotropic and for solid concentration between
64% and 70% the rheological behavior of slip ceramics is nearNewtonian. In this paper, we investigate the effect of the clay
concentration on the mechanical and rheological properties of
slip used in the fabrication of ceramic in order to improve the
mechanical and rheological properties of ceramic tiles.
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Fig. 1 Particle size of materials used by CERAL Company on fabrication of ceramic
1. ábra A CERAL Company által kerámiagyártáshoz használt anyagok szemcseméret eloszlása

2. Materials and methods

2.3 Preparation of samples

2.1 Materials

In the first step, each mixture was ground wet in a jet mill
long enough until the residue on 63 µm sieves was reduced
to require values [6]. In the second step, rectangular samples
were carried out using the press (ceramic Instruments Srl)
SASSUOLO-ITALY, the maximum pressure of this apparatus
is 250 bar and a bending apparatus FLEXI 1000 LX GABTEC,
to the company CERAMIR from HASSI AMER Oran. We
introduced 100 g of the samples into the press apparatus and a
pressure of 80 bars was applied to make tiles with a thickness
of 7.8 mm, a length of 100 mm and a width of 45 mm. After
2 hours of drying at 110 °C, the tiles of ceramic were fired
at constant temperature of 1140 °C for 45 min in an electric
furnace and took 45 min of soaking time [6].

The raw materials used in this study are from the “CERAL”
Company of Hassi -Amer- Oran Algeria. This company uses
clays at fixed percentages by adding deflocculants to facilitate
mold release from the plaster molds. Table 1 presents the various
materials used by the company CERAL for the manufacture of
ceramics [6, 12].
Materials

Percentage

Schist 1

61%

Schist 2

10%

Sandstone

17%

Table 1 Materials used by the company CERAL for the manufacture of ceramics
1. táblázat A CERAL cég által kerámiagyártáshoz felhasznált anyagok

2.4 Steady shear measurements

2.2 Preparation of mixtures
The slips were prepared with 58% dry matter and 42% mixed
water and dispersing deflocculant content was fixed at 0.63%
(sodium tripolyphosphate of 0.42% and sodium metasilicate
of 0.21%) for different quantity of clay. The Table 2 shows the
percentage of mixtures.
Clay (%)

Sandstone
(%)

Schist
(%)

STPP (%)

MSI (%)

Water
(%)

6

23

71

0.42

0.21

42

8

21

71

0.42

0.21

42

10

19

71

0.42

0.21

42

12

17

71

0.42

0.21

42

14

15

71

0.42

0.21

42

16

13

71

0.42

0.21

42

18

11

71

0.42

0.21

42

Table 2 Percentage of mixtures used in this study
2. táblázat A tanulmányban használt keverékek százalékos összetétele

To study the effect of clay on flow of slip of ceramic the
sample was pre-sheared at a frequency of 200 s−1 for 60 s in
the measuring device in order to avoid any memory effect.
After pre-shearing the sample was kept at rest for 600 s prior
to measurements in order to permit the material recovering
at least its initial structure. After being kept in rest of 600 s, a
continuous ramp of shear rate, which is ranging from 0.01 to
200 s−1 and has been applied during 600 s.
2.5 Creep-recovery measurements
Creep and recovery tests were carried out as follows: after rest
time of 600 s prior to the measurements, a constant shear stress
was applied to the samples and the compliance (J)
was recorded as a function of creep time; at t = 180 s the stress
τ was set to zero and the recoverable part of compliance was
measured as a function of the recovery time equal to 180 s.
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Fig. 2 X-ray diffraction of schist
2. ábra Pala röntgendiffrakciós vizsgálatának eredménye

Fig. 3 X-ray diffraction of sandstone
3. ábra Homokkő röntgendiffrakciós vizsgálatának eredménye

Fig. 4 X-ray diffraction of clay
4. ábra Agyag röntgendiffrakciós vizsgálatának eredménye
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3. Results and discussions
3.1 Physical characteristics
The particle size analyses the raw materials are carried out by
sieving according to Standard NF P 94-056 and sedimentometry
by Standard NF P 94-057.The physical analyses carried out on
samples taken from the materials used by CERAL Company
gave the following results: the particle size analysis shows that
the raw product has a spread out particle size (Fig. 1).
The obtained results show that the Schist, Sandstone and clay
are aggregates rich in fine elements, composed of an important
fraction of silt, sand, gravel and clay. Fractions of clay, silt and
sand are listed in Table 3. We observe in Table 3 the Schist
indicates a low plasticity the sandstone is medium plasticity
and clay is high plasticity.
Physical parameters
Clay fraction (<2 μm)

Schist

Sandstone

Clay

3.70

2.46

13.1

Silt fraction (2-63 µm)

7.70

19.2

42.4

Sand fraction (>63 µm)

88.2

78.3

44.5

Liquidity limits

31.2

39.7

62.0

Limits of plasticity

17.2

21.7

31.9

Plasticity index (%)

14.0

18.0

30.1

3.4 Effect of quantity of clay on flexural strength of slip
Fig. 5 shows the variation of slip’s flexural strength as a
function of the clay’s concentration on ceramic slip after firings
1140 °C at different pressures. We observe in the Fig. 5, an
increase in the mechanical resistance with the increase in the
amount of quantity of clay in the slip, this rise can be explained
by the increase in the kaolinite and illite content as well as
the increase in quantity of clay in slip of ceramic. According
to Khalfaoui and Hajjaji [15] at 1140 °C the quartz begins to
react with the decomposed micaceous phase, contributing to
the formation of the glassy phase, this formation of glass cause
an increase on flexural strength of slip.

Table 3 Physical parameters of schist, sandstone and clay
3. táblázat A pala, homokkő és agyag fizikai paraméterei

3.2 Chemical analysis
Table 4 indicates the chemical analysis of materials used by
CERAL (schist, sandstone and clay). The data given in Table 4
illustrate that the alumina and silica oxide are present in major
quantities while other minerals are present in trace amounts.
Elements

Schist (%)

Sandstone (%)

Clay (%)

SiO2

63.1

61.0

52.9

Al2O3

16.6

13.6

14.6

Fe2O3

7.62

5.42

7.04

CaO

1.69

6.70

6.22

MgO

1.38

1.47

1.94

SO3

0.07

0.07

0.51

K2O

2.56

2.26

1.74

Na2O

0.33

0.61

0.21

LOI

5.76

6.05

14.3

Table 4 Chemical analysis of schist, sandstone and clay
4. táblázat A pala, homokkő és agyag kémiai összetétele

3.3 Mineralogical RX analysis
The mineralogical RX analysis of the raw materials (Schist,
Sandstone and clay) is reported in Fig. 2, 3 and 4. The identified
minerals are mainly quartz, calcite and in a smaller amount of
clays (kaolinite and illite) on the Schist and Sandstone. In clay,
the kaolinite and illite are present on high quantity. According
to [13-14] these elements exploitation is favoured in the field
of ceramics.

Fig. 5 Flexural strength as a function of clay concentration added to slip of ceramic
after firings 1140 °C
5. ábra Hajlítószilárdság az 1140 °C-os kiégetés után a kerámiához adott
agyagkoncentráció függvényében

3.5 Effect of clay in flow properties of slip of ceramic
The variation of the shear stress τ as a function of the shear
rate at different percentage of clay which vary between
6% and 18% for the studied sample has clearly shown two
behaviors separated by a critical shear rate: a Non-Newtonian
behavior after a yield stress followed by a plastic behavior
(Fig. 6). Experimental data were fitted to modified Cross
model (Eq. (1)) developed by Grassi et al [16] which has been
successfully employed for weak gel systems.
(1)
where τ0 is the yield stress, η0 is the zero shear rate viscosity
(lower Newtonian plateau), is the infinite shear rate viscosity
(upper Newtonian plateau), λc is a characteristic time and is a
dimensionless exponent. It should be noted here that, in the
case of plastic systems, the zero shear viscosity η0 represents
the estimated value for the viscosity in which this system is
maintained a typical solution behavior for low values of shear
rates.
As it can be observed from Fig. 7 the increase of clay in slip
of ceramic causes an increase in the yield stress τ0 and in the
infinite shear rate viscosity . According to Reeds [17] and
Blanc and Van Damme [18] the increase in the yield stress and
the viscosity of slip ceramic can be explained by the Van der
Walls attracting forces, which are responsible for the formation
Vol. 74, No.4 § 2022/4 § építôanyag § JSBCM
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of flocks and aggregates and for the resistance to flow. When
the clay percentage increases, so do the number of particles and
the double layer repulsions, thus leading to higher interaction
forces and finally to a rigid continuous network [19].

properties of the slip of ceramic. In other words, the creep
deformation decreases with increasing the clay in slip and
the time necessary to reach a constant deformation during
recovery decreases, after removal of the shear stress.

Fig. 6 Flow curves for slip ceramic at different quantity of clay
6. ábra A kerámia massza folyási görbéi különböző mennyiségű agyag adagolása
esetén

Fig. 8 Compliance versus time in creep and recovery test for quantity different of
clay added to slip of ceramic
8. ábra Megfelelőség az idő összefüggése a kúszási és visszanyerési teszt során a
kerámia masszához adott különböző mennyiségű agyag esetében

The elastic properties were defined by correlating the results
with the well-known viscoelastic models of Burger model or
Generalized Kelvin-Voigt [20-22], comprising the association
in series of the Maxwell model and the Kelvin-Voigt.

Fig. 7 Variation of the yield stress τo and the infinite shear rate viscosity
of slip
ceramic as a function of quantity of clay
7. ábra A kerámia massza τo folyáshatárának és végtelen nyírási viszkozitásának
változása az agyag mennyiségének függvényében

3.6 Effect of quantity of clay on creep and recovery of slip of
ceramic
Fig. 8 shows the values of compliance
, as a function
of time, for the creep tests corresponding to the ceramic slip
studied for mass concentration of clay range between 6% and
18% added in slip of ceramic , in a period of time intervals
. For the interval time, we have
between 0 and 180
represented the corresponding recovery. We observe on this
figure a decrease of the elastic compliance with the increase of
quantity of clay added to the slip of ceramic, i.e. the increase of
the elastic modulus , indicating an increase of the viscoelastic
126
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Fig. 9 Instantaneous elastic modulus of the Maxwell G0 and elastic modulus of
Kelvin–Voigt G1 as a function of quantity of clay in slip of ceramic
9. ábra A Maxwell G0 pillanatnyi rugalmassági modulus és a Kelvin–Voigt
G1 rugalmassági modulus a kerámiában lévő agyag mennyiségének
függvényében

The creep curves are described by:
(2)
(3)
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4. Conclusions

Whereas the recovery strain is given by:
(4)
Where is the purely elastic contribution (or the instantaneous
elastic compliance),
is the purely viscous contribution,
represented by the dashpot of the Maxwell model, i.e., the
uncoupled or residual steady-state viscosity obtained from the
creep curve at long times when the compliance curve is linear,
is the contribution to retarded elastic compliance, is the
retarded time, is the retarded viscosity and is the time
where the stress is applied for
and removed at
.
The fittings in Fig. 8 were performed with just one Kelvin–
Voigt solid (N=1) and the fitting parameters are shown
in Fig. 9 and 10. The
represents the instantaneous
elastic modulus of the Maxwell unit at t = 0; that is, the
instantaneous elastic response of the system and the
is the elastic modulus of Kelvin–Voigt. The latter represents
the contributions of the retarded elastic region to the total
compliance. The strong increase is observed in G0 and G1 when
the quantity of clay is added, the slip of ceramic is varied
between 6% and 18% and it is a manifestation of the shift from
viscous to elastic behaviour and an increase of the viscoelastic
properties in that range of clay.

Fig. 10 Viscosity of slip ceramic as function of quantity of clay
10. ábra Kerámia massza viszkozitása az agyag mennyiségének függvényében

Fig. 10 shows the variation of viscosity of slip ceramic as
function of quantity of clay; it is important to mention that it
has the meaning of viscosity of the system in the Newtonian
regime, whereas it shows a clearly increasing trend as the
quantity of clays is increased in slip of ceramic. This increasing
of viscosity could be explained by the effect of Brownian motion
on the strong network structure formed in the dispersion with
the increasing of clay concentration in slip of ceramic [6, 23].
According to Hammadi [6] at high quantity of clay (18%)
added to slip of ceramic, the applied stress is not sufficient to
break weak particle-to-particle bonds, and the suspensions do
not flow.

In this work, the effect of the clay concentration on the
mechanical properties and rheological behavior of slip used in
fabrication of ceramic was studied. The study shows that an
increase of flexural strength with increase of quantity of clay
in slip of ceramic.
The non-Newtonian stationary flow behavior of slip of ceramic
was successfully modeled by using the coupled Cross and
Bingham models over the studied range of clay concentration.
The increase of clay concentration ranging between 6% and
18% in ceramic slip, caused the augmentation in the yield stress
and the infinite shear rate viscosity
with adding dose of
clays. The increase of these parameters was mainly related to the
interaction between the solid particles and viscous effects. Then,
the increase of the parameters of modified Cross model causes
an increase, not only in the friction, but also in the viscosity
of the ceramic slip. The study also shows that the increase of
quantity of clay in the slip of ceramic causes an increase on the
viscoelastic behavior of slip of ceramic and structure of particleto-particle bonds. The structure of particle-to-particle bonds of
slip of ceramic facilitates the operation of demolding the tiles of
ceramic. Finally in order to ameliorate mechanical properties
and rheological behavior of slip of ceramic we suggest the use
of 18% of clay, 11% of Sandstone and 71% of Schist for the
preparation of the tiles of ceramic.
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