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bstract

icrostructural evolution on heating was investigated in a reference industrial composition (50% kaolinitic clay, 40% feldspar and 10% quartz) of
orcelain stoneware, fast fired at different temperatures (500–1400 ◦C). The evolution of mullite crystals, regarding shape and size progress, was
xamined by scanning electron microscopy (SEM). The proportion of Type I mullite crystals decreases with firing temperature and simultaneously,
he size of crystals increases, reaching the maximum value of aspect ratio (3:1) at 1400 ◦C. Type II and Type III secondary mullite needles increase

ith temperature in both number and length, which leads to an increase in the aspect ratio from 5:1 to ∼20:1 in Type II crystals and from ∼33:1 to
0:1 in Type III mullite needles. Finally, clusters of Type III mullite fibres are observed in porcelain stoneware samples fast fired in the 1250–1280 ◦C
nterval.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Porcelain stoneware tile is a vitrified ceramic building mate-
ial used extensively for floor pavement and wall covering in both
ndoor and outdoor applications. Porcelain stoneware is charac-
erized by its high technological properties, such as low water
bsorption (<0.5%) and high bending strength (>35 MPa), as
ell as exceptional aesthetic appearance. These excellent prop-

rties have caused ceramic tile factories to multiply production
nd increase sales of porcelain stoneware significantly compared
o all other ceramic building materials.

Commercial porcelain stoneware tiles are produced by fast
ingle firing (60–90 min cold to cold) of a triaxial ceramic
omposition. A typical porcelain stoneware body is com-
osed of 40–50 wt.% kaolinitic clay, 35–45 wt.% feldspar and
0–15 wt.% quartz sand.1 Kaolinitic clay promotes mullite for-
ation on firing and simultaneously it confers plasticity on the

reen paste facilitating shape-forming operations. Feldspar is a

ow melting mineral and acts as a flux during firing, giving rise
o a liquid phase, which improves the growth of mullite crystals,
s well as facilitating densification of the ceramic body through
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lling interconnected pores. Quartz is used as a filler and reduces
eformation and shrinkage of fired bodies.

The unfired body is comprised of different micro-regions of
arying composition, including quartz particles, clay agglom-
rates and feldspar-enriched regions. After firing, porcelain
toneware shows a typical grain and bond porcelain microstruc-
ure with coarse quartz particles held together by a finer matrix
onsisting of mullite crystals and a glassy phase.2 Depending
n the micro-region from which they develop, mullite crys-
als have varying shapes and sizes in the fired microstructure.
ure clay agglomerate relicts lead to fine cuboidal crystals
termed primary mullite since they form at the lowest tem-
eratures), whereas those regions in which feldspar particles
ere well mixed with kaolinitic clay or where feldspar has gone

hrough clay agglomerates form elongated needle-shaped crys-
als termed secondary mullite (since they form later in the firing
rocess). Cuboidal primary mullite crystals formed from pure
aolinite clay are surrounded by a highly viscous matrix. Mass
ransport for free growth of these crystals is limited and pri-

ary mullite shows a low aspect ratio (1–3:1). Mullite crystals
erived from feldspar-penetrated clay relicts find a less viscous

nvironment since feldspar develops a fluid liquid phase at low
emperatures. The growth of these crystals is easier, so they
chieve a high aspect ratio (3–10:1). Finally, mullite needles
ormed from areas of mixes of fine clay, feldspar and quartz

mailto:mromero@ietcc.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.002
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Table 1
Chemical composition of the as-mixed porcelain stoneware batch.

Oxide Wt.%

SiO2 66.88
Al2O3 20.49
Fe2O3 0.84
CaO 0.35
MgO 0.22
Na2O 0.91
K2O 4.89
TiO2 0.40
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how a very high aspect ratio (30–40:1) since they are surround-
ng by a more fluid liquid enriched in alkalis, which favours the
ast growth of crystals. Iqbal and Lee2,3 highlight that a new
otation, considering the aspect ratio, was necessary for mullite
rystals formed in porcelain materials. They suggest Type I for
uboidal low aspect (1–3:1) primary mullite, Type II for high
spect ratio (3–10:1) secondary mullite and Type III for very
igh aspect ratio (30–40:1) secondary mullite needles.

The main difference between porcelain and porcelain
toneware lies in their firing schedule, with lower heating rate in
orcelain (10 ◦C/min) than in porcelain stoneware (50 ◦C/min)
rocessing. Consequently, the microstructure evolution on fir-
ng should be different since both crystallized fraction and
hape of mullite crystals are very dependent on the heating
ate.4 The microstructural evolution regarding shape and size
rogress of mullite crystals on firing has been investigated in
aolin5–7 and triaxial porcelains.2,8,9 However, as for porcelain
toneware tiles, the literature on microstructural investigation is
imited to describing mainly porosity evolution10–16 or phases
ssemblages.17–18 To the author’s knowledge, a study concern-
ng aspect ratio changes in mullite crystals on heating has
ot been carried out in porcelain stoneware bodies. Such a
tudy is needed because enhanced strength and toughness have
een reported in porcelains containing increased amounts of
igh aspect ratio mullite crystals.19 A better knowledge of the
icrostructure on firing porcelain stoneware tiles will lead to the

ptimization of firing process and properties of end-products.
The aim of this paper is to examine the microstructural evolu-

ion in a conventional porcelain stoneware body, representative
f the industrial production, taking into consideration the aspect
atio changes of mullite crystals on firing.

. Materials and methods

Raw materials used in the present investigation were
aolinitic clay and feldspar (provided by Compañía Europea de
rcillas, S.A. and designed as AR-2097-G and FC-100 respec-

ively), and quartz sand (facilitated by IETcc, CSIC). Chemical
nd mineralogical compositions of all raw materials were given
n a previous paper.20 All the above materials were crushed,
round and finally powdered to <160 �m prior to further use.

A typical porcelain stoneware tile composition denoted PSW
as prepared by mixing 50% kaolinitic clay, 40% feldspar and
0% quartz. Batches (300 g each) were prepared by milling the
onstituents with distilled water (1:1) for 30 min, in a plane-
ary ball mill and using alumina balls as grinding media. The
lurry was oven-dried overnight at 110 ◦C, powdered in a porce-
ain mortar and pestle, and sieved to pass—100 mesh (150 �m).
able 1 collects the chemical composition of the as-mixed batch.

The resulting powder was moistened by spraying with dis-
illed water (6 wt.%) and uniaxially pressed at 40 MPa in a steel
ie. Discs of 20 mm diameter and 5 mm height were shaped
rom 3 g of powder. After drying in an oven at 110 ◦C the com-

acts were placed on alumina rollers in an electric furnace and
red between 400 and 1300 ◦C following two different heat-

ng schedules. Thus, samples fired at temperatures lower than
000 ◦C were heated from room temperature to the required fir-

t
t

fi

2O5 0.08
oss on ignition 4.94

ng temperature at 50 ◦C/min. On the other hand, samples firing
t temperatures higher than 1000 ◦C were heated from room
emperature to 1000 ◦C at 50 ◦C/min, and from 1000 ◦C to the
ring temperature at ∼20 ◦C/min. In all cases, after holding for
5 min at the maximum temperature, the samples were cooled
nside the furnace at 50 ◦C/min to room temperature.

Quantitative full-phase analyses of fired samples using
he Rietveld method and including amorphous content were
eported previously.21 Table 2 shows quantification of all phases
n samples fired from 1000 to 1400 ◦C.

Phase assemblages and microstructure of fired specimens
as examined by scanning electron microscopy (SEM) in a
hilips XPERT microscope using an accelerate voltage of 20 kV.
or analysis of phase assemblages and morphology, the fresh
racture surfaces were etched for 4 min in 15% HF solution,
ashed ultrasonically with distilled water and ethylic alcohol,
ried and subsequently Au–Pd coated in a Balzers SCD 050
putter. Secondary electron images (SEI) and backscattered elec-
ron images (BSI) were used for microstructural examination.
emi-quantitative analyses of different phases were obtained by
nergy dispersive X-ray spectroscopy (EDS) by using a Link
XL detector provided by a beryllium (Be) window.

. Results and discussion

Fig. 1 shows micrographs of PSW fired at 500 ◦C. The
ow magnification SEI shows a typical underfiring ceramic

icrostructure with high-interconnected porosity. At that tem-
erature, kaolinite transforms to metakaolinite by removing the
ydroxyl groups as observed by differential thermal analysis
DTA) and X-ray diffraction (XRD) in previous studies.20–23

he flaky nature typical of kaolin particles is not observed,
evertheless clay agglomerates could be distinguished by high
luminium peaks and lack of potassium peaks in their EDS
nalysis. EDS also allows differentiating feldspar particles with
igher potassium content, quartz grains with high silicon peaks
nd a fine matrix of clay, feldspar and quartz. All EDS spectra
how Au and Pd peaks, which are due to the Au–Pd coating
erformed to improve SEM observations. A similar microstruc-

ure is also observed in PSW bodies fired in the 800–1000 ◦C
emperature interval.

Microstructural changes start to be perceptible in PSW fast
red at 1100 ◦C (Fig. 2). At this temperature, two types of
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Table 2
Rietveld quantitative phase analysis results including amorphous content for porcelain stoneware body fired at different temperatures.

Temperature (◦C)

1000 1100 1200 1230 1260 1300 1400

Mullite – 3.6 12.2 14.4 14.5 14.0 13.7
Quartz 29.3 28.2 27.7 24.1 24.2 24.6 19.3
Feldspar 21.1 15.5 3.2 – – – –
Amorphous phase 44.2 52.8 56.9 61.5 61.2 61.4 67.0
Others 5.3 – – – – – –

Fig. 1. SEM/SE images of fresh fractured, etched PSW pellets fast fired at 500 ◦C. (a) Typical underfiring ceramic microstructure with high-interconnected porosity;
(b) clay agglomerate and quartz particle; (c) clay + feldspar agglomerates. EDS and semi-quantitative analysis of (d) clay agglomerates; (e) quartz grains and (f)
clay + feldspar agglomerates.
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Fig. 2. SEM/SE images of fresh fractured, etched PSW pellets fast fired at 1100 ◦C. (a) Q: quartz, C: pure clay relict, CF: clay–feldspar relicts and CM: ceramic
matrix; (b) pure clay relict; (c) quartz particle and (d) clay–feldspar relicts. EDS of (e) pure clay relict; (f) quartz particle and (g) clay–feldspar relicts.
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gglomerates are differentiated. Granular agglomerates com-
osed only by silica and alumina are commonly termed as pure
lay relicts and correspond to regions where pure clay was
ocated in the green body. Higher contrast agglomerates con-
ain alkaline elements (revealed by EDS). They correspond to
he so-called clay–feldspar relicts, because they are associated
ith clay relicts in which feldspar has penetrated. The edges
f quartz particles are rounded, indicating their partial dissolu-
ion in the incipient liquid phase formed at that temperature.20

ome of these quartz particles show micro-cracks, likely due
o both the � → � phase transformation of quartz crystals tak-
ng place at ∼573 ◦C during the heating–cooling process and to

he relaxation of micro-stresses originated between quartz grains
nd the surrounding glassy phase by the differences in their ther-
al expansion coefficients (� ∼ 23 × 10−6 ◦C−1 for quartz and
∼ 3 × 10−6 ◦C−1 for the glassy phases) in the 20–750 ◦C tem-

p
q
c
a

ig. 3. SEM/SE images of fresh fractured, etched PSW pellets fast fired at 1200 ◦C. (a)
ype II secondary mullite crystals adjacent to regions of Type I primary mullite and (
an Ceramic Society 30 (2010) 1599–1607 1603

erature interval.24 Quartz grains and different agglomerates are
urrounded by a ceramic matrix comprised of a mixture of fine
rains of quartz, feldspar and kaolinitic clay. Though Rietveld
nalysis allowed the quantification of a 3.6 wt.% of mullite phase
t 1100 ◦C (Table 2), its formation is not yet revealed by SEM,
ikely due to the small size of the first developed mullite crystals.

The microstructure of the PSW body fast fired at 1200 ◦C
Fig. 3) depicts the typical features of a well-fired ceramic body
n which all the physical transformations and chemical reac-
ions between the original raw materials have taken place. It is
learly observed the presence of many areas, which composition,
s determined by EDS analysis (Fig. 3b and d), is similar to the

otassium feldspar used in the PSW body composition. Rietveld
uantification at 1200 ◦C (Table 2) had shown lower feldspar
ontent (3.2%) and PSW is mainly composed by quartz, mullite
nd amorphous phase. Thus, such regions should correspond to

General microstructure; (b) A: amorphous regions; (c) mullite regions showing
d) EDS and semi-quantitative analysis of the glassy phase.
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body fired at 1200 ◦C. However, a clear evolution in both number
and size of Type II crystals is observed. More elongated mullite
crystals appear than at 1200 ◦C sample due to the viscosity of the
ig. 4. SEM images of fresh fractured, etched PSW pellets fast fired at 1230 ◦
ullite with aspect ratio from 5:1 to 20:1.

morphous regions. Furthermore, they show etch pits, which are
typical microstructural feature of etched glasses25 and hence,

hose regions are likely feldspar derived glassy phase. Mullite
ormation is evident at this temperature. Regions including mul-
ite crystals with two different morphologies are distinguished
n the SEI taken at 1200 ◦C (Fig. 3c). Small scaly mullite with
ize lower than 0.2 �m is Type I primary mullite derived from
ure clay relicts. These crystals show similar morphology to
hat found in early studies of mullite formation from thermal
ecomposition of pure kaolinite.5,26 Moreover, needle-like mul-
ite crystals showing an aspect ratio in the 5–7.5:1 interval
∼0.5–1.5 �m long and ∼0.1–0.2 �m wide) are also observed
orresponding to Type II secondary mullite formed from regions
n which feldspar has penetrated clay agglomerates. At 1200 ◦C
he feldspar component has been significantly reduced (3.2%)
y forming a liquid phase and mullite crystals newly developed
n those regions are in a surrounding media with lower viscos-
ty than that around pure clay agglomerates. As a consequence,
he growth of mullite crystals through a diffusion mechanism
s favoured.2 It is important to note that Type I scaly mullite
rystals are usually adjacent to regions of Type II needle crys-
als. This suggests that primary mullite crystals formed at the
xternal surface of pure clay agglomerates could grow out and
ransform into secondary mullite crystals if they are near a lower
iscosity matrix. This result is in agreement with Lundin27 who
uggested that mullite in the clay relicts serves as seed for the
rystallization of mullite needles in the feldspar relicts.

At 1230 ◦C feldspar has totally decomposed and the PSW

ody is just comprised simply of mullite crystals, quartz grains
nd a glassy phase. The microstructure (Fig. 4) of the fast fired
ody is composed, as at 1200 ◦C, of quartz grains in a matrix
omprised of primary Type I and secondary Type II mullite crys-

F
1
I

) SE image of Type I primary mullite and (b) BS image of Type II secondary

als. Primary mullite crystals are similar to those in the PSW
ig. 5. SEM/BS images of fresh fractured, etched PSW pellets fast fired at
250 ◦C. (a) Type I primary mullite and Type III secondary mullite and (b) Type
I secondary mullite and clusters of Type III secondary mullite needles.
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atrix in which secondary crystals grow. Viscosity is related to
oth nucleation and crystal growth rate.28–29 The higher the fir-
ng temperature the more fluid is the liquid phase formed and the
rowth of needle-like crystals throughout their longitudinal axis
s favoured in such way that mullite crystals show similar width
o those developed at lower temperature but greater length (up
o ∼4 �m), and consequently their aspect ratio increases up to

aximum values of ∼20:1. This result suggests that the increase
n mullite percentage determined by Rietveld method (Table 2)
s mainly due to the increase in secondary Type II mullite for-

ation. As for quartz particles, micro-cracks are only observed

nside grains larger than >30 �m, which indicates that cracking
s associated with the particle size.30 Small quartz grains in the
eramic matrix can be clearly identified in BSI by their surround-

n
b
i

ig. 6. SEM/SE images of fresh fractured, etched PSW pellets fast fired in the 1260–1
b) clusters of Type III secondary mullite needles in samples fired at 1270 ◦C; (c and
an Ceramic Society 30 (2010) 1599–1607 1605

ng dark rim commonly termed as amorphous silica solution rim
rom dissolution of quartz grain edges.31

Greater longitudinal growth of mullite crystals is still
bserved in PSW bodies fast fired at 1250 ◦C (Fig. 5). Together
ith Type I and Type II crystals, mullite needles reaching lengths
p to ∼6–8 �m and aspect ratio in the ∼33–44:1 interval, are
ormed. They correspond to secondary Type III mullite crys-
als derived from the ceramic matrix, which is the region with
he lower viscosity because it is comprised of a homogeneous

ixture of small size particles of quartz, feldspar and clay.
esides the former mullite crystals, at 1250 ◦C even larger

eedles start to appear, which show a considerable growth in
oth longitudinal and axial axes, reaching lengths and widths
n the ∼18–22 �m and ∼1–1.5 �m interval respectively. Thus,

280 ◦C interval. (a) Type II secondary mullite crystals in PSW fired at 1260 ◦C;
d) Type I primary and Type III secondary mullite in PSW fired at 1280 ◦C.
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ig. 7. SEM images of fresh fractured, etched PSW pellets fast fired in the 130
nd (b) BS image of Type I primary and Type III secondary mullite in samples

he aspect ratio of these needles is in the ∼15–18:1 range. By
onsidering the notation proposed by Iqbal and Lee31 these
rystals could not be considered as secondary Type III mul-
ite (30–40:1 aspect ratio) neither as Type II mullite because of
heir length. A detailed observation of this growth suggests that
he crystals are comprised of several needles of lower width.
t appears that secondary Type III mullite fibres, with aspect
atio >30:1, join together and give rise to clusters or packs
f needles. A similar morphology has been described in triax-
al porcelains with partial substitution of fly ash by quartz32

ut it has not been described before in porcelain stoneware
iles. Although Rietveld quantification had shown no changes
n the percentage of mullite phase in the 1230–1260 ◦C temper-
ture interval, the microstructural study by SEM clearly shows
hat mullite crystals are experiencing important morphological
hanges.

PSW bodies fast fired in the 1260–1280 ◦C temperature inter-
al (Fig. 6) show similar microstructure to that depicted by
amples fired at 1250 ◦C. The different crystals of mullite (Type
, Type II and Type III) as well as the packing of Type III nee-
les are clearly distinguished and the main change in the body
icrostructure results from the different percentages of mullite

rystals with temperature. Thus, higher firing temperatures lead
o an increase in the development of secondary Type II and Type
II needles and the formation of scaly primary Type I mullite
imultaneously decreases.

Finally, PSW bodies fast fired in the 1300–1400 ◦C interval
Fig. 7) show an important increase in the glassy phase content.
t such temperatures, secondary Type III mullite crystals are still

ormed and their length increases and reaches and aspect ratio of

0:1. Nevertheless, clusters of Type III needles observed at lower
emperatures are not longer observed. Regarding primary Type
mullite formation, an increase in the size of scaly crystals is
bserved, reaching ∼0.6 �m long and ∼0.2 �m wide at 1400 ◦C.

•

0 ◦C interval. (a) SE image of Type I primary mullite in PSW fired at 1300 ◦C
t 1400 ◦C.

hus, these crystals show an aspect ratio of 3:1, which is the limit
etween Type I and Type II crystals.31

. Conclusions

A mixture of 50% kaolinitic clay, 40% feldspar and 10%
uartz was selected as a representative composition of commer-
ial porcelain stoneware (PSW) tiles produced via a fast-firing
rocess. PSW samples fired in the 500–1000 ◦C interval show
typical underfired ceramic microstructure comprised of clay

gglomerates, feldspar particles, quartz grains and a fine matrix
f clay, feldspar and quartz. At 1100 ◦C mullite formation is not
et detected by SEM and the microstructure consists of pure clay
elicts, clay–feldspar relicts and quartz particles, agglomerated
n a surrounding ceramic matrix.

Mullite development is evident in PSW body fast fired from
200 ◦C. After examining the changes in their morphology, the
ollowing conclusions can be made:

Type I primary mullite comprised of small scaly crystals
(0.2–0.6 �m long and ∼0.2 �m wide), is developed in the
1200–1400 ◦C interval. The proportion of Type I crystals
decreases with firing temperature and simultaneously, the
size of crystals increases, reaching an aspect ratio of 3:1 at
1400 ◦C, which is the limit between Type I and II crystals.
Type II secondary mullite consists of needle-like crystals, and
is formed in the 1200–1400 ◦C interval. Higher firing temper-
atures lead to an increase in both the number and length of
Type II crystals, and the aspect ratio increases from the min-
imum value of 5:1 at 1200 ◦C to a maximum value of ∼20:1

in the 1260–1400 ◦C interval.
Type III mullite crystals, derived from the lower viscosity
ceramic matrix, are developed in the 1250–1400 ◦C. As in
Type II, the proportion and length of Type III crystals increase
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with increasing temperatures, and the aspect ratio rises from
∼33:1 at 1250 ◦C to a value of 50:1 in the 1300–1400 ◦C
interval.
The spatial arrangement of Type I and Type II crystals sug-
gests that primary mullite crystals formed at the external
surface of pure clay agglomerates could grow out and trans-
form into secondary mullite crystals if they are near a lower
viscosity environment.
Clusters or packs of Type III mullite fibres are observed in the
1250–1280 ◦C interval.

cknowledgements

This research was supported by the Spanish Science and
echnology Ministry (Projects MAT2000-1422 and MAT2003-
915). The authors gratefully acknowledge Compañía Europea
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