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Abstract

Porcelainized stoneware represents a leading product in the world market of ceramic tiles, thanks to its relevant bending strength (with respect
to other classes of tiles) and extremely low water absorption: these properties derive from its really low content of residual porosity. Nevertheless,
an accurate investigation of the cross section of a porcelainized stoneware tile reveals a non-uniform distribution of the residual pores through the
thickness, which results in a spatial gradient of properties. Porcelainized stoneware, therefore, may be looked at as a functionally graded material.
In the present research, commercial porcelainized stonewares were analysed in order to define the effect of the residual porosity and its spatial
distribution on the mechanical properties of tiles. Polished cross sections of porcelainized stoneware tiles were investigated by optical and scanning
electron microscopy in order to define the content and distribution of residual pores as a function of distance from the working surface. For each
porcelainized stoneware, the local elastic properties of the ceramic matrix were measured by a depth-sensing Vickers micro-indentation technique,
then the so-obtained microstructural images and elastic properties were used to model the stoneware tile mechanical properties. In particular, the
cross section of each tile was described as a multi-layered system, each layer of which was considered as a composite material formed by a ceramic
matrix and residual pores. The elastic properties of each layer were predicted by applying analytical equations derived from the theory of composite
materials and, as a new approach, by performing microstructure-based finite element simulations. In order to validate the proposed multi-layered
model and identify the most reliable predictive technique, the numerical results were compared with experimental data obtained by a resonance-
based method.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays porcelainized stoneware tiles are successfully
used in several building applications, both indoor and outdoor,
due to their physical-mechanical performances (such as high
compactness, good flexural strength, wear resistance and
surface hardness), coupled with interesting aesthetic properties
[1]. These performances are directly correlated to the
microstructure constituted by a rather dense material in which
crystals of quartz and mullite are dispersed in a large amount of
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glassy matrix. In fact the maximum temperature reached during
firing, 1210-1230 °C, accomplishes the sintering and sig-
nificantly reduces the total porosity.

Even if these tiles exhibit a negligible water absorption
(usually lower than 0.5%: group Bla of ISO 13006 [2]), which
is due to a near-zero open porosity [3,4], they retain a noticeable
closed porosity, reaching also values as high as 6.0% [5]. On the
basis of these observations, porcelainized stoneware is a
ceramic body constituted by a material core characterised by a
not negligible porosity, completely surrounded by a thin and
almost impervious surface layer. This non-homogeneity can be
easily detected after polishing [6] and/or analysing by light
microscopy the cross section of suitable specimens polished to
mirror like.

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2007.10.015


mailto:sola.antonella@unimore.it
http://dx.doi.org/10.1016/j.ceramint.2007.10.015

206 V. Cannillo et al./Ceramics International 35 (2009) 205-211

Even if the relation between porosity and elastic properties
was intensively investigated in the past [7-10], until now very
little attention was addressed to the dependence of the
mechanical behaviour of ceramic tiles on the porosity content
and spatial distribution; in particular, little scientific attention
was paid to porcelain stoneware tile properties [4]. The present
work investigates the effect of the residual porosity on the
elastic properties of commercial porcelainized stoneware tiles,
by applying a multi-layered model inspired by the research field
of functionally graded materials.

2. Materials and methods
2.1. The multi-layered model

In order to evaluate the effect of the total residual porosity
and its distribution on the material behaviour and to apply the
multi-layered model, the following hypotheses were set:

e The porosity content is uniform in each plane parallel to the
working surface; in other words, it only depends on the
distance from the external surfaces. This assumption is based
on the geometry of tiles, which is substantially planar.
Moreover, the typical processing of porcelainized tiles
mainly consists of two steps: (i) uniaxial pressing of the
pre-mixed spray-dried raw materials and (ii) a very fast firing
cycle, during which the heat exchange mainly occurs through
(and perpendicular to) the back and the working surfaces
[11].

e The porcelainized stoneware may be regarded as a biphasic
composite material, in which the residual porosity is
dispersed in a ceramic matrix.

e The ceramic matrix is assumed to be uniform. As a matter of
fact, the final product consists of a glassy matrix with a
feldspathic nature, containing crystalline phases such as
quartz and mullite [3,4]. In the present research, however, the
matrix is modelled as a homogeneous ceramic material,
disregarding chemical and mineralogical variations, in order
to stress the role of porosity on the porcelainized stoneware
performances.

Based on these assumptions, a porcelainized stoneware tile
may be considered as a unidirectional functionally graded
material, since the volume fractions of the constituent phases —
the dispersed residual pores and the continuous ceramic matrix
— vary as a function of thickness, i.e. distance from the working
surface [12]. In order to simplify the analysis, the material is
modelled as a multi-layered system, or a stack of perfectly
bonded sub-layers, each is described as a uniform composite
material. In the multi-layered approach, therefore, a step-wise
compositional change approximates the actual continuous
variation. The main advantage of the multi-layered approach is
that each sub-layer may be investigated as a traditional
composite material and constitutive laws may be used to predict
its properties [12]. It is worth noting that the multi-layered
model is effective only if the thickness of each sub-layer is
greater than the characteristic microstructural unit size (e.g.

Table 1
Chemical composition of the tested samples (wt.%)
PS1 PS2

Na,O 5.20 2.99
MgO 0.58 0.83
Al,O3 19.55 19.28
SiO, 70.13 72.44
K,0 243 2.84
CaO 0.73 0.61
TiO, 0.94 0.52
Fe,03 0.44 0.49

Table 2
Quantitative mineralogical composition of the tested samples (wt.%)
PS1 PS2

Quartz 242 +£0.2 142+£0.2
Mullite 42+04 44405
Plagioclase - 41+04
Zircon - 34+£0.1
Glassy phase 71.6 £ 1.1 739+ 1.7

average pore size [12,13]). However the number of layers
should be high enough to provide a reliable description of the
gradient of properties in the analysed system.

2.2. Materials

In the present work two industrial porcelainized stonewares,
PS1 and PS2, were investigated. Their chemical and miner-
alogical compositions are shown in Tables 1 and 2, respectively.
The chemical analyses were performed by microanalysis SEM-
EDS (Zeiss EVO 40, D and Inca, Oxford Instruments, UK) and
the quantitative mineralogical compositions were determined
by X-ray diffraction analysis (PW3830, Philips, NL). Powdered
specimens, diluted with 10 wt.% of corundum NIST 676 as
internal standard, were side loaded to minimize preferred
orientation. Data were collected in the angular range 10-80° 26
with steps of 0.02° and 5 s/step and the Rietveld refinements
were performed using GSAS [14].

For each material, the tile was ideally subdivided into 12
layers. The thickness of the first layer was set to 50 wm, in order

e

A

(total thickness - 50 tum) 50um
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A

Fig. 1. Schematic drawing of the multi-layered model used to describe a
porcelainized stoneware tile.
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to account for the near-zero superficial open porosity; instead,
the remaining eleven layers had the same thickness (about
700 wm each), as schematically shown in Fig. 1.

2.3. Porosity evaluation

In order to evaluate the pore amount as a function of
distance from the working surface, optical microscope
images were considered. For both materials, polished cross
sections were observed with an optical microscope and the
objective 10x was used to collect at least five images for
each layer; the contrast was purposely enhanced to reveal the
pores. The area occupied by the pores was quantified by
means of image analysis software (UTHSCSA Image Tool);
the average porosity was successively calculated within each
layer.

Then, for each layer, a representative image acquired by the
optical microscope was chosen and used for subsequent
elaboration. In particular, for each layer, the porosity calculated
in the selected picture was as close as possible to the average
porosity of the respective layer (Fig. 2).

2.4. Elastic properties evaluation

With the aim of estimating the elastic properties as a
function of depth, three different equations relating Young’s
modulus with porosity were applied to the twelve representa-
tive microstructural images (acquired by optical microscope) of
each porcelainized stoneware.
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Fig. 2. Average porosity as a function of distance from the working surface and
porosity of the representative images (used to evaluate the elastic properties) in
PS1 (a) and PS2 (b).

The Voigt equation corresponds to an upper bound [7].
Though originally developed for the shear and bulk moduli [7],
itis quite often applied directly to the Young’s modulus [15,16].
Since the system in question here is a biphasic composite
material and the void phase shows zero properties from a
mechanical point of view [7,8], the Voigt equation reduces to
the relation:

Ey = E(1 - p) ey

where Ev is the tensile modulus of the porous material, Ey, is the
tensile modulus of the pore-free matrix and p is the porosity
(expressed as a fraction).

The Hashin—Shtrikman (HS) relations represent accurate
bounds for the elastic (specifically, bulk and shear) moduli of
macroscopically isotropic biphasic composites [7]. If the pores
are one of the two constituent phases, the HS lower bounds
degenerate to zero, while the HS upper bounds are described by
the following relations [7]:

GHS ]5K0+20Go
TE_1-p )
Go 9Ko+8Go + (6 Ko+ 12Go) p
K 3Ky +4G

HS _ 0 +4Go 3)
Ky 3K0p+4G0

where Gys and Kyg are the predicted upper bounds for the shear
and the bulk moduli of the porous material, Gy and K, are the
elastic moduli of the matrix and, as previously set, p is the
porosity. The respective bound for the Young’s modulus E; of
the porous material can be inferred by the expression [7]:

9Kwus Gus

Epg = —— 1S 7HS
HS = 3K hs + Gus

“4)

The Spriggs equation [8], or exponential equation (5), is
widely used to predict the Young’s modulus of porous biphasic
systems [8,10]:

Es = Ege™"r (5)

being Es the predicted Young’s modulus of the porous material,
E, the elastic modulus of the pore-free matrix and b an
empirical constant, which should be calculated by fitting
experimental data. As a matter of fact, the constant b depends
on the fabrication technique and, according to Spriggs [9],
perhaps on the type of material and measurement technique.
However, for porcelainized materials having a pore size smaller
than 80 pm, a value of 2.96 may be used for the parameter b [8].

Besides the analytical equations, the elastic modulus of the
porcelainized stoneware tile was evaluated as a function of the
distance from the working surface by means of a computational
approach. The simulations were performed by using OOF
(Object-Oriented Finite element method) [17,18], a software
which is able to apply the finite element method (FEM) at the
microscale. In fact, it can read digitalized images of the real
microstructure and assign materials properties to features in the
picture. The image is directly mapped onto a two-dimensional
finite element mesh and used to perform virtual experiments.
Since the computer simulations are based on actual micro-
structure and materials properties, OOF can be used to
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Fig. 3. Example of a microstructure-based finite element mesh referring to a
detail of the first layer in PS1: microstructural image (a) and respective grid (b).
In light gray: ceramic matrix; in dark gray: pores.

investigate the relationship existing between microscopic
geometry and overall microscopic performances. Thanks to
its flexibility, this code can be used to study also complicated
systems, such as composites and functionally graded materials
and several aspect of materials behaviour can be considered:
elastic properties, fracture mechanics, thermal conductivity,
and piezoelectricity [19-35].

For both PS1 and PS2, OOF was applied to the twelve
selected pictures of the tile cross section, which were mapped
onto 2D finite element meshes, as shown in Fig. 3. A constant
number (96,000) of triangular elements was used for
comparison purposes. In order to evaluate the elastic properties,
a tensile test was simulated on each mesh. A fixed strain was
imposed along the ““y” direction (parallel to the tile thickness)
to obtain E|, and the virtual test was repeated applying a strain
along the “x” direction (parallel to the working surface) to
evaluate E,. The input data (properties of the constituent
phases) are listed in Table 3.

In particular, the elastic modulus of the pore-free ceramic
phase (also used as E in the analytical equations) was obtained
via a depth-sensing Vickers micro-indentation technique. The
indentation method basically consists of two steps. In the first
step, the indenter tip (a Vickers one in the present research)
penetrates into the material while the applied load is
progressively increased to its maximum value. In the second
step, the load is removed and the indenter is moved upward. Both
the loading and the unloading rates are constant. During the two
steps of the indentation, the applied load and the corresponding
penetration depth are registered. Even if during the indentation
the material behaviour depends on both its elastic and plastic
properties, a proper analysis of the unloading part of the load—

Table 3
Main mechanical properties of the constituent phases

Young’s modulus (GPa) Poisson’s coefficient

PS1, matrix 102 £8 0.23 [9]
PS2, matrix 934+9 0.23 [9]
Pores 0 0
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Fig. 4. Young’s modulus as a function of distance from the working surface as
measured by depth-sensing micro-indentation in PS1 (a) and PS2 (b).

displacement curve, which represents the relaxation of the elastic
deformation, makes it possible to evaluate the elastic modulus of
the material [36]. Various methods have been proposed to
analyse the unloading curve [36], but the one proposed by Oliver
and Pharr [37] is the most frequently used, since it describes the
first portion of the unloading curve by a relatively simple power
law equation and usually gives reliable results [37]. In the present
investigation, for both porcelainized stonewares, a set of
indentions was carried out on the tile cross section (at least
five valid indentations within each layer; maximum applied load:
1 N; loading/unloading rate: 2 N/min) and, for each indentation,
the elastic modulus was deduced from the load—depth curve by
the Oliver—Pharr method [37]. As shown in Fig. 4, the average
elastic modulus was calculated within each layer but it was not
possible to observe a significant correlation between elastic
modulus and depth (“y” coordinate). Since the indentations were
performed on pore-free areas and the measured elastic modulus
did not depend on depth, the homogeneity of the matrix was
confirmed (at least from a mechanical point of view) and the
collected values could be used to evaluate, through the thickness,
the average elastic modulus of the pore-free ceramic matrix.

For each porcelainized stoneware the overall elastic
modulus (porosity included) was experimentally measured
via a resonance-based technique (EMOD, Lemmens Grindo-
sonic® MKS5) on at least 5 bars (70 mm X 22 mm X 8 mm).
The result could be considered as the elastic modulus of the
system (matrix + pores).

Even if the analytical equations and the microstructure-
based finite element simulations were applied to the optical
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Fig. 5. Comparison between the elastic properties predicted by the FE simulation (X direction: E,; “Y” direction: E,), the analytical values (Voigt equation: E-V;
HS equation: E-HS; Spriggs equation: E-SP) and the EMOD measure (EMOD) in PS1 (a) and PS2 (b).

microscope images, the microstructural features of the samples
were also analysed by SEM (Zeiss EVO 40, D).

3. Results and discussion

The elastic modulus of the (pore-free) ceramic matrix of the
two porcelainized stonewares, as measured by the depth-
sensing micro-indentation technique, did not depend on the
distance from the working surface, as shown in Fig. 4, and its
average value was 102 + 8 GPa for PS1 and 93 + 9 GPa for
PS2, as listed in Table 3.

The results of the analytical predictions, as well as the
computational simulations, are shown in Fig. 5. The Young’s
modulus measured by the resonance-based technique, i.e.
69.4 + 1.7 GPa for PS1 and 73.1 & 0.5 GPa for PS2, can be
assumed as a benchmark and it is also indicated in Fig. 5.
However, this is just an indicative value, since it represents
an average elastic modulus of the porcelainized stoneware
through the thickness and it does not provide any information
about the change of the elastic properties in the volume.

The values in Table 3 and the results in Fig. 5 suggest that it is
extremely important to account for the effect of porosity on the
mechanical properties of porcelainized stoneware tiles, since

pores may significantly reduce the overall elastic modulus with
respect to the pore-free ceramic matrix. For example, if
compared to PS2, PS1 shows a lower overall Young’s modulus
as measured via the resonance-based technique, even if the
Young’s modulus of its pore-free ceramic matrix is higher than
that of PS2. The main reason is that the residual porosity is more
abundant in PS1 than in PS2, as shown in Fig. 2.

The Voigt equation implies a linear dependence of the
Young’s modulus on porosity: the higher the porosity, the lower
the elastic modulus. As a consequence, a parallel can be drawn
between the system composition and the elastic properties. In
particular, in the multi-layered systems considered here, the
highest modulus is achieved in the first layer, because it is
particularly compact, while the lowest values are calculated in
the second (PS1) and the eleventh (PS1 and PS2) layers, where
the porosity is particularly abundant. All the values obtained by
the Voigt equation, however, are significantly higher than the
experimental information obtained by the resonance-based
method, but it should be underlined that the Voigt relation
provides an upper bound and not strictly a prediction.

The HS estimates are nearly coincident with the Voigt ones
and therefore they also overestimate the Young’s modulus of
the porcelainized stonewares. As a matter of fact, the HS can be
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regarded as really accurate bounds which, in the case of porous
materials, give an upper limit for the elastic moduli. Moreover,
the HS bounds apply to the shear modulus and to the bulk
modulus; as a consequence, the corresponding value of the
tensile modulus has to be indirectly deduced from additional
calculations [7].

As regards the Spriggs relation, Pabst et al. [7] have recently
stated that it violates the HS upper bound and it does not satisfy
the boundary condition E (composite) = 0 for a porosity p = 1.
Nonetheless, Pickup [8] has remarked that it is unlikely that a
single equation would work properly on the entire range of
porosity (0—1). Since the porosity of the systems considered here
does not exceed 9 vol% (i.e. p < 0.09), it is reasonable that the
exponential equation will hold. As shown in Fig. 5, the Spriggs
equation emphasizes the effect of porosity on elastic properties;
moreover, the values predicted by the exponential relation are
significantly lower than the Voigt and the HS ones, giving a more
realistic estimation of the elastic profile along the tile thickness.

Fig. 5 suggests that a parallel may be drawn between the values
predicted by the computational simulations and those calculated
by the Spriggs equation; nevertheless, the FEM-based estimates
are much closer to the experimental (resonance-based method)
value. In fact, the exponential equation (as well as the Voigt
relation and the HS bounds) only deals with the porosity volume
fraction and it does not include any information about the pore
shape [7]. The microscale modeling, instead, relies on
microstructural images and hence it takes into account the
actual shape, dimension and distribution of the constituent

100 Mag- 1.82KX WD=220mm EHT = 26.00kV Photo No. = 1517

Fig. 6. SEM micrographs: (a) BEI image of polished surface of sample PS2; (b)
SEI image of fractured surface in PS1, the arrows point elongated micro-flaws.

phases. Moreover, unlike the previously described analytical
equations, the finite element analysis makes it possible to study
the elastic properties along different directions, by simulating
tensile tests along different axes. However, as shown in Fig. 5, if a
fixed distance from the working surface is considered, both the
porcelainized stonewares do not exhibit different behaviours
along the relevant directions considered here, i.e. the tile
thickness direction y (Ey) and the in-plane direction x parallel to
the working surface (E,). In other words, the simulations show
that, within each layer, the mechanical behaviour is substantially
isotropic (E, comparable to E\). This appears reasonable, since
the microstructural inspection did not reveal any preferential
orientation of the residual pores and other microstructural
features within each layer. However the computational simula-
tions confirm that both E, and E, vary as a function of depth, as a
result of the pore distribution.

Even if the computational simulations are more reliable than
the analytical equations, the FEM results still overestimate the
experimental data (resonance-based method). The reason for this
discrepancy may be the use of 2D images to model a 3D system.
In fact the image analysis of planar sections is advantageous due
to its easiness, but it furnishes indirect information on three-
dimensional real microstructures [7,33]. Moreover, a micro-
scope-acquired image is an approximation to the real micro-
structure and the built mesh, in its turn, is an approximation to the
image [18]. In addition, the present computational simulation
was based on images obtained by optical microscope that, having
lower resolution and lower depth of field than SEM, is able to
give less detailed but more significant information on the residual
porosity on a wide range of pore size, down to 10 pm. However
the model cannot include those local micro-defects and
heterogeneities that, due to their thinness, are hardly detected
without the help of scanning electron microscope investigation.
InFig. 6, some of these peculiarities are reported. In particular, in
Fig. 6a, the BEI image of the polished surface of PS2 allows to
evaluate the chemical heterogeneity of the ceramic matrix,
including, for this material, also zircon (light particles) and
quartz (gray particles) dispersed in an apparently homogeneous
glassy phase. While the SEM analysis of the fracture surfaces
(Fig. 6b) of the tested samples revealed a widespread presence of
very thin elongated micro-flaws.

However it should be underlined that the analytical
equations and, even more, the computational simulations
based on the multi-layered model are extremely useful, since
they enable to appreciate the variation of the elastic modulus as
a function of the distance from the working surface inside the
stoneware porcelainized tiles. This functional gradient, instead,
cannot be revealed by traditional experimental techniques —
such as the resonance-based method — which evaluate the
average properties of the body.

4. Conclusions

As a result of the fast-firing cycles used in industrial
production, porcelainized stoneware tiles may retain a not
negligible residual porosity, whose distribution is not uniform
through the thickness. In order to account for the dependence of
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porosity on depth, a porcelainized stoneware tile can be
regarded as a functionally graded material and hence it can be
modelled as a multi-layered system. After evaluating the pores
volume fraction as a function of the distance from the working
surface, the effect of porosity on elastic properties can be
appreciated by applying proper analytical equations within
each layer of the material model. The Voigt equation and the
Hashin—Shtrikman ones provide useful upper bounds for the
elastic modulus, but a more reliable prediction can be obtained
by applying the Spriggs (or exponential) equation. Nonetheless,
a more accurate approach is represented by the computational
simulation of the stoneware tile, which relies on the application
of the finite element method to real microstructural images. The
simulations confirm that the porosity distribution along the tile
thickness results in a spatial variation of elastic properties,
which cannot be revealed by traditional experimental methods
such as flexural tests and resonance-based techniques.
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