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a b s t r a c t

The effect of nepheline syenite on porosity–soaking time relationship of porcelain stoneware bodies has
been studied using the experimentally measured total porosity. A new kinetic model was applied to
quantify porosity as function of temperature and soaking time. In the first part of work, the effect of
vailable online 2 February 2010

eywords:
intering
orcelain stoneware

nepheline syenite was evaluated on the kinetic parameters and the porosity variations were found to
be related to surface tension/viscosity ratio of melted phase which influences the minimum porosity of
ceramic body. The kinetic analysis of data indicated that the optimum soaking time to achieve minimum
porosity in ceramic body is controlled by amount of nepheline syenite and milling time. The validity of
presented theory to predict the experimental results was substantiated by computing total porosity at

oakin
e sint
orosity
inetic model

other temperatures and s
of ceramic bodies that ar

. Introduction

Porcelain stoneware bodies are of prominent importance in
uilding applications because of special attributes namely, lower
ater absorption, greater chemical stability and higher strength.

hese materials are well-known clay-based products that success-
ully used at indoor and outdoor of buildings [1]. This ceramic group
ontains kaolin or illitic–kaolinitic clay, quartz and fluxing agents
uch as feldspars [2]. The amount of fluxing agents in porcelain
toneware body composition plays important role in sintering pro-
ess. The common fluxing agents/non-fluxing materials ratio is 1:1.
he type and content of alkali oxides are the main factors in fluxing
ehavior of feldspars [3]. If the content of K2O exclusively exceeded
han amount of Na2O in structure of feldspar, the fluxing agent is
nown as potassium feldspar. Quartz also, is the second important
ineral that can be found in feldspars [4].
The applicable range of feldspars depends on the kind and

mount of fluxing oxides, other feldspatic minerals and non-fluxing
rystals. The addition of feldspars in composition of clay-based
eramics is function of firing temperature and water absorption of

nal product [5]. Although feldspars are the main fluxing agents in
anufacturing porcelain stoneware bodies but nepheline syenite
as used in fabricating other ceramic products such as electri-

al porcelain, china ware and sanitary ware. Nepheline syenite is

∗ Corresponding author. Tel.: +98 4123459159; fax: +98 4123444355.
E-mail address: salem@sut.ac.ir (A. Salem).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.01.024
g times. The proposed model can be used to describe the sintering process
ered by diffusing melted phase.

© 2010 Elsevier B.V. All rights reserved.

the most important material among the fluxing agents because it
contains high amount of Na2O + K2O. This material also contains
about 25 wt.% nepheline. The presence of large amount of quartz
in feldspars is the main reason for high melting temperature of
them. The microstructure of porcelain stoneware body depends
extensively on the quality of feldspars used in body composition
[6].

The type of pores in ceramic materials was divided to open and
closed pores. An open pore is cavity or channel that communicates
with surface of ceramic body. Closed pores are located inside of the
ceramic body and are completely isolated from the external surface.
The summation of open and closed porosity gives the value of total
porosity [7].

Sintering in presence of liquid phase is the heat treatment
applied to certain type of materials to develop a dense microstruc-
ture and to achieve suitable physical-mechanical properties. The
term of compacted microstructure denotes dense body that usually
follows by decreasing total porosity of ceramic body [8]. Densifi-
cation of porcelain stoneware body in presence of liquid phase is
an important step for improving mechanical properties of ceramic
body. This process is carried out in continues roller kiln at high tem-
peratures between 1200 and 1240 ◦C. During the sintering process,
the porosity of body decreases due to diffusing melted phase into

the interconnected pores [8]. This phenomenon is the most signif-
icant mechanism in sintering of porcelain stoneware body that is
carried out by capillary pressure. During the heat treatment a con-
siderable amount of liquid phase is produced which diffuses into
the open pores and reduces the total porosity of ceramic body. This

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:salem@sut.ac.ir
dx.doi.org/10.1016/j.tca.2010.01.024
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Table 1
Chemical and mineralogical analyses of raw materials.

Chemical analysis

Oxides (%) Clay 1 Clay 2 K-feldspar Na-feldspar Nepheline syenite

SiO2 78.38 66.75 72.35 70.11 60.14
Al2O3 15.41 21.63 13.50 17.82 23.50
K2O 0.31 1.33 6.58 0.59 5.00
Na2O 0.16 0.22 0.21 8.97 10.40
CaO 0.06 0.33 2.53 1.32 0.40
MgO 0.05 0.52 0.17 0.19 0.03
ZrO2 0.00 0.07 0.00 0.00 0.00
TiO2 0.23 1.24 0.00 0.06 0.00
Fe2O3 0.12 0.99 1.02 0.30 0.09
SO3 0.00 0.00 0.00 0.00 0.00
L.O.Ia 5.41 6.62 3.60 0.64 0.55

Mineralogical analysis

Minerals (%) Clay 1 Clay 2 K-feldspar Na-feldspar Nepheline syenite

Quartz 60.0 38.0 38.0 13.0 0.0
Kaolinite 39.0 40.0 0.0 0.0 0.0
Illite 0.0 13.0 6.0 0.0 0.0
Smectite 0.0 2.0 0.0 0.0 0.0
Albite 0.0 2.0 2.0 76.0 56.0
Orthoclase 0.0 0.0 39.0 4.0 22.0
Anorthite 0.0 2.0 12.0 6.0 0.0
Nepheline 0.0 0.0 0.0 0.0 22.0
A. Salem et al. / Thermoch

ariation in porosity significantly improves the physical, chemical
nd mechanical properties of ceramic body [9].

The reported models describe the sintering process in presence
f liquid phase by viscous flow. In developing the semi-theoretical
odels, the densification rate was assumed to be controlled by

urface tension, viscosity and average pore size during sintering
rocess [10,11]. These assumptions in developing mathematical
odels were based on simplifications of the microstructure and

ores morphology of ceramic body. Orts et al. [10] and Jazayeri
t al. [12] were presented semi-theoretical simplified models for
escribing densification rate of stoneware bodies. Therefore, these
odels only predict total porosity of ceramic body by using some

hysical parameters such as surface tension and viscosity.
In sintering process of porcelain stoneware body the total poros-

ty continuously changes owing to variations in viscosity and
ore size distribution. Since the variations in these parameters
re very complex, the use of only theoretical models proposed in
he literature is not applicable to estimate the total porosity [8].
n this investigation a new kinetic model has been proposed to
escribe isothermal sintering of porcelain stoneware composition.
he kinetic parameters of model were calculated by experimental
ata and effect of nepheline syenite and milling time were evalu-
ted thereafter, the validity of model was studied to estimate the
ptimum soaking time for reaching minimum total porosity at each
emperature.

. Modeling considerations

In this part of study a mathematical model is derived for densifi-
ation of porcelain stoneware body by using capillary pressure and
reeping flow. According previously investigation carried out by
azayeri et al. [12], the following equation was obtained for removal
ate of total porosity based on mass and momentum balances:

dε

dt
= 9�

�
n1/3

(
4�

3

)1/3
ε2/3(1 − ε)1/3 (1)

here ε is total porosity, � is surface tension, � is viscosity of sys-
em and n is the number of pores per unit volume of the material.
he densification process of porcelain body is usually carried out
t constant temperature in experimental scale and total porosity
s measured as function of soaking time. The obtained results by
rts et al. showed that the pores with small dimensions are elimi-
ated during sintering process and the average pore size increases
ontinuously. In this investigation, it is assumed that total number
f the pores per unit of real volume of material do not change if
heir dimensions are equal during sintering process [9]. Also, the
verage volume was considered for all of the pores. If the Eq. (1) is
ntegrated, it is possible to calculate the soaking time as function
f total porosity:

ε

ε0

− dε

ε2/3(1 − ε)1/3
= a

∫ t

0

dt (2)

here a = (9�/�)n1/3(4�/3)1/3. The left part of above equation can
e easily evaluated by substituting x3 = ε/(1 − ε) and the result is
ummarized as follows:

(x) − F (x0) = at (3)

(x) = 1
2

ln
x3 + 1

(x + 1)3
−

√
3 tan−1

(
2x − 1√

3

)
(4)

(x0) is the value of F(x) if the sintering process is started at ε = ε0.

he generalized form of Eq. (3), which is applicable for all the mate-
ials that are sintered in presence of liquid phase, can be expressed
y following equation:

(x) − F (x0) = atb (5)
Impurity 1.0 3.0 3.0 1.0 0.0

a Loss on ignition.

If the assumptions are correct, the parameters of Eq. (5) should be
obtained by non-linear regression method. The constant of a must
be related to surface tension/viscosity ratio of system and total
number of the pores per unit volume of real material. In the next
section of this work the validity of proposed model was evaluated
by experimental data.

3. Experimental procedure

An industrial porcelain stoneware composition containing a
blend of natural illitic–kaolinitic clay, potassium and sodium
feldspars were used in experiments as reference body, STD. The
reference body composition contains 10 wt.% of clay 1, 38.6 wt.%
of clay 2, 15.5 wt.% potassium feldspar and 35.5 wt.% of sodium
feldspar. In order to evaluate the effect of nepheline syenite on den-
sification rate 5.0, 10.0 and 15.5 wt.% of potassium feldspar were
replaced with the same amounts of nepheline syenite. The modi-
fied compositions were denoted as C1, C2 and C3 respectively. The
chemical and mineralogical analyses of raw materials are reported
in Table 1. Each batch of compositions was wet-milled in labo-
ratory ceramic jar mill for 8 and 12 h. The obtained slips were
dried at 110 ◦C in laboratory oven and the samples were crushed
and sieved to pass through a 125 �m screen in order to prepare
suitable powders for shaping process. A series of disc specimens,
40 mm × 4 mm, were shaped by pressing of sieved powder con-
taining 0.06 kg water per 1 kg dry powder. A specific pressure of
52 MPa was applied according to normal industrial practice. The
specimens were subjected to firing cycles with different peak tem-
peratures in an electrical gradient kiln. These test specimens were
isothermally sintered at different soaking times to obtain the corre-
lations between the total porosity, soaking times and temperatures.
To characterize the sintered specimens, the bulk and true densi-
ties were measured according the standard methods and the total

porosity was calculated by following equation [13,14]:

ε = 1 − �b

�t
(6)
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Fig. 2. The variations of F(x) − F(x0) versus soaking time for STD milled at 8 h and
sintered at three different temperatures.

Fig. 3. The variations of F(x) − F(x0) versus soaking time for C1 milled at 8 h and
sintered at three different temperatures.
ig. 1. The variations of total porosity as function of soaking time for STD milled at
h and sintered at three different temperatures.

here �b and �t are the bulk and true densities of samples respec-
ively.

. Results and discussion

Total porosity–soaking time plots shown in Fig. 1 refer the sin-
ering of STD composition at three firing temperatures. All curves
re identical in nature and are characterized by exponential behav-
or. This kind of plot is generally observed in sintering of ceramic
ody in presence of liquid phase. In present study, the observed
xponential behavior can be attributed to diffusing liquid phase
ormed at high temperatures.

The obtained results show that total porosity decreases as soak-
ng time rises, expect for temperature and soaking times that
pecimen undergoes over firing followed by expansion of air inside
he occluded pores. The decrease in total porosity is result of dif-
using liquid phase into the open pores due to capillary pressure.
s the sintering progresses, the closed pores grow and open pores
re transformed into the closed pores. Finally, the total porosity
ncreases due to expansion of air into the closed pores, leading
o an expansion in specimen dimensions. It is obvious that there
s a clear increase in densification rate with increase in tempera-
ure.

To obtain the parameters of Eq. (5) and thereby to calculate
he total porosity for each body composition, the modified kinetic

odel has been used to correlate total porosity-soaking time data.
his equation is significantly complex model and depicts structural
hanges taking place in the pores of ceramic body during sintering
rocess. Eq. (5) also is used for estimating exponential behavior of
otal porosity-soaking time data. Since the sintering of porcelain
toneware body occurs by diffusing liquid phase and takes place by
apillary forces, application of this new model is justified. Model
arameter, a, is related to kinetic rate constant and depends on
emperature. Parameter b is related to physical changes occurring
n ceramic body matrix. This parameter is very important since its
alue determines the total porosity characteristics. Thus for b = 1,
he total porosity changes follows homogenous first order kinetic.
or b < 1 a exponential behavior is guaranteed.

The model given by Eq. (5) is a general one and is applicable to

ll temperatures and compositions. A non-linear plot of F(x) − F(x0)
ersus t will give the values of a and b. Figs. 2–5 show the fitting of
inetic model for sintering of porcelain stoneware bodies contain-
ng different amounts of nepheline syenite. It is interesting to note
hat total porosity–soaking time data of porcelain stoneware body

Fig. 4. The variations of F(x) − F(x0) versus soaking time for C2 milled at 8 h and
sintered at three different temperatures.
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Table 3
The parameters of Eq. (7) for reference and modified porcelain stoneware
compositions.

Composition a0 Q (K) r rms

STD 4.3 × 109 37689 0.997 4.67
C1 2.2 × 1014 54719 0.998 8.77
C2 2.9 × 1015 58871 0.996 8.31
C3 2.4 × 1019 73235 0.995 9.80
C2-12 7.0 × 1017 66623 0.996 5.89
ig. 5. The variations of F(x) − F(x0) versus soaking time for C3 milled at 8 h and
intered at three different temperatures.

intered at different temperatures fit the new model very nicely
oth for reference and modified compositions.

From the parameters of the non-linear correlations, the con-
tants of a and b were easily calculated. By use of the constant
arameters the rate constant was computed in each temperature.
he values of a, b and non-linear correlation coefficients, r, have
een tabulated in Table 2. It is observed that the value of b virtu-
lly remains constant for each composition whilst the parameter
increases considerably as sintering temperature rises.The values
f a have been plotted versus the inverse of temperature on semi-
ogarithm scale according to Eq. (7). The plots were observed to fit
traight lines well, which indicate that the variation of a, with tem-
erature may be represented by an exponential equation form as
ollows:

= a0 exp
(

−Q

T

)
(7)

here a0 and Q are the constant parameters of the Eq. (7). Table 3
etails the values of these parameters. Since sintering process of
orcelain stoneware body takes place in presence of liquid phase,

he rate of densification defined in term of rate constant, k(ε),
aries continuously with soaking time due to continuous struc-
ural changes in pores of ceramic body. The densification rate can

able 2
he constant values and non-linear correlation coefficients of Eq. (5) for reference
nd modified porcelain stoneware compositions.

Composition Temperature (◦C) a b ra

STD 1260 0.0897 0.5035 0.996
1270 0.1073 0.4940 0.999
1280 0.1231 0.4973 0.999

C1 1240 0.0435 0.7043 0.997
1250 0.0578 0.7089 0.995
1260 0.0702 0.7134 0.996

C2 1240 0.0357 0.8182 0.997
1250 0.0480 0.8196 0.993
1260 0.0593 0.8127 0.998

C3 1240 0.0235 0.9438 0.992
1250 0.0306 0.9587 0.994
1260 0.0442 0.9205 0.996

C2-12 1240 0.0522 0.7458 0.997
1250 0.0728 0.7453 0.999
1260 0.0927 0.7430 0.999

a Non-linear correlation coefficient.
Fig. 6. Variations of rate constants with temperature for reference and modified
porcelain stoneware bodies.

be expressed as following equation:

−dε

dt
= k (ε) ε (8)

The expression for the rate constant was given by following equa-
tion:

k (ε) = ba1/b

[
F
(

3
√

ε/(1 − ε)
)

− F
(

3
√

ε0/(1 − ε0)
)](b−1)/b

3
√

ε/(1 − ε)
(9)

k(ε) can be calculated at each total porosity, for example in mini-
mum total porosity of STD body at 1280 ◦C, ε ∼= 3.0%. Arrhenius plots
for reference and modified porcelain stoneware compositions were
shown in Fig. 6 according following equation:

k (ε) = k0 exp
(

− Ea

RT

)
(10)

where Ea is activation energy, k0 is the frequency factor and R is the
constant of ideal gas. The values of kinetic parameters were pre-
sented in Table 4. Also, the value of activation energy for reference

and modified composition were shown in Fig. 7 at three values of
total porosity as function of nepheline syenite content.

This range of porosity was selected because it covers all of the
minimum porosity values for reference and modified compositions

Table 4
The kinetic parameters of Arrhenius equation for reference and modified porcelain
stoneware compositions.

Composition k0 (min−1) Ea (kJ/mol) r

STD 7.4 × 1019 76.7 0.995
C1 8.8 × 1024 92.3 0.999
C2 1.8 × 1019 71.7 0.993
C3 9.6 × 1017 66.9 0.998
C2-12 1.2 × 1025 91.9 0.998
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ig. 7. The variation of activation energy as function of nepheline syenite content
t three different total porosity.

n studied conditions. The value of activation energy approximately
emains constant for each composition in the domain of porosity. It
s also observed that the value of this parameter increases, reach-
ng to maximum value in presence 5.0 wt.% of nepheline syenite.
his phenomenon indicates that the mechanism of pore changes
n ceramic structure is different in presence mentioned amounts of
epheline syenite. It should be note that the total porosity changes

nvolve typically with surface tension/viscosity ratio of liquid phase
hat increases as nepheline content reaches to 5.0 wt.% in body
omposition. As the amount of nepheline syenite rises in body
omposition this ratio falls down because of dissolving quartz and
ullite crystals in melted phase [6]. The authors showed that the

urface tension/viscosity ratio of liquid phase grows and reaches
aximum value in presence of 5.0 wt.% nepheline syenite, Fig. 8

15]. The increase in surface tension/viscosity ratio accelerates the
emoval rate of porosity but the more increase in nepheline con-
ent cannot positively increase the surface tension/viscosity ratio.
herefore, the increment of nepheline syenite content in body

omposition has negligible role on densification rate of porcelain
toneware body. The trends of these changes in kinetic parame-
ers show an overall positive effect on densification rate and as
esult, total porosity decreases considerably in presence 5.0 wt.%
epheline syenite. The addition of nepheline syenite in porcelain

ig. 8. The variations of surface tension/viscosity ratio of liquid phase and melting
oint of glassy phase of porcelain stoneware body with nepheline syenite content
15].
Fig. 9. The variations of F(x) − F(x0) versus soaking time for C2 milled at 12 h and
sintered at three different temperatures.

stoneware composition results an increase in activation energy
and frequency factor for C1 composition. Finally, the variations of
kinetic parameters improve the densification rate in presence of
5.0 wt.% nepheline syenite.

The densification of a porcelain stoneware body is governed by
the viscosity of the liquid glassy phase formed at high temperature
which is controlled by the Na2O + K2O content. The Na2O/K2O ratio
is also a controllable factor on viscosity of liquid glassy phase. In
porcelain stoneware compositions modified by nepheline syenite,
the bodies contain more Na2O with lower amount of K2O and SiO2.
Although, potassium oxide leads to a liquid phase with less viscos-
ity compared to sodium oxide but, increasing Na2O + K2O content
from 5.12, in STD, to 5.56, in C1, and low content of silica in mod-
ified compositions were compensated this negative effect. These
variations bring about a lower viscosity of liquid phase in materials
containing nepheline syenite. Fluxing agent like nepheline syenite
should help in enhancing the densification rate of ceramic bodies
if melted phase viscosity is reduced by addition fluxing agent. It
is clearly seen that the rate constant improves in presence 5.0 wt.%
nepheline syenite. Also, it is observed that the addition of nepheline
syenite content more than 5.0 wt.% has negligible role in densifica-
tion rate. Therefore, the viscous melted phase is not able to diffuse
into the pores by capillary pressure since viscosity of liquid phase is
not effectively influenced by nepheline syenite content especially
at low sintering temperature.
Fig. 9 shows the variation of F(x) − F(x0) versus soaking time for
C2 composition milled for 12 h. The constant values of Eq. (5) were
presented in Table 2 for this condition. Also, the kinetic parameters
of Eqs. (7) and (10) are summarized in Tables 3 and 4 respectively.

Table 5
Experimental total porosity of reference composition sintered at different soaking
time and temperatures.

Soaking
time (min)

1230 ◦C 1240 ◦C 1250 ◦C

εexp. (%) εcal. (%) εexp. (%) εcal. (%) εexp. (%) εcal. (%)

20 12.72 11.87
40 9.16 10.03 8.74 8.88
50 11.42 11.59 8.53 9.15 6.98 7.83
60 10.23 10.77 6.50 6.95

120 5.08 5.63 3.51a 3.64
180 3.22 a 3.55
200 4.31 4.76
260 3.51a 3.88

a Corresponded to minimum total porosity.
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Table 6
The parameters of Eq. (14) for reference and modified porcelain stoneware
compositions.

Composition A (min) B (K min) r

STD −4444.6 697.7 0.999
C1 −2858.8 442.6 0.999
C2 −1198.0 187.7 0.999
C3 −1923.1 297.9 0.999
C2-12 −1912.6 295.6 0.999
ig. 10. Statistical evaluation of total porosity for reference and modified porcelain
toneware compositions.

The values of activation energy of C2 composition prepared at
wo different milling times show that the increase in milling time
hanges the activation energy values considerably, indicating that
he mechanism of sintering in these particular cases are different
ue to changes in surface tension/viscosity ratio. It is well known
hat an increase in the specific surface area of particles is sufficient
o increase the sintering rate. The particle size distribution of raw

aterials is more important factor in densification rate and plays a
eneficial role on specific surface area of materials to absorb energy.
his is evident from the fact that the value of frequency factor which
s the function of specific surface area is more in the composition

illed for 12 h. The increase in milling time ensures a higher surface
rea to improve the densification rate.

The following equation which relates the total porosity of
eference and modified porcelain stoneware compositions to tem-
erature and soaking time was obtained by taking into account Eq.
7) and average value of b for each composition:

(x) − F (x0) = a0 exp
(

−Q

T

)
t

−
b (11)

here ε = x3/(1 + x3).
The values of total porosity computed by Eq. (11) have been

lotted versus those determined experimentally in Fig. 10. To com-
are the experimental data with model prediction, the percent
eviations, Dv, were calculated between experimental points and
heoretical predictions by following equation:

v =
[

εcal − εexp

εexp

]
× 100 (12)

rom these percent deviations overall percent root mean square,
ms, deviations were then calculated as follows:

ms =
[

N∑
i=1

Dv

N

] 1
2

(13)

ery good agreement can be observed between the experimental
ata and calculated values with acceptable rms reported in Table 3,
hich substantiates the validity of new kinetic model. In order to
ell understand the validity of kinetic model, we calculate the val-

es of total porosity at different temperatures and soaking times
or reference composition as reported in Table 5.

According to data shown in Figs. 2–5 and 9, the average value of
inimum total porosity was approximately considered 3.0% for ref-

rence and modified compositions. After rearranging Eq. (11), the
Fig. 11. Variations of optimum soaking time versus temperature for reference and
modified porcelain stoneware compositions.

following equation was developed to relate the optimum soaking
time to temperature:

ln topt = A + B

T
(14)

where topt is the optimum soaking time to achieve minimum
value of total porosity and A, B are the model constants that
are reported in Table 6. Also, Fig. 11 shows the variation ln topt

versus inverse temperature for each composition. The acceptable
agreement can be observed between the experimental data and cal-
culated values. The validity of kinetic model for obtaining optimum
soaking time in other temperatures for reference composition was
summarized in Table 5. The agreement between experimental data
and model predictions was again excellent with rms of 7.86.

5. Conclusions

Sintering of porcelain stoneware body is typical example of den-
sification process proceeding through liquid phase formation. Since
the surface tension/viscosity ratio controls total porosity during the
sintering process, addition of 5.0 wt% nepheline syenite enhances
the removal rate of total porosity. Nepheline syenite was found to
increase sintering rate which produces dense porcelain stoneware
body compared to reference composition. A modified kinetic model
was proposed to describe the variation of total porosity of porcelain
stoneware bodies during the isothermal sintering with tempera-
ture and soaking time. The validity of model was substantiated
for different porcelain stoneware compositions and the effect of
nepheline syenite on kinetic parameters was evaluated. It is also

observed that activation energy increases, reaching to maximum
value in presence of 5.0 wt.% nepheline syenite because of rising
surface tension/viscosity ratio in melted phase. Also, the value of
frequency factor which is function of specific surface area, increases
as the composition is prepared at high milling time. The proposed
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