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bstract

ffect of composition on viscosity of porcelain stoneware tiles and role of the viscosity on microstructure development and stain resistance in
orcelain stoneware tiles were investigated. The viscosity of the tiles was successfully measured by a thermomechanical analyzer. Na2O/K2O
atio was used as a parameter to change the viscosity. As the Na2O/K2O ratio increases, the viscosity decreases. This reduction in the viscosity
esults in improvement of microstructure (i.e., spherical pore morphology and reduced closed porosity) and usually increases the stain resistance

ignificantly. However, too low viscosity may also cause deformation of the tile during production. Therefore, the viscosity of the tiles should be
arefully controlled and it should lie between a lower limit (in this study this value is between 107.93 and ∼108.35 P) and an upper limit (in this
tudy this value is 108.67 P) to achieve high stain resistant porcelain tiles with no deformation.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, porcelain stoneware tiles have become very popular
ue to their outstanding technical and functional properties such
s low porosity and low water absorption1–4 (<0.5%). Porce-
ain stoneware tiles are glass-bonded materials and they can be
lassified as glazed and unglazed porcelain tiles in general. The
nglazed porcelain tiles are usually utilized after a polishing pro-
edure and hence they are also called as polished porcelain tiles.
tilization of glazed porcelain tile especially for outdoor appli-

ations is limited due to presence of double layer (i.e., glaze and
ody layers) nature of the product. As a result, polished porce-
ain tiles are much more advantageous than glazed porcelain
iles. Unfortunately, although the polishing process improves
he aesthetical appearance, it often decreases stain resistance of
he tiles. Stain resistance is one of the most important properties

hich determines applications of the polished porcelain tiles for
oth indoor and outdoor applications. Development of polished
orcelain tiles with high stain resistance is critical to expand

∗ Corresponding author. Tel.: +90 222 3213550x6359; fax: +90 222 3350580.
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m
c
r
i
p
e
o

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.06.010
osity

pplication areas of such materials. In polished porcelain tiles,
tain resistance is controlled by surface characteristics such as
urface roughness, open pore size, shape and aspect ratio.1–3

orcelain tiles generally exhibit almost 0% open porosity. On
he other hand, they have 2–10% closed porosity in general.1–3

ince the polishing process opens up some of the closed pores
nd they reduce the stain resistance, microstructure character-
stics, in particular closed pore content, pore size, shape and
spect ratio should be controlled carefully to achieve high stain
esistance in polished porcelain tiles. In the literature, there are
everal studies which focus on improvement of microstructure
nd hence properties via modifications in porcelain tile compo-
itions. Junior et al.5 studied influence of porcelain tile starting
omposition on the tile microstructure and mechanical proper-
ies. The compositions were prepared by using quartz, kaolinite
nd sodium feldspar. The researchers analyzed toughness and
echanical strength of the porcelain tiles as a function of the

ompositional design. The higher amount of quartz content
esulted in greater difference between surface and total poros-

ty. The detachment of the quartz particles during polishing was
ointed out as main factor, increasing surface porosity. How-
ver, they did not report any information about stain resistance
f the tile. Esposito et al.6, investigated utilization of nepheline

dx.doi.org/10.1016/j.jeurceramsoc.2010.06.010
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yenite as fluxing agent in porcelain tile composition. Starting
rom the reference mix compositions, 5.0, 10.0 and 15.6 wt% of
odium feldspar were replaced by the same amount of nepheline
yenite. In addition, effects of milling time and soaking time at
eak temperature during firing on microstructure development
nd mechanical properties of the tiles were studied. The pres-
nce of nepheline syenite improved densification kinetics. The
odified compositions exhibited homogeneous microstructures
hich were characterised by smaller pores. However, the stain

esistance characteristics of the tile were not investigated in that
tudy. In another study, Tucci et al.7, started from an indus-
rial body mix of porcelain stoneware tiles, part of its fluxing
gent, a sodium feldspar, was replaced by spodumene and they
lso used highly pure alumina powders in their initial compo-
ition. They claimed that the presence of spodumene, due to
ts capability to develop a low viscosity liquid phase, improves
he sintering performances of the products, reduces porosity and
avours the crystallization of elongated mullite which increase
ardness and fracture toughness. However, no viscosity values
ere reported in that paper. Although there are several stud-

es about effect of composition on microstructure development
n porcelain stoneware tiles, there is very limited number of
ublications which discusses how viscosity changes quantita-
ively with compositional changes. Since porcelain stoneware
iles densify via viscous phase sintering mechanism, viscosity of
he liquid phase plays a critical role on microstructure develop-

ent and hence stain resistance characteristics. While too high
iscosity is not desired due to very slow densification kinet-
cs, too low viscosity may also bring some additional problems
uch as increasing closed porosity and/or pyroplastic deforma-
ion. Therefore, viscosity should be monitored as a function of
ompositional modifications to interpret effect of composition
esign on microstructure and properties of porcelain stoneware
iles, correctly.

There are many different techniques to measure viscosity of
he glassy phase of the porcelain tiles. These techniques are gen-
rally using a hot stage microscope and a fleximeter. In literature,
ondi et al.8, measured viscosity of glass phase by preparing
lass phase compositions by using related phase diagrams. How-
ver, these results reflected only behaviour of the glass phase as
function of the temperature and composition. Raimondo et al.9

lso measured viscosity of porcelain stoneware tiles considering
he pyroplastic deformation, they calculated uniaxial viscosity
ccording to a mathematical equation, as previously reported
y Lee et al.10 Although this technique is useful to determine
iscosity of the materials, viscosity could only be measured
hen the sample undergoes a pyroplastic deformation as a func-

ion of temperature. Another technique to measure viscosity is
MA (Thermomechanical Analyzer) analysis. TMA is a sort of

hermal dilatometer which can be used to apply load on the sam-
le during sintering.11 This equipment has an important role to
etermine sintering pressure, elastic modulus and viscosity of
he sintered samples. It can apply cyclic load with temperature

n the sample. Cai et al.12, calculated densification stresses in
lumina and zirconia laminates by cyclic loading dilatometer
nd they also calculated uniaxial viscosity of alumina as a func-
ion of temperature. Green et al.13, investigated densification and
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intering viscosity of LTCC ceramics by using thermomechan-
cal analyzer under different compression stresses. Xie et al.14,
eported experimental determination of the uniaxial viscosity of
wo commercially available low temperature co-fired ceramic
LTCC) powder compact by loading dilatometer. When TMA
s applied to porcelain stoneware tiles, TMA analysis enables
ne to measure viscosity of the whole system (i.e., glass phase
nd crystalline solid phase) so that real impact of compositional
esign on the body viscosity and hence on densification kinetics
an be evaluated clearly. According to the authors’ knowledge, to
ate, TMA has not been used to determine viscosity of porcelain
toneware tile systems. Consequently, the research objectives of
his study were first to develop an understanding about how vis-
osity of porcelain stoneware tile changes as a function of alkali
atio (Na2O/K2O) in a standard porcelain stoneware tile compo-
ition; the second objective was to evaluate effect of the viscosity
n densification, microstructure development and hence stain
esistance of porcelain stoneware tiles. The ultimate goal of this
tudy was to determine an optimum viscosity range to achieve
olished porcelain stoneware tiles with high stain resistance and
o deformation for the studied standard porcelain stoneware tile
omposition.

. Experimental procedure

In this study, porcelain stoneware body composition was pre-
ared by using industrial raw materials. A formulation, used for
he industrial production of porcelain stoneware tiles, was cho-
en as a standard body mix. Starting from the standard body
omposition, different amounts of sodium and potassium feldis-
athic sands were added into the system. The new compositions
ere denoted as N1, N2, N3, N4 and N5. Seger formulation
as applied to prepare new compositions and Na2O/K2O molar

atio was chosen as the main variable parameter to prepare the
ompositions and amount of total molar alkali oxides (Na2O and
2O) was kept constant in the compositions. Chemical analyses
f the compositions are shown in Table 1. New compositions
ere prepared by wet grinding. Slips were dried at 110 ◦C. The
owders obtained were moisturised with 5 wt% water. The pel-
ets with 50 mm diameter and 6 mm thickness were prepared by
niaxial pressing at a forming pressure of 44 bar (Nannetti Press,
ydraulic Laboratory Press Mignon S, Italy).
Sintering temperatures of the compositions were determined

y flex point (i.e., temperature at which densification rate is
aximum) analyses as stated by Paganelli15 using the optical

ilatometer (Misura 3.32, ODHT-HSM, Expert System Solu-
ions, Italy). Total heat treatment was approximately 37 min and
he peak temperature was 1220 ◦C. The viscosity of the porcelain
toneware tiles were measured by TMA (Thermomechanical
nalyser-TMA-60H, Shimadzu, Analytical Measuring Instru-
ents Division, Japan) equipment at 900, 1100 and 1200 ◦C.
he compacts were tested in TMA with a vertical 3 mm diam-
ter loading road. In this study, uniaxial compressive loads of

N, 2 N and 3 N were applied to sample surfaces at a constant

oading rate. Axial strain rates of the samples under different
niaxial stresses were measured. A plot for axial strain rates vs.
niaxial compressive stresses was obtained and the reciprocal
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Table 1
Chemical compositions (wt%) and Na2O/K2O ratio (molar%) of the recipes.

Compositions STD (Mean) (S.D.) N1 (Mean) (S.D.) N2 (Mean) (S.D) N3 (Mean) (S.D.) N4 (Mean) (S.D.) N5 (Mean) (S.D.)

SiO2 67.0 ± 2.0 66.0 ± 2.0 67.0 ± 2.0 67.0 ± 2.0 68.0 ± 2.0 68.0 ± 2.0
Ti2O 0.53 ± 0.01 0.56 ± 0.01 0.50 ± 0.01 0.59 ± 0.01 0.52 ± 0.01 0.56 ± 0.01
Al2O3 17.0 ± 1.0 20.2 ± 1.5 19.5 ± 1.0 21.2 ± 1.2 18.2 ± 1.0 21.8 ± 1.0
Fe2O3 0.58 ± 0.01 0.52 ± 0.02 0.47 ± 0.01 0.51 ± 0.01 0.38 ± 0.01 0.530 ± 0.01
MgO 0.69 ± 2 0.23 ± 2 0.20 ± 2 0.22 ± 2 0.4 ± 2 0.23 ± 2
CaO 2 ± 1.0 1.2 ± 1.0 1.8 ± 1.0 0.7 ± 1.0 0.70 ± 1.5 1.58 ± 1.2
Na2O 3.2 ± 0.2 4.6 ± 0.8 5.5 ± 0.5 4.1 ± 0.5 6.6 ± 0.7 3.5 ± 0.9
K2O 0.80 ± 0.2 1.0 ± 1.0 2.2 ± 0.9 3.2 ± 0.4 1.9 ± 1.6 1.1 ± 1.0
P 0.01
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Table 2 shows sintering shrinkages as a function of the vis-
cosity of porcelain stoneware tiles. The viscosity of the tile
decreases with the increases of Na2O/K2O ratio, favours the
2O5 0.1 ± 0.01 0.08 ± 0.01 0.09 ±
a2O/K2O 5.82 8.77 5.55

f the slope of the straight line yielded the uniaxial viscosity of
he samples.16

Staining was created by marking on the sample surface with
ermanent marker. After cleaning the surface with water, the
olour variation value (�E) was measured by a spectrometer
Minolta CR, 300 Colormeter). Staining agent was applied on
he samples surfaces after polishing. Samples were polished
y using polishing machine (Metkon-Forcipol-300-1N). Bulk
ensity and open porosity were determined by water satura-
ion under vacuum and Archimedes’ principle (ISO 10545-3) by
sing related equations (Eqs. (1) and (2)). Total porosity of the
amples was measured by using the relationship between bulk
ensity and specific density of the material (Eq. (3)). Closed
orosity was determined by using Eq. (4) and specific density
f the samples was measured by a Helium pycnometer.

ulk density (ρb) = wd

ww − ws

× ρw (1)

Water absorption (wa) = ww − wd

wd

× 100 (2)

Total porosity = εT =
(

1 − ρb

ρt

)
× 100 (3)

Closed porosity = εc = εT − εo (4)

here ρb, bulk density, wd , dry weight of the sample, ww, wet
eight of the sample, ws, weight of solid suspended in water,

c, closed porosity, εT; total porosity, εo; open porosity.
The sample microstructures were examined by scanning elec-

ron microscopy (EVO-50, Carl-Zeiss, Germany). In addition, as
function of the compositional changes, viscosity, microstruc-

ure and stain resistance variations of porcelain stoneware tile
ere compared and discussed.

. Results and discussion

.1. Role of Na2O/K2O ratio on viscosity of porcelain
toneware tiles
Fig. 1 shows the effect of Na2O/K2O ratio on viscosity of
orcelain stoneware tiles. As the ratio increases, the viscosity
ecreases. While the viscosity of the composition with 5.55
a2O/K2O ratio is 1010.35 P, the viscosity of the composition

F
t

0.08 ± 0.01 0.1 ± 0.01 0.08 ± 0.01

9.13 10.6 9.06

ith 8.77 Na2O/K2O ratio is 108.67 P. The change in viscosity
ecreases as a function of the ratio at above 8.77 Na2O/K2O
atio. Accordingly, the viscosity difference between the com-
ositions with 8.77 and 10.60 Na2O/K2O ratios is only 100.74

. The reduction in the viscosity as a function of increase in
he alkali ratio can be attributed to the network modifying char-
cteristics of Na2O and K2O. Network modifiers provide extra
xygen ions but do not participate in the network. This extra
xygen allows the bridging oxygen between two tetrahedra to be
isrupted and two nonbridging oxygen to terminate each tetra-
edron. The effects of modifiers are directly analogous to the
ecreasing SiO4 interconnectivity.17 The loss of this connectiv-
ty results in decreased viscosity in the modified compositions.
he liquid phase developed in presence of sodium and potas-
ium feldspar, results in a lower viscosity in comparison with
tandard and N2 compositions, this effect is probably due to
maller dimensions of the sodium with respect to potassium ions.
hese results show that changing compositions of the porce-

ain stoneware tiles results in viscosity change of the system
hich is expected to influence the sintering and microstructure
evelopment.

.2. Role of viscosity on microstructure development and
tain resistance
ig. 1. Effect of the Na2O/K2O ratio on the viscosity of the porcelain stoneware
ile at 1220 ◦C.
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Table 2
Technical characteristics of the porcelain stoneware tiles.

Properties STD N1 N2 N3 N4 N5

Na2O/K2O 5.82 8.77 5.55 9.1 10.6 9.06
Water absorption (wt%) 0.03 ∼0 ∼0.03 ∼0.005 ∼0 ∼0
Closed porosity (vol.%) 10.3 4.5 10.5 4.6 4.3 4.6
Firing shrinkage (%) (1220 ◦C) 7.6 8.3
Flex points (◦C) 1220 1220
Viscosity (1220 ◦C) log η (Poise) 9.7 8.67

Fig. 2. Effect of the viscosity of the porcelain tile on closed porosity amount
after sintering at 1220 ◦C.

Fig. 3. SEM micrographs of the standard porcelain stoneware tile after sintering
at 1220 ◦C (log η = 9.7 Poise at 1220 ◦C).
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1222 1223 1223 1221
10.35 8.35 7.93 8.62

intering shrinkage. For example, the system with 109.7 P vis-
osity exhibits 7.6% linear shrinkage; however, the system with
08.67 P viscosity exhibits 8.3% linear shrinkage at 1220 ◦C. The
hrinkage values are not changing significantly for the compo-
itions with <108.67 P. The viscosity effect on shrinkage values
lso reflects on microstructure characteristics. Fig. 2 shows the
ffect of viscosity on closed porosity. For the systems which
xhibit low viscosity (i.e., ≤108.67 P), closed porosity is ∼4.5%.
n the other hand, closed porosity values for the systems with
09.7 and 1010.35 P viscosity values are 10.3 and 10.5%, respec-
ively. Similarly, while 0.03% water absorption is observed for
hese systems, it is about 0% for the other systems with ≤108.67

viscosity (Table 2). This enhancement of densification rate

dρ/dt) can be related to reduction in viscosity according to the

ig. 4. SEM micrographs of (a) the N1 (log η = 8.67 Poise) and (b) the N5
log η = 8.62 Poise) porcelain stoneware tile compositions after sintering at
220 ◦C.
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Fig. 5. Pore aspect ratio distribution for the standard (log η = 9.7 Poise) and the
N1 (log η = 8.67 Poise) porcelain tile compositions after sintering at 1220 ◦C.
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ig. 6. Influence of the viscosity on the colour variation value (�E) for the
orcelain stoneware tiles.

ollowing equation18:

dρ

dt
= kn1/3γ1/3

η

here k and n are constants, γ is surface energy and η is viscosity.
urface energy does not change significantly with the composi-

ional changes in the present study. As a result, viscosity remains
s a key parameter to affect densification.
On the other hand, variation of the viscosity affected the
icrostructural properties of the porcelain tiles. Fig. 3(a) and

b) shows the microstructures of the system with 109.7 P viscos-
ty after sintering at 1220 ◦C. There are large and irregular pores

ig. 7. Comparison of the stain resistance behaviours of (a) the Standard porce
log η = 10.35 Poise) and (c) the N1 composition (log η = 8.67 Poise).
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n the microstructure which can reduce mechanical strength and
tain resistance of the porcelain stoneware tiles. Fig. 4(a) and (b)
xhibits microstructures of the systems with 108.67 and 108.62

viscosity values after sintering at 1220 ◦C, respectively. In
oth cases, pore concentration is much lower than the system
ith 109.7 P viscosity (Fig. 3). For the systems with ≤108.67 P
iscosity, pore morphology is more spherical. Fig. 5 shows the
ore distributions in the systems with 108.67 and 109.7 P vis-
osity values as a function of aspect ratio. In accordance to the
EM images presented in Figs. 3 and 4, the latter system exhibits
ores with large aspect ratio distribution while the former system
xhibits narrower distribution. Although the system with 109.7 P
iscosity has pores with as high as 7.5 aspect ratio values, there
s almost no pore with ≥4 aspect ratio in the system with 108.67 P
iscosity (Fig. 3). These results suggest that decreasing viscosity
oes not only result in less closed porosity but also favours spher-
cal pore morphology which is critical for achieving porcelain
toneware tiles with high stain resistance.3,19

Fig. 6 shows the colour variation value (�E) as a function of
he viscosity. For the systems with 109.7 and 1010.35 P viscos-
ty, the �E values are 6.2 and 6.4, respectively. This means that
he marker stain cannot be removed by simple water cleaning
rom surfaces of these samples. Fig. 7(a) and (b) shows the pic-
ures of the remaining stains (after water washing) over sample
urfaces with 109.7 and 1010.35 P viscosity. On the other hand,
he samples with ≤108.67 P viscosity, the �E value is below
.5 which means that the marker stain can be removed from the
urface after cleaning with water (Fig. 7c). These results show
hat to achieve high stain resistant porcelain stoneware tiles in
he studied system, the composition should be tailored in such a
ay that the viscosity of the tile should be ≤108.67 P at sintering

emperature. This critical viscosity level forms the upper limit
f viscosity to fill the pores effectively and densify the compact
hile modifying the pore morphology.
Although lower the viscosity results in less and spherical

losed porosity with improved stain resistance, excess viscosity
ecrease (i.e., too low viscosity) can bring additional problems
lain stoneware tile composition (log η = 9.7 Poise) (b) the N2 composition

uch as pyroplastic deformation of the tiles. Therefore, there
hould be also a lower limit for the viscosity below which the
ile exhibits pyroplastic deformation. To determine the lower
iscosity limit for the studied system, the samples’ shape was
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Fig. 8. Pictures of (a) the N1 and (b) the N4 porcelain
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ig. 9. Hypothetical map which shows the relationship between the viscosity of
he tiles and microstructure development and subsequently stain resistance, and
eformation.

nalyzed whether there is any distortion or not after sintering.
t has been observed that although the samples with 108.67 and
08.35 P viscosity do not demonstrate any deformation, the sam-
les with 107.93 P viscosity shows deformation (Fig. 8). These
esults suggest that the lower limit for the viscosity is some-
here between 107.93 and 108.35 P. That means the system with
viscosity below this limit exhibits deformation in the studied
orcelain stoneware tile system.

. Conclusions

In this study, it has been shown that thermomechanical
nalyses (i.e., sintering experiments under loading) can be suc-
essfully utilized to measure viscosity of the whole tile body.
n addition, it has been found that the Na2O/K2O ratio affects
he viscosity of the porcelain stoneware tiles and as the ratio
ncreases the viscosity decreases. This viscosity decrease plays a
ignificant role in microstructure development and subsequently
t can be used to improve the stain resistance of the tiles remark-
bly. This means that when effect of compositional changes (in
articular if there is any change in amount of liquid phase form-
rs) on sintering of the tiles are investigated, the viscosity should
e monitored and used as a key parameter during sintering of the
iles to achieve high stain resistant porcelain stoneware tiles with
o deformation. For the studied system and the viscosity range,

wo critical viscosity values have been noticed; (i) the upper vis-
osity limit above which insufficient densification occurs and/or
rregular pore structure is observed and (ii) the lower viscosity
imit below which the tiles exhibit pyroplastic deformation. If
stoneware tile samples after sintering at 1220 ◦C.

he stain resistance (as �E value), microstructure characteris-
ics and deformation are drawn as a function of the viscosity
n the same graph, the upper limit and the lower limit of vis-
osity can be drawn on this graph. Such a graph can be used as
map to achieve high stain resistant porcelain stoneware tiles
ith no deformation via tailoring viscosity of the tile composi-

ion as shown in Fig. 9. Such kind of maps should be developed
or the tile systems to be studied so that they can be utilized
s a guide to predict the densification characteristics and stain
esistance properties of the tiles as a function of their viscos-
ty. In the present study, the upper and lower viscosity limits
ere 108.67 and a value between 107.93 and 108.35 P, respec-

ively. Accordingly, for the studied system if the viscosity of the
ile is in between these limits, then high stain resistant polished
orcelain stoneware tiles can be produced readily without any
eformation.
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