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Abstract 
 
Porcelain stoneware tile is a non-equilibrium porcelain material produced by a fast 
firing process of kaolinitic clay, quartz and feldspar mixtures. This building material, 
generally used in pavements and also as wall covering and ventilated façades, is 
endowed with high technological properties such as low water absorption, high bending 
strength and abrasion resistance and excellent chemical and frost resistance. These 
properties cause that porcelain stoneware tile was actually the material with the highest 
increase in production and sales over all other ceramic building material. Nevertheless, 
there is a scarcity of high quality research focused on the effect of mullite growth on 
technological properties of porcelain stoneware tile and on the effect of different fluxing 
agents on both mullite growth and evolution of physical and technological properties 
during firing. In this paper, the behaviour of a potassic porcelain stoneware body during 
the firing process is investigated. A porcelain stoneware composition was prepared by 
mixing 50% kaolinitic clay, 40% feldspar and 10% quartz. The samples were sintered 
following a fast firing process. The sintering behaviour of the fired samples was 
evaluated by linear shrinkage, water absorption and porosity measurements. Both green 
powder and fired samples were characterized by means of differential thermal analysis 
(DTA), X-ray diffraction (XRD), scanning electron microscopy (SEM), dilatometry and 
bending strength measurements. 
 
Keywords: A. Sintering; D. Porcelain stoneware; C. Technological properties; E. 
Functional applications 
 
 
1. Introduction 
 
Porcelain is a vitrified product of mixtures of clay, quartz and feldspar. Porcelain 
microstructures are grain and bond type with large particles of filler (usually quartz) 
held together by a finer matrix, which is almost fully dense, composed by mullite 
crystals and a glassy phase [1, 2]. Because of the complex interplay between raw 
materials, processing routes and approaches, and the kinetics of the firing process, 
porcelains represent some of the most complicate ceramic systems [3]. 
 
Porcelain stoneware tile is a derived porcelain building material characterized by a very 
compact microstructure and high technical characteristics [4]. The main difference 
between porcelain and porcelain stoneware lies on their firing schedule. Thus, porcelain 
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is fired following a long time (several hours) process in order to promote a high mullite 
formation whereas porcelain stoneware tile is fabricated by a faster firing cycle (60-90 
min cold-to-cold in porcelain stoneware compared to 24 h or more in porcelain), in 
which the tiles are inside the furnace no longer than 60-90 min. The different firing 
process leads to big differences in the percentage of crystalline phases in the end 
products and whereas mullite and glass constitute the major phases of porcelain, which 
also contains some quartz, cristobalite and tridymite, in porcelain stoneware tile quartz 
is more abundant than mullite. Most of the reactions occurring during firing are 
kinetically governed processes [3] that do not reach thermodynamic equilibrium in 
porcelain stoneware production, since the industrial cycles are shorter than 1 hour. 
Thus, we can say that, because of fast firing process, porcelain stoneware is a non-
equilibrium material. 
 
The high technological properties of porcelain stoneware, especially as regards water 
absorption, chemical and frost resistance, bending strength and abrasion resistance, 
cause that porcelain stoneware tile was actually the material with the highest increase in 
production and sales over all other ceramic building material. Typical composition of 
commercial porcelain stoneware tile is 40–50 wt.% kaolin clays, 35–45 wt.% feldspars; 
10–15 wt.% quartz [5]. 
 
However, the commercial interest in porcelain stoneware tile is accompanied by a 
scarcity of high quality research and although it is possible to find in the literature 
several papers on this material, they are mainly focused on processing [6-11], feasibility 
of different raw materials to produce porcelain stoneware tiles [12-15] and general 
information [16-20]. The relationship of microstructure on the technological properties 
of fired products has been less well studied, being the research in this field focused on 
glass phase formation and porosity evolution [4, 21-26]. It is important to point out that 
the effect of mullite growth on technological properties of porcelain stoneware tile has 
not been previously investigated, leaving significant opportunities for research in this 
field.  
 
The present work is part of a more extensive investigation with two main objectives. 
The first is to establish the effect of mullite crystals growth (percentage, shape and size) 
on physical and technological properties of porcelain stoneware tiles and secondly, to 
study the effect of feldspar substitution by different fluxing agents on both mullite phase 
growth and evolution of physical and technological properties during firing. For this 
purpose, it is very important to have a previous knowledge of the behaviour of a 
porcelain stoneware body during the firing process, being this the objective of the 
present paper. With this aim, a porcelain stoneware composition has been formulated 
with following criteria: 
 

- It must be a conventional composition, similar to that used in traditional ceramic 
covering and pavement factories, but without additive supplement, such as 
synthetic inorganic pigments synthetic inorganic pigments or pressing additives 
as binders or plasticizers, and, 

- It must lead to the maximum formation of mullite phase. For this reason, the 
composition has been prepared with the maximum percentage of kaolinitic clay 
and the minimum quartz content. 
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2. Experimental Procedure 
 
Raw materials used in the present investigation were kaolinitic clay and feldspar 
(provided by Compañía Europea de Arcillas, S.A. and designed as AR-2097-G and FC-
100 respectively), and quartz sand (facilitated by IETcc, CSIC). Chemical composition, 
as determined by inductively coupled plasma optical emission spectroscopy (ICP-OES), 
and mineralogical composition determined by X-ray diffraction (XRD) are shown in 
Table I. All the above materials were crushed, ground and finally powdered to <160µm 
prior to further use. 
 
 

Table I. Chemical and mineralogical analyses of raw materials used in this work 
 
 Content (wt%) 

 Kaolinitic clay Feldspar Quartz sand 
SiO2 58.10 69.86 98.88 
Al2O3 27.60 16.45 1.08 
Fe2O3 1.58 0.06 0.31 
CaO 0.26 0.54 0.08 
MgO 0.40 0.06 < 0.10 
Na2O ----- 2.28 < 0.07 
K2O 1.62 10.20 < 0.10 
TiO2 0.65 0.05 0.57 
MnO 0.01 ----- 0.01 
P2O5 0.16 ----- < 0.10 
LOI 9.40 0.50 0.28 

Mineralogical 
composition 

70.6% kaolinite 
12.7% illite 
10.6% quartz 
6.1% others 

65% microcline 
20% albite 
13% quartz 
2% others 

Mainly quartz  
microcline as minor phase 

 
A potassic porcelain stoneware composition was prepared by mixing 50% kaolinitic 
clay, 40% feldspar and 10% quartz. Batches (300 g each) were prepared by milling the 
constituents with distilled water (1:1) for 30 min, in a planetary ball mill (TURBULA) 
and using alumina balls as grinding media. The resultant slurry was oven-dried 
overnight at 110ºC, powdered in a porcelain mortar and pestle, and sieved to pass –100 
mesh (150 µm). 
 
The resulting powder was moistened by spraying with distilled water (6 wt %) and 
uniaxially pressed at 40 MPa in a steel die. Discs of 20 mm diameter and 5 mm height 
were shaped from 3 g of powder. Moreover, square tiles (30 g each) of 50x50x8mm 
were prepared for bending strength measurements. After drying in an oven at 110ºC the 
compacts were placed on alumina rollers in an electric furnace and fired between 1200º 
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and 1300ºC following a fast firing process. The samples were heated for ~30 min to the 
required temperature, soaked for 15 min and then cooled in the furnace at 50ºC/min to 
room temperature. 
 
Differential thermal analysis (DTA) was performed on the porcelain stoneware powder, 
using a Setaram (Labsys) DTA unit in air atmosphere. The test was carried out at a 
heating rate of 50ºC/min, in platinum crucibles and calcined alumina as reference.  
 
The sintering behaviour of the fired samples was evaluated by using the vitrification 
curves, which present the variation in properties of a ceramic as a function of firing 
temperature for otherwise identical firing schedules in terms of heating rates, cooling 
rates and soak times at peak temperatures [27, 28]. Vitrification curves allow 
establishing the optimum firing temperature and the firing range at which the open 
porosity reaches a minimum, which usually corresponds to higher values of mechanical 
strength. Linear shrinkage and water absorption, which is directly related with open 
porosity, are properties easy to measure and hence, are usually used to represent the 
vitrification curves. 
 
The linear shrinkage, LS (%), of fired samples has been determined by means of the 
following equation: 
  

100
L

LLLS
s

cs ×
−

=  [1] 

 
being Ls and Lc the diameter (mm) of the green and fired specimens respectively. The 
linear shrinkage values obtained of six specimens were averaged for each firing 
temperature. 
 
The water absorption, bulk density and apparent porosity were measured according to 
ASTM C373-88, which involves drying the test specimens to constant mass (D), boiling 
in distilled water for 5 h and soak for an additional 24 h at ambient temperature. After 
impregnation, the mass (S) of each specimen while suspended in water and their 
saturated mass (M) is determined. The test was carried out on four representative 
specimens. 
 
Water absorption, WA (%), expresses the relationship of the mass of water absorbed to 
the mass of the dry specimen as follows:  
 

100
D

DMWA ×
−

=  [2] 

 
The bulk density, B (g/cm3), is calculated as follows: 
 

V
DB =  [3] 

 
where V (cm3) is the exterior volume (V=M-S).  
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The open porosity, εo (%), expresses the relationship of the volume of open pores to the 
exterior volume of the specimen and is calculated as follows: 
 

100
V

DM
o ×

−
=ε  [4] 

 
The total porosity of the sample, εT (%) is determined by the following equation: 
 

100
AD
B1T ×⎟

⎠
⎞

⎜
⎝
⎛ −=ε  [5] 

 
where AD (g/cm3) is the absolute density of the sample, which was previously 
measured according to ASTM C329-88. The test method involves crush, ground and 
sieve the sample to pass –80 mesh (177 µm). The measurements were carried out on 8-
10 g of powder sample by using a pycnometer (50 ml capacity) consisting of a suitable 
bottle with a capillary tube stopper. All determinations have been made in duplicate. 
 
The close porosity, εc (%), is then calculated as follows: 
  
εc = εT - εo [6] 
 
For analysis of porosity evolution during firing, the microstructure of fired specimens 
were examined by Scanning Electron Microscopy (SEM) in a Philips XPERT 
microscope using an accelerate voltage of 20kV. SEM samples were polished to 1 µm 
finish with diamond pastes after initial grinding with SiC powder. For SEM observation 
the specimens were Au-Pd coated in a Balzers SCD 050 sputter. 
 
The coefficients of linear thermal expansion of the green body and specimens fired at 
1200º and 1280ºC were determined in a TMA CX03R equipment between room 
temperature and 750ºC at a heating rate of 10ºC/min. 
 
Samples fired at the selected optimum temperature range were examined by SEM, X-
ray diffractometry (XRD) and subjected to the determination of mechanical properties. 
For analysis of phase assemblages and morphology by SEM, the fresh fracture surfaces 
were etched for 4 min in 15% HF solution, washed ultrasonically with distilled water 
and ethylic alcohol, dried and subsequently Au-Pd coated. The crystalline phases were 
identified by XRD in a Philips X`PERT MPD diffractometer. For XRD powder sample 
(sieved <60 µm) were scanned in the range 2θ = 5-75º at a scanning speed of 0.5ºmin-1, 
using Cu Kα radiation at 50 kV and 30 mA. JCPDS Cards 46-1045 (quartz), and 15-776 
(mullite) were used to identify crystals phases. 
 
Finally, bending strength was measured according to UNE-EN 843-1 in an electronic 
universal tester (Servosis) on 10 test pieces of 50x10x8mm by a three-point loading test 
with a span of 36 mm and crosshead speed of 3 mm/min. Vickers microhardness and 
fracture toughness measurements were performed using the indentation technique with a 
load of 1000 g for a dwell time of 15 s in a Matsuzawa Hardness tester. Samples were 
ground on silicon carbide paper, and then polished using 6, 3 and 1µm diamond pastes 
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prior to measurements. For each case a mean of 10 measurements was taken. The cracks 
were measured immediately after indentation, thereby minimising any subcritical crack 
growth caused by residual stresses. Crack measurements were only made on indents that 
were well defined without chipping and for which the cracks did not terminate at pores. 
Young’s modulus was measured by the resonance frequency method (Grindosonic 
analyser). 
 
3. Results and Discussion 
 
A homogeneous powder of the porcelain stoneware composition is obtained as result of 
mixing, milling and sieved steps. Figure 1 depicts the DTA/TG curve recorded from the 
powder of the porcelain stoneware composition. A broad endothermic band centred at 
~550ºC is due to both clay dehydroxylation reaction and α→β quartz transformation. 
The mass loss associated to this endothermic is 4.68%, which is very close to the 
theoretical mass loss of 4.9% corresponding to the kaolinitic clay content in the 
composition. An exothermic peak at ∼1000ºC is attributable to mullite crystallization. 
Finally, an endothermic descent at higher temperatures indicates the formation of a 
liquid phase mainly derived from the feldspar component. The amorphous silica 
liberated during the metakaolin decomposition or the impurities contained in the raw 
materials could also contribute to liquid phase formation. 
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Figure 1. DTA/TG curves recorded on the powder of the porcelain stoneware 
composition. 
 
The body shows a good sintering behaviour. The fired samples are homogeneous and 
free of defects such as holes, bubbles or cracks. Figure 2 shows the open, close and total 
porosity as function of firing temperature at the 1200º-1300ºC range range. Upon firing, 
these properties show the typical trend of a ceramic body sintered by a viscous liquid 
phase mechanism [29]. In fact, it is apparent that open porosity decreases with 
increasing firing temperature due to the formation of a glassy phase that is mainly 
originated from the feldspar. Increasing temperatures cause both an increase in liquid 
phase amount and a decrease in liquid phase viscosity. Under the surface energy forces 
created by the fine pores contained in the ceramic body, the liquid phase tends to 
approach the particles and, therefore, open porosity decreases [27]. Simultaneously, 
closed porosity increases in the whole firing temperature range, being this increasing 
considerable above 1280ºC because of the so-called body bloating due to the pressure of 
the gas inside the closed pores, which tends to expand the pores [25]. The combination 
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of both open and closed porosity gives rise to the total porosity decrease in the first 
steps of sintering, reaching a minimum value at 1280ºC and then increasing. This 
behaviour is similar to that showed by almost all porcelain bodies. 
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Figure 2. Open (o), close (X) and total (•) porosity of the porcelain stoneware samples 
as function of firing temperature. 
 
Figure 3 shows SEM observations on polished surfaces of the porcelain stoneware fired 
at different temperatures at the 1200º-1300ºC range. It is noted the existence of both 
open and close porosity in the fired samples. 
 
Open porosity consists of fine, interconnected pores with irregular shape. On the other 
hand, closed porosity is due to larger, isolated and spherical pores. The size of closed 
pores increases with firing temperature, from an average diameter of ∼5µm at 1200ºC to 
100µm at 1300ºC. 
 
Figure 3 shows that a dense matrix is observed at 1250ºC, especially above 1260ºC, 
indicating that below 1260ºC the sintering temperature was not high enough to yield 
dense ceramic materials. 
 
It is necessary to point out that the sintering process in porcelain stoneware samples 
does not exactly proceed by the foreseen way of a liquid phase mechanism. Kingery 
[29] establishes two different steps during sintering. The first shows a decreasing in 
open porosity, which is coincident with an increasing in the sample shrinkage. The 
sintering process is not finished when open porosity completely disappears. In the 
second steps, the ceramic body could be represented as a conjunction of small and 
closed pores. The surface energy forces inside each pore give rise to a negative pressure, 
which tends to densify the ceramic body. However, Figures 2-3 show that in the 
porcelain stoneware samples, the closed porosity starts to increase before open porosity 
totally disappears. This behaviour is due to both mullite crystallization and quartz 
dissolution in the liquid phase, which originate an increasing in the viscosity of liquid 
phase and hence, the removal of open porosity is delayed. 
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Figure 3. SEM observations on polished surfaces of the porcelain stoneware fired at 
different temperatures in the 1200º-1300ºC range. 

 
The porosity of the fired sample is associated to other physical properties such as linear 
shrinkage and water absorption. Figure 4 shows the former properties as function of 
firing temperature at the 1200º-1300ºC range. Total porosity depicts a similar trend that 
linear shrinkage, which initially increases, reaches a maximum value, and above 1280ºC 
decreases due to close porosity increasing. Finally, since water absorption is directly 
related to open porosity, its value decreases in the overall temperature range. 
 
To discuss the degree of densification, bulk density rather than absolute density must be 
compared, because the content of crystalline phases affects absolute density. It has been 
observed that bulk density has a similar behaviour than linear shrinkage, an initial increase 
is followed by an abrupt decrease in the relative density because the so-called bloating 
[30]. 
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The optimum vitrification range is achieved when open porosity reaches a minimum 
value, tending to be nearly zero, and simultaneously linear shrinkage is maximum. 
Firing above vitrification range results in a drastic fall of the physical properties due to 
forced expulsion of the entrapped gases, resulting in blisters and bloating. From Figures 
3-5 it can be established that in this porcelain stoneware paste the optimum firing 
temperature is in the 1260º-1280ºC range.  
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Figure 4. Linear shrinkage (LS) and water absorption (WA) in the porcelain stoneware 
samples as function of firing temperature (  LS; ♦ WA).  
 
Figure 5 shows the X-ray diffractograms of the porcelain stoneware body fired in the 
1260º-1280ºC interval. Quartz is the only mineral phase existing in the green body and 
detected in the fired products. All the other mineral phases existing in the raw materials 
(Table I) have disappeared, being replaced by mullite and glassy phase. 
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Figure 5. X-ray diffractograms of the porcelain stoneware body fired in the 1260º-
1280ºC interval. 
 
Figure 6 shows SEM observations on the fracture of the porcelain stoneware body fired 
at 1260ºC. It is observed the typical grain and bond microstructure of porcelain 
consisting of quartz grains held together by a finer matrix or bond that is almost fully 
dense [1]. Some quartz grains are cracked due to both the α→β quartz transformation at 
∼573ºC during the firing-cooling process and the release of microstresses within quartz 
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grains and surrounding glassy phases from their large thermal expansion coefficient 
difference [31]. The matrix is composed by primary mullite, originated from pure clay 
agglomerate relicts and consisting in aggregates of small scaly crystals and secondary  
mullite composed of elongated needle-shape crystals derived from feldspar-clay relicts 
[2, 32]. 
 

50 µm

2 µm

primary mullite

10 µm

secondary mullite  
Figure 6. SEM observations on the fracture of the porcelain stoneware body fired at 
1260ºC. 
 
As regard mechanical properties, the average bending strength of samples fired in the 
1260º-1280ºC range is 34±2 MPa, which is in the order of the > 35 MPa prescribed in 
the standard EN14411 (Annex G) for these ceramic materials. Table II collects the 
average values of microhardness (Hv), Young’s modulus (E) and fracture toughness 
(KIC) of the porcelain stoneware body fired in the 1260º-1280ºC. These values are 
comparable to that showed by commercial porcelain stoneware tiles [4], which are also 
showed in Table II. 
 
Table II. Average values of microhardness (Hv), Young’s modulus (E) and fracture 
toughness (KIC) of the porcelain stoneware body fired in the 1260º-1280ºC. 
 

 Hv (GPa) E (GPa) KIC (MPa·m1/2) 

Value measured 5.4±0.6 72±0.5 1.3±0.2 

Values showed by commercial tiles [4] 5.5±0.4 70±1 1.9±0.8 
 
 
4. Conclusions 
 
A mixture of 50% kaolinitic clay, 40% feldspar and 10% quartz was selected as 
representative composition of commercial porcelain stoneware tiles produced by a fast-
firing process. All bodies show a good sintering behaviour after firing in the 1200º-
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1300ºC range. The fired samples are homogeneous and free of defects such as holes, 
bubbles or cracks. Linear shrinkage, water absorption and porosity determinations show 
that the sintering process in porcelain stoneware samples does not exactly proceed by a 
viscous liquid phase mechanism. Close porosity starts to increase before open porosity 
totally disappears. This behaviour is due to both mullite crystallization and quartz 
dissolution in the liquid phase, which originate an increasing in the viscosity of liquid 
phase and hence, the removal of open porosity is delayed. The optimum firing 
temperature is achieved in the 1260º-1280ºC range, when open porosity reaches a 
minimum value and simultaneously linear shrinkage is maximum. Firing above 
vitrification range results in a drastic fall of the physical properties due to forced 
expulsion of the entrapped gases, resulting in blisters and bloating. 
 
X-ray diffractograms of samples fired in the optimum firing temperature interval show 
that the samples are composed by quartz, mullite and glassy phase. SEM observations 
on the fracture of fired samples present the typical grain and bond microstructure of 
porcelain consisting of quartz grains held together by a dense matrix composed by 
primary and secondary mullite crystals. 
 
The average bending strength of samples fired in the 1260º-1280ºC range is 34±2 MPa, 
which is fulfilling with a value >35 MPa prescribed for these ceramic materials. The 
values of microhardness (5.4 GPa), Young’s modulus (72 GPa) and linear expansion 
coefficient (67x10-7 ºC-1) are comparable to those showed by commercial porcelain 
stoneware tiles. 
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