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ABSTRACT: Porcelain stoneware is a strongly sintered ceramic material fabricated from ball clays-quartz-
feldspar mixtures. Porcelain stoneware is characterized by its excellent technical and functional properties (low
water absorption, high mechanical properties, resistant to chemical substances and cleaning agents, aesthetic
possibilities ...). These characteristic and technical features make that among the different types of ceramic tile,
porcelain stoneware is the ceramic product that in the last years has best withstood the economic crisis in the
construction sector. These properties are related to the microstructure of porcelain stoneware, which is a grain
and bond type with large particles of filler (quartz), mullite crystals, a silica-rich amorphous phase and porosity.
The understanding of the relationship between the microstructure and the properties of porcelain stoneware is
hardly important for the development and design of these materials whose tendency is the manufacture of thin-
ner tiles with higher dimensions but must continue to comply the specific technical requirements.
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RESUMEN: Relacion entre la microestructura y las propiedades tecnologicas en gres porcelanico. Revision
bibliogrdfica. El gres porcelanico es un material sinterizado fabricado a partir de una mezcla de arcillas, cuarzo
y feldespato. Tecnoldgicamente, el gres porcelanico se caracteriza por sus excelentes caracteristicas técnicas y
funcionales (baja absorcion de agua, buenas propiedades mecanicas, resistente a substancias quimicas, posibi-
lidades estéticas...). Estas cualidades han propiciado que, entre los diferentes tipos de baldosa ceramica, es el
gres porcelanico el producto que mejor ha resistido la crisis economica sufrida por el Sector de la Construccion.
Las propiedades tecnoldgicas estan relacionadas con su microestructura, compuesta de particulas de cuarzo,
cristales de mullita, fase amorfa y porosidad. El conocimiento de la relacion entre la microestructura y las
propiedades tecnoldgicas del gres porcelanico es de gran importancia para avanzar en el disefio y desarrollo de
estos materiales, cuya tendencia es la fabricacion de piezas de mayor formato y menor espesor pero que deben
seguir cumpliendo con los requerimientos especificados para su aplicacion.

PALABRAS CLAVE: Ceramica; Propiedades mecénicas; Caracterizacion; Microestructura; Distribucion de tamafio
de poro
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1. INTRODUCTION

The change in firing technology in the manufac-
ture of ceramic tiles, from traditional double firing
to fast-firing single process, which occurred in the
late seventies and early eighties, resulted in signifi-
cant revolution in the fabrication procedures for wall
and floor tiles. Such innovations resulted in a notice-
able improvement in the overall technology used in
ceramic tile manufacture, particularly as it relates to
furnaces and characteristics of the raw materials (1).

After the development of fast-firing, the second
great revolution in the ceramic sector was based on
the concept of porcelain stoneware, a type of ceramic
tile that emerged in the late 70s in the district of
Saussolo (Italy) (2, 3), coinciding with the start of the
great technological restructuring in the ceramic sec-
tor taken place with the introduction of roller kiln.
The appearance of the product in Spain took place
a decade later. Specifically, Pamesa started manufac-
turing in 1988, succeeding Porcelanatto in 1989 and
later, already in the 90s, other companies.

Porcelain stoneware tiles are very strongly sin-
tered ceramic materials formed from a finely milled
body mixture (4). Ceramic tiles standards (5) use
a specific classification and nomenclature that is
based on two parameters, i.e. water absorption and
forming method. Concerning the shaping method,
ceramic tile can be classified in three groups depend-
ing if it is moulding by extrusion (A Group), dry
pressing (B Group) or by another forming process.
In view of its water absorption, ceramic tile can be
classified in three groups with well-specified absorp-
tion intervals. Table 1 displays the classification
of ceramic tiles according to the ISO 13006:2012.
Porcelain stoneware tiles are included in the group
Bla: Tiles moulded by dry pressing and with water
absorption lower than 0.5%.

Regarding the raw material composition, porce-
lain stoneware paste consists of a mixture of ball
clays (sometimes kaolin), quartz and feldspars (6).
The clay fraction favours forming operation since
it allows plasticity to the green piece and it also
provides the sufficient mechanical strength to with-
stand the stresses before firing. The feldspar frac-
tion develop a liquid phase at low temperatures and
assist the sintering process, allowing a virtually zero
(<0.5%) open porosity and a low level of closed
porosity (<10%). The quartz promotes thermal
and dimensional stability thanks to its high melting
point (3, 4, 7-10). Table 2 shows the typical range
of composition of commercial porcelain stoneware
(11). Besides the main raw materials, energetic flux-
ing agents and colorants can be added as additives
to the paste formulation (12). In recent years, the
scientific community is working hard to change the
compositions of ceramic pastes for building mate-
rials by incorporating industrial and agricultural
wastes (13-15). Figure 1 depicts a diagram that rep-
resents compositions of triaxial ceramic products
in which a standard composition of porcelain tile
is located.

From a technological point of view, porcelain
stoneware is characterized by excellent techno-
logical and functional properties (16-21), such as:
low water absorption making it frost resistant and
therefore extremely serviceable for outdoor flooring
and wall cladding in cold climates; high mechani-
cal properties (hardness, abrasion resistance and
bending strength) making it functional for highly
trafficked and industrial areas; resistant to chemi-
cal substances and cleaning agents, being easy-to-
clean and thus appropriate for paving areas where
hygiene is of prime importance; it can be endowed
with a broad spectrum of aesthetic possibilities
(body colouring with soluble stains, pressed relief,

TaABLE 1. Classification of ceramic tiles with respect to water absorption and shaping (ISO 13006:2012)

Water absorption

Group I Group II, Group II; Group III
E<3% 3%<E<6% 6%<E<10% E>10%
A Groun Al Group AllL,," Group All,," Groun ALll
1O 1O
Extruded up Group AIIa_z” Group AIIb_2” up
B Group BI,
. Dry pressed E<0.5% (annex G
Shaping method ye o ) GroupBII,  Group BIl, Group BII”
Group BI,
0.5%<E<3%
¢ Group CI? Group CIL,”  Group CII,”  Group CIII”

Tiles made by other processes

Groups All, and Group All, are divided into two parts (Parts 1 and 2) with different products specifications.
Group BIII covers glazed tiles only. There is a low quantity of dry-pressed unglazed tiles produced with E>10% that

is not covered by this product group.

These tiles are not covered in this International Standard.
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TABLE 2. Typical composition range
of porcelain stoneware tiles

Raw Material Range (%)
Ball clay 25-55
. Feldspar 35-50
Basic .
Feldsphatic sand 0-20
Kaolin 0-20
. Fluxing agents 0-4
Additives
Colorants 0-8

polishing, glazing, etc.) (22). Table 3 collects the re-
quirements for porcelain stoneware tiles according
the Standard ISO 13006:2012 (5).

All the above characteristic and technical features
make that among the different types of ceramic floor
and wall tile, porcelain stoneware is the ceramic
product that in the last years has best withstood the
economic crisis in the construction sector. Figure 2
shows the evolution of the production of porcelain
stoneware in Spain during the years 1996-2013.
Under the real estate boom that occurred in the
period 2002-2013, the production of porcelain tiles
grew exponentially, so that the production in 2006
was double that in 2002. However, the poor situa-
tion of the global economy and the bursting of the
housing bubble led to the fall of the production
of ceramic tile in 2007. Nevertheless, considering
the overall production of ceramic tile showed in
Figure 3, it can be highlighted that porcelain tile
is the only ceramic material that has increased its
share of production, mainly at the expense of glazed
stoneware tile. There is no doubt that this trend is
due to a large degree, to the technical features of
porcelain stoneware.

The present work aims to give an overview of the
relationship between microstructure and techno-
logical properties of porcelain stoneware. Once the

Feldspar

1. Traditional red-clay brick
2. Silica brick
3. Wall tile
4. Porcelain whiteware
@ 5. Hard porcelain
6. Electric porcelain
7+ Porcelain stoneware
8. Sanitary porcelain
% 9. Floor stoneware
ﬂ 10.  Dental porcelain
11.  Ceramic glaze
®® @
Clay Quartz

FIGURE 1. Location of different ceramics materials in the
feldspar-quartz-clay triaxial diagram. Construction ceramic
materials and porcelain stoneware are remarked in
blue and green colour respectively.

importance of these technological properties has
been pointed out, the way to control them is one
of the most important objectives of the industry.
Therefore, following is detailed the description of
the microstructure as a direct consequence of the
firing process (porosity) and from the point of view
of the main mineralogical composition of tiles
(glassy phase, quartz and mullite). Giving the com-
plexity of the process, it has been established that
final technological properties of porcelain stone-
ware tiles are function of several microstructural
features. Therefore, it is necessary a precise control
of the manufacturing process parameters in order to
adjust the technological properties of the fired tiles.

2. PORCELAIN STONEWARE
MICROSTRUCTURE

Porcelain stoneware tile is fabricated by a faster
firing cycle (60-90 min cold-to-cold), in which the
tiles are inside the furnace no longer than 90 min
(23). During firing, raw materials react and new
crystalline phases are formed (24, 25). Kaolinite
(A1,05-2810,-2H,0), illite and mica and feldspar
minerals suffer different chemical reactions; as
result, part of the quartz in the original raw mate-
rials mixture remains in the final composition
and mullite (3A1,05-2Si0,) develops as an end-
product of the transformation of metakaolinite
(A1,05-2510,) originated from the loss of hydroxyl
groups in the kaolinitic materials according to the
following reactions (26):

A1203~28i02~2H20500 CA1203~ZSi02
280 CSi-Al spinel + Si0, (amorphous)

+2H20

00°C

Si-Al spinel+SiO, (amorphous) ! 3Al1,0;-2S10,

+Si0, (amorphous)

For easy explanation, the phase transformations
are expressed as approximate or general chemical reac-
tions. However, the former reactions are not exactly
balanced as they are not totally stoechiometric.
Moreover, impurities in the starting ceramic paste
could result in the development of a liquid phase dur-
ing firing, which could vary both the temperature of
formation and the percentage of the different phases.
Consequently, the detailed sequence of the different
chemical reactions taking place during firing is com-
plex, as it depends on several factors such as the raw
materials composition, ceramic powder characteris-
tics and manufacturing conditions.

The process begins with the formation of metaka-
olinite (Al,O5-2S10,) as a result of the loss of kaolinite
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TaBLE 3. ISO 13006 - Annex G - Group Bla. Dry-pressed ceramic tiles with low water absorption E<0.5%

Physical properties

Requirements Test

Water absorption

Percent by mass

Breaking strength, in N

a) Thickness® 7.5 mm

b) Thickness <7.5 mm

Modulus of rupture, in N/mm”

Not applicable to tiles with breaking strength >3000 N
Abrasion resistance

a) Resistance to deep abrasion of unglazed tiles: removed volume in mm’

Individual maximum 0.6% 1SO 10545-3
Not less than 1300
1SO 10545-4

Not less than 700
Minimum 35

.. . 1SO 10545-4
Individual minimum 32
Maximum 175 ISO 10545-6

b) Resistance to surface abrasion of glazed tiles intended for use on floors Report abrasion class and cycles passed 1SO 10545-7

Crazing resistance

Glazed tiles

Frost resistance

Resistance to staining

Glazed tiles

Resistance to household chemicals and swimming pool salts
a) Glazed tiles

b) Unglazed tiles

Required I1SO 10545-11

Required 1SO 10545-12

Minimum Class 3 1SO 10545-14
Minimum GB

.. I1SO 10545-13
Minimum UB

structural water. It is established that the dehydrox-
ylation kinetics is first-order with a dehydroxylation
rate directly proportional to the kaolinite surface area
(27, 28). Moreover, the dehydroxylation of kaolinite
is an endothermic process accompanied by a rear-
rangement of the aluminium ions, which changes
from octahedral coordination in kaolinite, to mainly
tetrahedral coordination in metakaolinite (27, 28,
29-31). Subsequently, amorphous silica and spinel is
released and at higher temperature they react resulting
in mullite formation (32). The amorphous silica liber-
ated in the course of metakaolinite decomposition is
highly reactive, possibly assisted by the formation of a

120 1

100 1
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60

Sqg. m. Mill

40 1

20 1

FIGURE 2. Evolution of porcelain stoneware tile
production in Spain (source: ASCER).

eutectic melt at 990 °C. With regard to the exact struc-
ture of the spinel, it is currently under debate (33-35).

Most of the reactions occurring during the fir-
ing step of porcelain stoneware are kinetically gov-
erned processes. However, the thermal cycles used in
industrial production of porcelain tiles are very fast
(60-90 min cold-to-cold); so the attainment of ther-
modynamic equilibrium it unachievable. Therefore,
it is frequent that the fired product contains resid-
ual feldspar and quartz crystals that have not been
completely transformed on firing. Similarly, several
authors have reported that only half of the mullite
phase that could potentially be generated from raw
materials upon firing is formed during the fast-firing

= Wall Tile

M Porcelain Tile Floor Stoneware Extruded Tile

Il

FIGURE 3. Evolution of ceramic tile
production in Spain (source: ASCER).
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FIGURE 4. Microstructural evolution of porcelain stoneware body on firing. a) Firing T*<1000 °C; b) Firing T*=1000 °C, C=clay
relict, C+F=clay—feldspar relicts, Q= quartz grains, CM = ceramic matrix; ¢) Firing T*>1000 °C.

process (6, 36-38). As result, the microstructure of
the body is also change during firing. Figure 4 shows
the evolution of the microstructure of a porcelain
stoneware body during the firing step. Bodies fired
below 1000 °C shows a typical under firing ceramic
microstructure with high-interconnected porosity. At
1100 °C, two types of agglomerates are differentiated.
Clay relicts that correspond to regions where pure clay
was located in the green body and clay—feldspar relicts
associated with clay relicts in which feldspar has pen-
etrated. Quartz grains and different agglomerates are
surrounded by a ceramic matrix comprised of a mix-
ture of fine grains of quartz, feldspar and kaolinitic
clay. Though mullite phase is already forming at this
temperature, it is not detectable by SEM due to the
small size of the first developed mullite crystals. After
firing at above 1200 °C, the microstructure depicts
the typical features of a well-fired ceramic body in
which all the physical transformations and chemi-
cal reactions between the original raw materials have
taken place (39). In this state, porcelain stoneware
shows a typical grain and bond microstructure with
coarse quartz particles held together by a finer matrix
consisting of mullite crystals and a glassy phase (40).

Depending on the micro-region from which they
develop, mullite crystals have varying shapes and sizes
in the fired microstructure. At ~1000 °C, decomposi-
tion of pure clay agglomerate relicts lead to fine cuboi-
dal crystals (<0.5 um) termed primary mullite since
they form at the lowest temperatures (41-43), whereas
those regions in which feldspar particles were well
mixed with kaolinitic clay or where feldspar has gone
through clay agglomerates form elongated needle-
shaped crystals termed secondary mullite. Cuboidal
or low aspect ratio (1-3:1) primary mullite crystals
formed from pure kaolinite clay are surrounded by

a highly viscous matrix that inhibits the growth of
these crystals and primary mullite shows a low aspect
ratio (1-3:1). Mullite crystals derived from feldspar-
penetrated clay relicts find a less viscous environment.
Their growth is easier, so they achieve a high aspect
ratio (3-10:1). Finally, mullite needles formed from
areas of mixes of fine clay, feldspar and quartz show
a very high aspect ratio (30-40:1) since they are sur-
rounding by a more fluid liquid enriched in alkalis,
which favours the fast growth of crystals. According
to Igbal and Lee notation (25, 44, 45), these crystals
correspond to Type I (low aspect (1-3:1)) primary
mullite, Type II (high aspect ratio (3—10:1) secondary
mullite and Type III (very high aspect ratio (30-40:1)
secondary mullite needles. Figure 5 shows the differ-
ent mullite crystals morphologies found in porcelain
stoneware tiles.

Therefore, the microstructure of a standard por-
celain tile consists of quartz grains, primary mullite
crystals, secondary mullite crystals, a silica-rich amor-
phous phase and porosity. The typical mineralogical
composition of commercial porcelain stoneware tiles,
which commonly is 55%-65% glassy phase, 20%-25%
quartz, and 12%-—16% mullite (6). On the other hand,
porcelain tiles generally exhibit almost 0% open poros-
ity but they have 2-10% closed porosity in general.

3. EFFECT OF MICROSTRUCTURAL
FEATURES ON TECHNOLOGICAL
PROPERTIES OF PORCELAIN TILES

3.1. Porosity
In any ceramic material, and in particular in wall

and floor tiles, porosity has a considerable influ-
ence on the technological features, mostly on the
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Unfired porcelain stoneware body

e 2 1Y /BT~ N,
CSIC-S4800 20.0kV x50.0k SE(U)

1.00 um

FIGURE 5. Mullite crystal morphology according to the unfired body region from which it develops. a) Type I primary mullite
derived from pure clay agglomerate relicts; b) Type II secondary mullite originate from feldspar-penetrated clay relicts;
¢) Type I1I secondary mullite needles developed from areas of mixes of fine clay, feldspar and quartz.

mechanical (modulus of rupture) and surface char-
acteristics (resistance to abrasion, stains and chemi-
cal agents). Gil et al. (46) identified the different
types of porosity existing in porcelain tiles, in order
to associate them with the components of the paste
and to analyze the effect of each type of porosity
on the physical properties of the fired pieces. Open
porosity is composed by intercommunicated irregu-
lar channels with a size below 5 um (Figure 6). It is

FIGURE 6. Different types of porosity existing in porcelain
tiles: open porosity (a); fine closed porosity (b); coarse
closed porosity (c); and interparticle porosity (d).

formed as results of the loss of volume associated
to clay dehydroxylation on firing. During the sinter-
ing process, the development of liquid phase is pro-
gressively closing the capillaries that constituted the
open porosity and fine closed porosity arise, which
is comprised by small size closed pores (<5 um) dis-
tributed throughout the clayey matrix. Furthermore,
larger isolated pores with a spherical shape (>10 um)
form the coarse closed porosity. It is directly linked
to the melting of the feldspar grains. Finally, inter-
particle porosity is composed by pores with an
irregular morphology located at quartz and feldspar
grain boundaries with the glassy matrix. Its origin is
due to differences in thermal expansion coefficients
of these grains with respect to the glass matrix.

Each of these types of porosity is associated with
specific technological properties. Thus, open poros-
ity is responsible for the frost resistance. Coarse
closed porosity is associated to the stain resistance
because when the fired porcelain stoneware is pol-
ished, the closed porosity is exposed at the tile sur-
face. Interparticle porosity is responsible for the
reduction in mechanical strength of the fired bodies,
since they are considered stress concentrators and
facilitate fracture.

With respect to the green compact, the main vari-
ables that may interfere in the characteristics of the
porous microstructure are particle and grain size
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distribution, morphology, humidity and pressing
pressure. Hence, the closed porosity is the result of
incomplete densification during sintering and basi-
cally depends on the microstructure of the green
body and on the firing schedule. Basically, the
porous microstructure of the green body is consists
of two types of pores: intragranular pores (spaces
between the particles that comprise the grains) and
intergranular pores (set of voids that are formed
during pressing). Another type of pores that can be
frequently found inside the larger grains are referred
to as “hollow pores” and are characteristics of the
spray-drying method used to obtain the ceramic
granules (47, 48). Based on its characteristics and
size, this type of pore can be classified as an inter-
granular pore. Amoros et al. (49) addressed the effect
of green porcelain tile microstructure on the sinter-
ing process and on fired product properties. They
reported that at the same pressing variables, the
larger the composition coarse particle fraction (R3
and R4 compositions), the less porous (higher bulk
density, p,) are the green specimens, which, however,
contain larger pores (Figure 7). In contrast, with
longer milling (R1 and R2) the resulting specimens
are more porous (lower p,), but the pores are smaller.
However, the values of bulk density after firing at
1175 °C indicated that the pore size growth during
sintering depends on pore size in the green body, so
that fired product porosity will depend more on pore
size than on pore volume of the green body. The
authors concluded that the presence of large pores
in the green body hinders the sintering process, and
requires a higher firing temperature to reach maxi-
mum product densification. Moreover, the mini-
mum attainable porosity is higher and the size of
the remaining pores increases.

Alves et al. (50-52) conducted different investiga-
tions to correlate the porous microstructure of the
green compact with the closed porosity and stain
resistance of the fired product. They pointed out that
the granulometric distribution of the spray-dried

Brs [rc
2500

A
> 2300 r r
Z 2100 —
=
3
- 1900 -
Q
= 1700 -
[0}
Y
O 1500 -

R1 (80 min) R2 (26 min) R3 (16 min) R4 (10 min)

Milling time (min)

FIGURE 7. Effect of milling time on bulk density of green
bodies (p,) and specimens fired at 1175 °C (p.)
(Figure drawn from data reported in (49)).

mixture does not interfere significantly in the pore
size distribution of the fired material. The only effect
cause by the use of granules with distinct character-
istics was on the area of surface pores. In this case,
the area occupied by surface pores is directly related
to the intensity of the stains, i.e., the larger the area
the more visible the stain.

Gualtieri et al. (53) reported a strong dependence
between the total porosity and the glass content in
the fired body. They remarked that a liquid phase
contents higher than about 66% does not result in
a more sintered body. The authors attributed this
finding to the presence of gas bubbles entrapped
in the liquid phase which cannot be eliminated by
viscous sintering, thus forming closed pores which
contribute to total porosity. As pores are eliminated
during sintering through liquid phase sintering, the
most important raw material responsible for the
amount, nature and characteristics of the liquid
phase during sintering, and consequently the ability
of a composition to eliminate pores in the green
compact, should be feldspar. Alves et al. (54) stud-
ied the correlations between the particle size distri-
bution of feldspar, the characteristics of the pores
in the green compact, the elimination of these pores
during sintering, and the susceptibility to staining
of sintered polished surfaces. They concluded that
slight variations in the average particle size of feld-
spar can lead to significant changes in the porous
microstructure of the final product, thereby modi-
fying its stain resistance. Thus, higher feldspar par-
ticle size increases favours the formation of denser
granules during the granulation stage. Although
densification degree of the green compact is higher
in these conditions, the use of particles with larger
diameters causes the volume and diameter of closed
pores to increase due to the lower reactivity attained
during sintering.

Likely, the negative effect of porosity on techno-
logical properties of porcelain stoneware is related to
stain resistance in polished tiles. Porcelain tiles fre-
quently undergo a polishing process, aimed to reduce
their surface roughness and increase their gloss (52).
During polishing, the removal of a fine surface layer,
which normally varies from 0.5 to 1.5 mm depend-
ing of the tile characteristics (specially curvature
and decoration process), reveals a new surface com-
posed of numerous open pores that were previously
“closed” inside the material (18, 55, 56). Hence, Tucci
et al. (57, 58) and Dondi et al. (59, 60) correlated the
stain resistance with the bulk and surface character-
istics of porcelain stoneware tiles, providing a pre-
dictive model based on the surface roughness and
on the number size and morphology of the pores.
As a result of fast-firing cycles used in their pro-
duction, porcelain tiles retain a significant amount
of residual porosity, which is heterogeneously dis-
tributed through the thickness of the tile. In order
to evaluate the dependence of porosity with depth,
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a porcelain tile can be considered as a material with
functional gradient and therefore it may be modeled
as a multilayered system, which consists of a ceramic
matrix and residual pores. The determination of the
pores volume fraction as a function of the distance
from the tile surface and the application of different
simulation models revealed a spatial variation of the
elastic properties, which cannot be identified by tra-
ditional experimental methods such as bending tests
and resonance techniques (61).

Some works suggest that the staining is dependent
on the diameter of pores on the polished surface of
porcelain tiles. Thus, pores responsible for the stain-
ing of porcelain surface are in the 5-20 um (62, 63).
Indeed, large pores (>30 um) facilitates the removal
of staining agents by the cleaning processes. In con-
trast, the penetration of the staining agent is hindered
in very small pores (<5 um) (64). Alves et al. (65) car-
ried out a study to ascertain if the thickness of the
layer removed by polishing can modify the superfi-
cial porous microstructure and stain resistance of the
final surface of porcelain stoneware tile. The thick-
ness of the layer removed by polishing may affect the
intensity of the stains, since pore size distribution
and morphology change from the surface toward the
centre of the ceramic body. In fact, the area occu-
pied by the pores did not vary significantly with the
increasing the layer thickness removed by polishing.
However, as the wear advanced into the sample, there
was a decrease in the occurrence of pores with critical
stain diameters, i.e., between 5 and 20 pm (Figure 8).
On the other hand, increasing pore size in the cross
section of the tiles as the distance from the original
surface increased was also observed. This increase in
pore size apparently was accompanied by an incre-
ment in the area occupied by the pores, indicating the
existence of porosity gradient along the cross section.
As result, the lower the thickness of the layer removed
by polishing the higher the intensity of visible stains.
The authors indicated that the removal of a 1.5 mm
layer from the surface by polishing contributed more
to reduce the intensity of stains than a thinner layer.
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FIGURE 8. Distribution of surface pore diameters of
porcelain stoneware tile after progressive wear
(Figure drawn from data reported in (65)).

Other parameters affecting porosity in fired por-
celain stoneware are moulding pressure and thick-
ness of the green body. Pérez et al. (66, 67) addressed
that open porosity generally decreases as moulding
pressure increases; this reduction is more notice-
able at lower thicknesses. Higher moulding pres-
sure leads to highly compact unfired bodies with
a lower volume of voids; therefore, the elimination
of open pores by the liquid phase formed during
firing is favoured. As the thickness and mould-
ing pressure increase, the number of closed pores
decreases (Figure 9). The authors also reported
on a strong relationship between the numbers of
closed pores and the tile thickness; the number of
pores increased with the thickness of the tile. This
result is most likely due to the temperature gradient
inside the tile during the firing cycle. This gradient
is expected to increase as the thickness increases,
which leads to differences in the liquid phase vis-
cosity from the surface to the core of the tiles. Thus,
as the thickness increases, the viscosity in the core
of the tile will increase, which inhibits the removal
of voids. Therefore, the fired product exhibits a
greater number of pores (Figure 10a). Regarding
the moulding pressure, the number of pores was
observed to increase at higher pressure, which was

FIGURE9. Internal microstructure of fired porcelain stoneware
that is shaped at two moulding pressures (40 and 80 MPa)
and four thicknesses (3, 4.5, 6 and 9 mm) (67)
(reprinted with permission from Elsevier).
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(Fig. 10b corresponds to porcelain tiles shaped at 20 MPa) (67) (reprinted with permission from Elsevier).

more significant for the thickest tiles (6 and 9 mm).
The greater contact in particles in the unfired tiles
shaped at higher pressures locks the microstructure
and inhibits the rearrangement of particles at the
first stage of sintering. Concerning the size of pore,
it is related to tile thickness. Therefore, the thinnest
tiles contain a significant percentage of large-sized
pores, whereas the thickest tiles contain a significant
proportion of smaller-sized pores (Figure 10b).

The elastic modulus (E) of a porous material is
closely related to both the amount of porosity and
one or more aspects of the pore character. The elas-
tic modulus of porcelain stoneware depends on
the shape and distribution of the porosity, which
is considered as a second phase with E = 0, and in
general, E decreases as the total porosity increases
(68). Generally, bending strength (BS) in ceramics
decreases exponentially by increasing porosity, and
the denser the fired bodies are the higher the BS is
(69-71). But it is not only dependent on the percent-
age of porosity but also on the size and shape of
the pores. Thus, it is known that interconnecting
pores act as large fracture flaws reducing bending
strength; conversely spherical, uniformly distributed
pore with a size in the range 5-20 um have a positive
effect on bending strength (69, 72, 73).

3.2. Glassy phase nature

The densification of porcelain stoneware occurs
throughout a viscous phase sintering, with the
development of a liquid phase that flows, by cap-
illary pressure, in the interconnected holes between
the particles (46, 47), and leads to the development
of a ceramic bonding, constituted by a glassy matrix
embedding new-crystalline phases and part of the
residual crystals (74). Thus, the viscosity of the lig-
uid phase will affect the sintering process and as a
result, the microstructure of fired products.

The dynamic evolution of both microstruc-
ture and phase composition during firing makes it

difficult to predict the behaviour of porcelain stone-
ware with classical models (based on viscosity and
surface tension of the liquid phase) (75). Esposito
et al. (74) evaluated the possibility to use nepheline-
syenite, as fluxing agent, in a body mix used for por-
celain stoneware tile. Compared to pure feldspars,
nepheline-syenite contains higher percentage of
alkaline oxides, K,;O+Na,O is about 9-12% in feld-
spars, whereas it is larger than 14%, in nepheline-
syenite. Starting from a reference mix composition
(48.6 wt.% of clay, 15.6 wt.% of potassium feld-
spathic sand and 35.5 wt.% of sodium feldspathic
sand), different amounts (5.0, 10.0 and 15.6 wt.%)
of sodium feldspar were replaced with the same
amounts of nepheline-syenite. The authors pointed
out that the presence of the nepheline-syenite in the
standard body mix strongly favours the sintering
behaviour. Adding nepheline-syenite decreases the
viscosity of the glassy phase, which in turn causes
an increase in the shrinkage rate and improves the
sintering process. Consequently, the time necessary
to obtain a water absorption value <0. 5% is greatly
reduced. The maximum value of shrinkage in the
samples containing nepheline is higher than the
maximum value in the standard composition, and
furthermore, it is reached in shorter times. The ref-
erence sample reaches a open porosity ~0% (water
absorption <0.5%) after 100 min of soaking time,
while for the modified composition only 25-30 min
of soaking time are enough to obtain well sintered
samples (Figure 11). The fired modified composi-
tions show homogeneous microstructures, charac-
terised by smaller pores, with a narrow pore size
distribution, compared with the standard sample.
Moreover, the mechanical characteristics as Vickers
hardness, flexural strength and Weibull’s modulus,
increase for the modified compositions. All that
is correlated with a better microstructural homo-
geneity and lower amount of glassy phase. The
use of a 5% of nepheline-syenite allows reaching
the best results. However, the range of dimensional
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FIGURE 11.  Open porosity soaking time of porcelain stoneware
compositions fired at 1260 °C (STD=reference mix composition;
C1=5 wt.% of potassium feldspathic sand were replaced with
nepheline-syenite; C2=10 wt.% of potassium feldspathic
sand were replaced with nepheline-syenite; C3=15.6 wt.% of
potassium feldspathic sand were replaced with nepheline-
syenite) (Figure drawn from data reported in (74)).

stability drastically reduces, and a negative shrink-
age is observed (expansion) when higher amounts of
nepheline-syenite are added.

Suvaci et al. (76) studied the effect of composi-
tion on viscosity of porcelain stoneware tiles and the
role of the viscosity on microstructure development
and stain resistance. The authors stated that the vis-
cosity of the amorphous phase is directly related to
Na,O/K,0 ratio (Figure 12). As the ratio increases,
the viscosity decreases due to smaller dimensions of
the sodium with respect to potassium ions. Therefore,
changing compositions of the porcelain stoneware
tiles results in viscosity change of the system which
is expected to influence the sintering and microstruc-
ture development. In this sense, densification rate

can be related to reduction in viscosity according to
the following equation (77) [1]:

1/3,,1/3
%z k”n7’ 1]

where k and n are constants, y is surface energy
and 7 is viscosity. Surface energy does not change
significantly with the compositional changes. As a
result, viscosity remains as a key parameter to affect
densification. Accordingly, while too high viscosity
is not desired due to very slow densification kinet-
ics, too low viscosity may also bring some additional
problems such as pyroplastic deformation.

The viscosity also has an effect on closed porosity
in both the degree of porosity and the aspect ratio
of the pores. Decreasing viscosity does not only
result in less closed porosity but also favours spheri-
cal pore morphology, which is critical for getting
porcelain stoneware tiles with high stain resistance
(76). Although lower the viscosity results in less and
spherical closed porosity with improved stain resis-
tance, too low viscosity can bring additional prob-
lems such as pyroplastic deformation of the tiles,
which is a factor to consider in the formulation of
the ceramic body. Accordingly, two critical viscos-
ity values have been noticed; (i) the upper viscosity
limit above which insufficient densification occurs
and/or irregular pore structure is observed and (ii)
the lower viscosity limit below which the tiles exhibit
pyroplastic deformation.

Pyroplastic deformation is the bending of a
ceramic specimen caused by gravity during heat
treatment. This property is especially important
when firing products with very low porosity like
porcelain tiles, due their content in melting mate-
rials. Piroplasticity is related to an excess of liquid
phases formed during firing or to a reduced viscosity
of these phases. It depends on different parameters
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FIGURE 12.  Effect of the Na,O/K,O ratio on viscosity of the porcelain stoneware and on closed
porosity of porcelain stoneware fired at 1220 °C (Figure drawn from data reported in (76)).
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such as the firing zone temperature; the heating rate
and the time in which the specimens remain at the
maximum temperature (60), but also on the com-
position in raw materials of the porcelain body.
Bernardin et al. (78) used a statistical design to study
the influence of different minerals on the pyroplas-
ticity of porcelain tile pastes. They reported that
the strongest influence was caused by the presence
of sodium oxide in ceramic compositions, which is
related to the decrease in the viscosity of the formed
liquid phase in the ceramic system and the increase
of the observed pyroplastic deformation. Aydin
et al. (79) reported similar findings when studied the
influence of lithium oxide, as auxiliary flux, on the
pyroplastic deformation of triaxial porcelain bod-
ies. The partial substitution (up to 4 wt.%) of spod-
umene for in a standard body resulted in decreased
pyroplastic deformation index, which was attributed
to the fact that the addition of spodumene led to
further dissolution of quartz and thus increased the
viscosity of glassy phase.

Regarding the effect of glassy phase content in
on mechanical properties of porcelain stoneware
tiles, there are controversial results. Several studies
suggest a close relationship between the amount of
glassy phase present in the fired body and bending
strength or fracture toughness (80). In contrast,
other studies have claimed that an increase in the
vitreous phase decreases the mechanical resistance
of porcelain bodies (81). Discordant results may be
to the fact that the amount of liquid phase in por-
celain stoneware is related to the close porosity of
the sample but also to the thermal tensile stresses
developed at the surface during fast cooling.

Zanelli et al. (75) studied a full representative
sample of commercial porcelain stoneware tiles.
They highlighted that some important aspects of
porcelain stoneware sintering, deeply involving the
non-crystalline component, are still not fully under-
stood, in particular: the stability of mullite dur-
ing the formation of viscous melt, as it affects the
chemical composition of the glassy phase; the role
of microstructure, as there are evidences that the
matrix of porcelain stoneware body, which include
glassy phase and micro-crystals, is the real viscous
phase governing the densification kinetics; and the
onset of viscous flow, as there are no detailed study
concerning the transformation from the formation
of viscous melt to the densification stage.

3.3. Quartz

Quartz is a basic component in porcelain stone-
ware composition as it promotes thermal and
dimensional stability because of its high melting
point. During firing, quartz grains tend to dissolve
in the liquid phase at high temperature so that it is
estimated that a 64-85% of the quartz in the starting
composition remained undissolved in the fired tile.

Concerning the function of quartz in the strength
of a porcelain body, the mismatch in the thermal
expansion coefflclent o, between quartz particles
(o=15- 26><10 °C ") and the silicate glass matrix
(0~5-8%107° °C™") generate a compressive stress on
the matrix, which leads to strength reinforcement
in the porcelain bodies (82). According to this the-
ory, the quartz particles have a decisive contribution
on increasing the fracture energy, either by increas-
ing the state of compressive residual stress in the
glass matrix, or by promoting a combination of the
mechanisms of crack deflection and microcracking.
Typically this mechanism is visible as crack branch-
ing at the impact of the crack with a quartz grain.
When the crack propagates through a feldspar grain,
it does not deviate from its path but when it meets
a stressed quartz grain, the energy is dissipated and
propagation stopped (9).

Sanchez et al. (83) conducted a comparative
study on the mechanical properties of a wide range
of polished porcelain stoneware tiles produced by
several companies from different countries. The
investigation concluded that the mechanical prop-
erties of porcelain tiles are mostly defined by the
quartz content in the fired pieces, as quartz acts as
reinforcement phase, increasing the toughness of
the material and thus its mechanical strength. De
Noni et al. (84) achieved similar results with respect
to the role of quartz. They noted that the mechani-
cal strength of porcelain stoneware increases with
the proportion of quartz, confirming the role of
reinforcement of quartz particles dispersed in the
matrix. As a result of the rapid cooling rate in indus-
trial firing cycles and the large quantity of glassy
phase (50-65%) developed on firing, porcelain tile
may develop a macroscopic residual stress profile
resembling that typically found in glass tempering
processes (85, 86). During rapid cooling, thermal
tensile stresses develop at the porcelain stoneware
tile surface. So that residual stress increases as the
material cools more rapidly in the temperature range
in which the tempering process occurs. Since the
stress is compressive, an increase in thermal stresses
is associated to an increase in mechanical strength.
De Noni et al. (87) analysed how the cooling stage
of the firing cycle influences porcelain tile micro-
structure and mechanical behaviour. They pointed
out that apparent toughness increased in propor-
tion to the residual stress increase, so the temper-
ing in porcelain tile can be considered a toughening
mechanism.

However, the positive effect of quartz on the
mechanical properties of porcelain stoneware is not
always revealed, and even different researches has
highlighted opposite results. Thus, Cavalcante et al.
(17) highlighted that strong tensile stresses, in the
order of 330-370 MPa, are developed around quartz
particles, leading to a structural weakening and
presumably a particle debonding from the matrix.
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The negative effect of quartz on the mechanical
properties of porcelain stoneware is also revealed by
Hutchings et al. (88). They stated that adding quartz
and/or increasing quartz particle size in the porce-
lain tile starting composition raised the porosity of
the fired specimens significantly. Moreover, there
was a strong increase in tile specific wear rate with
increasing quartz. This factor, together with the
resulting deterioration in surface quality, suggested
that in order to improve polishing efficiency and
enhance polished surface quality, both quartz con-
tent and quartz particle size should be minimized in
porcelain stoneware compositions.

As indicated above, the mechanical strength for
rapidly cooled porcelain stoneware tiles increases
due to the development of compressive macroscopic
residual stress at the surface of the pieces. However,
this increase is lower than is to be expected on the
basis of the measured residual stresses (89). After
the allotropic transformation of quartz (573 °C),
the particles undergo pronounced shrinkage, which
increases microscopic stresses. As the piece cools,
the particles begin to debond from the matrix, giv-
ing rise to peripheral cracks. As the cooling is rapid,
thermal tensile stresses form at the surface; periph-
eral cracks thus encounter more favourable growth
conditions, which lead to an increase in natural flaw
size. This microstructural damage adversely affects
the product’s mechanical behaviour. Different stud-
ies have shown that the debonding degree depends
on the quartz particle size (90, 91), so that particles
larger than ~50 um would completely debond from
the matrix (complete cracking around particles)
but particles sized between ~5-50 um would be
partly detached from the matrix (partial peripheral
cracks around particles) (Figure 13). Therefore, the
mechanical strength of porcelain stoneware strongly
depends on quartz particle size and the increas-
ing particle size leads to an increase of mechanical
strength.

FIGURE 13. SEM image of porcelain stoneware
showing cracking and debonding of quartz
grains associated with the particle size.

3.4. Mullite

Several theories on mechanical properties of por-
celain bodies assume that strength can be attributed
to mullite content and morphology. The mullite
hypothesis for the strength of porcelain stoneware
tiles establishes that the feltlike interlocking of fine
mullite needles are responsible for the strength and
consequently bending strength increases when the
percentage of mullite crystals developed in the tile
increases. This assumption was first proposed in por-
celains by Zoellner (92) and subsequently supported
by different authors. Thus, Calcavante et al. (17) stud-
ied the behaviour of polished porcelain stoneware
tiles, focusing the attention on a better understanding
of the complex relationships among microstructural,
mechanical, tribological and functional character-
istics. They pointed out that mullite crystals tend
to increase the mechanical performances, through a
predominant mechanism of matrix reinforcement.
Mullite undergoes compressive stresses during cooling
that, consequently, promote a material strengthening.
Actually, when a crack front passes through a com-
pressive stressed region, its propagation is contrasted
if no additional external forces are applied. Similar
findings were reported by Carbajal et al. (93) after
studying the evolution of the crystalline phases of
the two porcelain stoneware compositions prepared
with different contents of glass formers and its influ-
ence on the mechanical reinforcement. More recently,
De Noni et al. (94) highlighted that the hypothesis
of interconnection of mullite crystals as a mecha-
nism for strengthening triaxial porcelain stoneware is
clearly observed only when the pieces are fast cooled.

However, at times, the beneficial effect of mullite
content is not evident. Several researchers have not
found a clear relationship between mullite content
and bending strength (72, 73, 74). De Noni et al.
(84) in a study on the influence of composition on
mechanical behaviour of porcelain tile showed that
mullite significantly worsen the fracture energy,
which invalidates the mullite hypothesis as a mecha-
nism to strengthen the porcelain tile.

Thus, the effect of mullite content on mechani-
cal strength is also controversial. Martin-Marquez
et al. (95) studied the evolution of mechanical prop-
erties on firing in porcelain stoneware in an attempt
to establish the influence of the microstructure, tak-
ing into consideration percentage, shape and size of
mullite crystals. The authors revealed the bending
strength is directly associated to the aspect ratio
shown by secondary mullite needles (Figure 14). An
increase in the aspect ratio of crystals was observed
to increase the bending strength, which reaches
maximum values when Type III secondary mull-
ite needles join together and give rise to clusters or
packs of needles (Figure 15).

Similar findings on the effect of the aspect ratio
of mullite needles on the mechanical strength of

Materiales de Construccion 65 (320), October—December 2015, €065. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2015.05915


http://dx.doi.org/10.3989/mc.2015.05915

Relation between the microstructure and technological properties of porcelain stoneware. A review 13

1300 °C

Aspect ratio

26 27 28 29 30 31 32 33 34 35
Bending strength (MPa)

FIGURE 14. Variation of bending strength in porcelain
stoneware as a function of the aspect ratio shown by
secondary mullite needles developed at different firing
temperatures (95) (reprinted with permission from Elsevier).
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FIGURE 15. SEM images of freshly fractured etched porcelain
stoneware pellets fast fired at different temperatures.
(a) 1200 °C, (b) 1250 °C, (c) 1260 °C and (d) 1300 °C
(95) (reprinted with permission from Elsevier).

porcelain stoneware were reported by Pérez et al.
(66, 67). The authors studied the influence of thick-
ness and moulding pressure on the technological
properties and microstructure of porcelain stoneware
tiles. The microstructural study was focused on the
morphology of mullite crystals. They reported that
the morphology of secondary mullite was affected
by moulding pressure so that it varied from Type 11
at low pressure to Type III at higher pressures. The
secondary Type III mullite fibres joined together and
give rise to cluster or pack of needles. As result, the
bending strength improves when the aspect ratio
increased, from 29:1 in samples pressured at 20 MPa
to 62:1 in samples pressured at 100 MPa (Figure 16).
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FIGURE 16. Variation in bending strength as a function of
the aspect ratio of the secondary mullite needles in porcelain
stoneware pieces moulded with different thickness and at
variable pressures (67) (reprinted with permission from Elsevier).

Concerning the effect of mullite crystals on the elas-
tic modulus and wear resistance, in general these prop-
erties increase for higher mullite content, which can
be explained by the highest value of Young’s modulus
(mullite=210 GPa, quartz=78 GPa, glass=70 GPa)
and expansion coefficient for mullite comparing to
other components (96).

4. FINAL REMARKS

Considering the overall production of ceramic
tile and the poor situation of the global economy,
it must be highlighted that porcelain tile is the only
ceramic material that has increased its share of pro-
duction. There is no doubt that this trend is due to
the technical features of porcelain stoneware, which
are related to its microstructure consisting of quartz
grains, mullite crystals, a silica-rich amorphous phase
and porosity.

The technical characteristics of porcelain stone-
ware are closely associated to the porous texture
of the fired product. The main effect of porosity is
related to stain resistance, which is dependent on
the diameter of pores. Bending strength and elastic
modulus are not only dependent on the percentage
of porosity but also on the size and shape of the
pores. Uniformly distributed pores with a size in
the range 5-20 um have a positive effect on bending
strength.

The effect of glassy phase and quartz content on
mechanical properties of porcelain stoneware is con-
troversial. Several studies suggest a close relationship
between the amount of glassy phase or residual quartz

Materiales de Construccion 65 (320), October—December 2015, €065. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2015.05915


http://dx.doi.org/10.3989/mc.2015.05915

14 « M. Romero, J. M. Pérez

present in the fired body and bending strength or frac-
ture toughness. In contrast, other studies have claimed
that an increase in the vitreous phase decreases the
mechanical resistance of porcelain bodies.

The effect of mullite content on mechanical
strength of porcelain stoneware is also open to dis-
cussion. The mullite hypothesis for the strength of
porcelain tiles establishes that the feltlike interlock-
ing of fine mullite needles is responsible for the por-
celain strength and consequently bending strength
increases when the percentage of mullite increases
However, sometimes the beneficial influence of mull-
ite content on bending strength is not evident. What
does seem clear is that mechanical strength of por-
celain stoneware is directly related to the aspect ratio
of secondary mullite needles since an increase in the
aspect ratio of crystals was observed to increase
the bending strength. Finally, the elastic modulus
of porcelain stoneware increases for higher mullite
content due to the highest value of Young’s modulus
for mullite comparing to other components.

Over the manuscript it has been pointed out that
there are some major questions regarding the final
properties of porcelain stoneware that ought to be
clarified and, in the author’s opinion will rise up a
new way of approaching the relationship between
microstructure and technical properties.
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