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ABSTRACT

The objective of the present study was to analyse the relation between porcelain tile starting 
composition and tile microstructure and mechanical properties. Seven starting mixtures were 
prepared for this purpose, using experimental design in the quartz-kaolin-sodium feldspar 
ternary diagram, varying each constituent in a range of 30% by weight (quartz: 10–40%; 
kaolin: 20–50%; sodium feldspar: 40–70%). It was sought to reproduce industrial processing 
conditions in the laboratory as faithfully as possible. The firing temperature used was the 
maximum densification temperature. The mechanical behaviour of the pieces was evaluated by 
determining their bending strength and toughness.

In regard to the starting composition, it was verified that the presence of kaolinite 
increased green density significantly up to kaolinite contents of 30%; at higher percentages the 
particles were able to interconnect with each other. The internal porosity of the sintered pieces 
hardly changed as a function of the composition in the studied ranges; however, the porosity 
of the polished product increased as the quartz content was raised, owing to quartz grain 
detachment during polishing. 

In regard to mechanical properties, mechanical strength was found to increase as the 
quartz content rose. These results confirm the strengthening role that quartz particles have 
on the glassy matrix. On the basis of linear elastic fracture mechanics, this trend may be 
attributed to the variation undergone by toughness and natural flaw size. In the compositional 
range analysed, toughness increased when either quartz content or feldspar content rose in 
the starting composition. However, compositions with excessive albite content gave rise to 
pieces with high residual albite content, which led to a notable increase in natural flaw size 
and, hence, to a reduction in mechanical strength. When the kaolin content in the starting 
composition increased, the glassy matrix became richer in kaolinite glass, which adversely 
affected mechanical strength. 
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1. INTRODUCTION

Porcelain tile is a high-performance ceramic tile, basically formulated from 
a triaxial mixture of clay material, quartz, and feldspar. The clay material favours 
forming, since it contributes plasticity and dry mechanical strength, and gives rise 
to mullite and glassy phase formation during firing. The feldspar forms glassy phase 
at low temperature and encourages the sintering process, which allows attainment of 
practically zero apparent porosity (<0,5%) and a low level of closed porosity (3–7%). The 
quartz contributes to thermal and dimensional stability, since it is the constituent with 
the highest melting temperature.[1-5]

Industrial porcelain tile processing essentially comprises three stages: (1) 
preparation of the mixture by wet milling and homogenising the raw materials 
followed by spray drying of the resulting suspension; (2) forming by pressing the 
spray-dried powder with moisture content of 5–7 % at a pressing pressure of 40–50 
MPa; (3) firing, in a cold-to-cold rapid cycle of 40–60 min. and peak temperature of 
1180–1220 ºC, defined as a function of the maximum densification obtained. 

The most recent research work[6-9] notes the need to increase the knowledge of 
the relation existing between the starting composition, composition processing, and 
the microstructure of the sintered pieces, with a view to optimising porcelain tile 
properties. The present study has been undertaken with that aim, in regard to the 
mechanical properties. The compositions were developed according to the triaxial 
mixture (kaolin-quartz-feldspar) design method. First, porcelain tile microstructure 
and the phases in the fired product were characterised. The influence of porcelain tile 
composition on the mechanical properties of the end product was analysed, evaluated 
on the basis of linear elastic fracture mechanics.

2.  BASIC THEORETICAL CONCEPTS

2.1.  LINEAR ELASTIC FRACTURE MECHANICS

In accordance with linear elastic fracture mechanics, the mechanical strength of 
a material is mathematically defined by the Irwin equation, Eq. (1):

(1)           

where: K Ic , fracture toughness; a, natural flaw size; Y, fracture mechanics 
calibration factor. 

According to this equation, the mechanical strength of a ceramic material is 
controlled and can be characterised by two factors: toughness and natural flaw size. In 
practice, mechanical strength and toughness are generally determined by independent 
mechanical tests, and the natural flaw size is then calculated from Eq. (1) as a fitting 
parameter.
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2.2. MECHANICAL REINFORCEMENT MECHANISMS IN TRIAXIAL 
PORCELAINS

Although the reinforcement mechanisms in triaxial porcelains[10-14] have 
historically generated a certain controversy in the literature, the existence of three 
principal mechanisms is widely accepted: interconnection of acicular mullite crystals; 
dispersion of crystalline phases that limit the natural flaw size and cause the fracture 
to deviate; and strengthening of the matrix associated with the difference between the 
coefficients of linear thermal expansion of the matrix and of the dispersed crystalline 
phases (mainly quartz). Given the similarity with porcelains, these reinforcement 
mechanisms can also be applied to porcelain tile[6].

The mineralogical and chemical composition of the product and the characteristics 
of the manufacturing processes determine which of these mechanisms predominates. 
However, they usually act simultaneously, making it difficult to establish categorically 
which contributes most. In addition to these factors, the negative effect of porosity on 
porcelain tile mechanical behaviour has also been widely documented [6,10,17-20].

3. EXPERIMENTAL PROCEDURE

3.1. MATERIALS USED

To conduct the present research, high-purity raw materials were chosen with a 
view to avoiding the possible interaction of contaminants. Super Standard Porcelain 
kaolin (Imerys), quartz SE100 (Sibelco), and a floated sodium feldspar (Kaltun) were 
used, respectively, as a source of kaolinite, quartz, and albite. The mineralogical and 
chemical compositions of these raw materials are detailed in Table I. Figure 1 presents 
their particle size distributions. It may be observed that the kaolin has a great colloidal 
fraction, which allows it to contribute plasticity to the mixtures. The quartz and 
feldspar display practically the same particle size distribution, which resembles the 
distributions used in industrial practice[7].

Kaolin Quartz Feldspar

SiO2 47 98,9 68

Al2O3 38 0,51 19,2

Na2O 0,15 0,01 10,9

K2O 0,80 0,06 0,23

CaO 0,10 0,03 1,1

Others 0,64 0,11 0,34

LOI 13,0 0,27 0,14

Kaolinite 93 1 0

Albite 1 0 91

Quartz 1 98 6

Others 5 1 3

Table I. Chemical and mineralogical composition of the materials used (% weight).
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3.2. TRIAXIAL MIXTURE DESIGN

Seven different compositions were prepared using the triaxial mixture (kaolin-
quartz-feldspar) design method. This method, whose usefulness has been recently 
verified[20], allows systematic determination of the possible interactions between the 
constituents as well as the role of each constituent in the development of the properties 
of interest. Its principle is based on the statistical determination of constant property 
lines as a function of the composition within a region of interest, in which some points 
are experimentally measured. As a porcelain tile composition is involved, only a part 
of the compositions diagram can be exploited owing to the characteristics of the end 
product and processing constraints. The raw materials were proportioned to obtain 
mixtures with a major mineralogical composition in kaolinite, quartz, and albite, 
as indicated in Figure 2. Industrial compositions are located approximately around 
mixture C7, so that this composition, together with the other compositions, fully 
encompasses the range found in industrial practice. Figure 2 shows the experimental 
region studied and the location of the mixtures in relation to the entire compositions 
diagram. When smaller regions in the entire diagram are studied, the vertices of 
those regions are termed the pseudocomponents of the diagram. The vertices of the 
compositions with the largest quartz (C1), kaolinite (C2), and albite (C3) contents have 
therefore been termed pseudo-quartz (P-Quartz), pseudo-kaolinite (P-Kaolinite), and 
pseudo-albite (P-Albite), respectively. The triaxial diagrams have been prepared with 
StatSoft-STATÍSTICA version 5.5 software.

Figure 1. Particle size distribution of the materials used
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3.3. PREPARATION OF THE TEST PIECES

With a view to reproducing industrial processing conditions in the laboratory as 
faithfully as possible, the mixtures were wet milled and homogenised for 45 min. and 
then spray dried. The suspensions were prepared with a solids content of approximately 
65% by weight, and deflocculated with a polymer dispersant. Test pieces of 80x20x7 
mm were formed by pressing at 45 MPa and 5,5 % moisture content (dry basis). They 
were dried in an oven at 110 ºC and fired in an electric kiln at a heating rate of 70 ºC/
min from 25 to 500 ºC, and at 25 ºC/min from 500 ºC to peak firing temperature. The 
peak firing temperature used corresponded to the temperature at which maximum 
densification was obtained, which was determined for each mixture using the same 
experimental conditions as those described.

3.4. TESTS CONDUCTED

Bulk density of the dry and fired test pieces was determined (Archimedes method). 
The real density was measured (using a helium pycnometer) in some fired test pieces of 
each mixture. Fired test piece cross-sections were polished to evaluate test piece porosity 
by optical microscopy and to examine test piece microstructure by SEM. 

Bending strength was determined by three point-bending tests on ten test pieces 
for each mixture, using a universal mechanical testing machine (Instron 6027). Fracture 
toughness was determined with six test pieces by the SENB method, using a notch of 
about 40% of sample thickness. Natural flaw size was estimated in accordance with 
Eq. (1). The topography of the fracture surface of the pieces broken in the toughness 
test were characterised in a roughness meter (Hommelwerke, T8000) through the Sdr 
parameter, which represents the increase in real surface area, Ar, with respect to the 
projected area, Ap (1.5x1.5 mm)[21]. This Sdr parameter can be defined in accordance 
with Eq. 2.

Figure 2. Experimental region and tested compositions in the triaxial mixture (quartz-kaolinite-albite). diagram
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(2)        

4. RESULTS AND DISCUSSION

4.1. COMPACTNESS OF THE PRESSED PIECES

Figure 3 presents the green bulk density results. Both quartz and feldspar are 
non-plastic constituents and have the same particle size distribution; therefore, they 
behave similarly with respect to packing and densification in the compaction step. 
Kaolinite contributes plasticity to the system, the particles are smaller, and they lodge 
between the particles of the non-plastic materials. Bulk density is observed to rise 
only when the quantity of kaolinite in the mixture increases. However, above a mass 
fraction of 0,30 (mixture C7), this increase is negligible. This value is consistent with the 
fine and coarse particle packing diagrams[22] and it indicates that the kaolinite particles 
already occupy practically all the spaces between the non-plastic particles, which is 
why they are interconnected and are unable further to increase density under these 
compaction conditions.

Figure 3. Green bulk density (kg/m3) as a function of mixture composition.

4.2. POROSITY OF THE FIRED PIECES

Figures 4a and 4b show, respectively, the results of total porosity calculated from 
the relation between real density and bulk density of the fired test pieces and from 
the porosity determined on the polished cross-sectional surfaces. This last porosity is 
of great interest, since an important part of porcelain tile production is marketed as a 
polished product. A decreasing trend in porosity is observed as the kaolinite content 
in the mixture increases. This trend is probably associated both with a larger green 
bulk density and with a smaller pore size distribution, which facilitate the sintering 
process[23]. In turn, when the quartz content is raised, porosity increases because of 
both the smaller green bulk density of the test pieces and the smaller content in albite 
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in the mixture. In addition, the larger the quartz content, the greater is the difference 
between surface porosity and total porosity. The detachment of quartz particles during 
polishing is the main factor increasing surface porosity. 

Since industrial compositions lie in a range of about 3,5–4,5% total porosity, 
once the maximum densification condition has been established, the variation in 
porosity is not affected very much by the composition of the product. However, for 
surface porosity, which is directly related to surface properties such as gloss and stain 
resistance[7,8], the effect of the composition (i.e. of quartz content) is more pronounced, 
because for industrial compositions this lies approximately in a range of variation of 
5,5–8,0%.

4,5

5,5

6,5

7,5

8,5

PS
(%)
(b)

Figure 4. Total porosity, PT, values (a) and surface porosity, PS, values (b) as a function of the mixture composition

4.3. ANALYSIS OF THE MICROSTRUCTURE OF THE SINTERED PIECES

Figure 5 presents a sequence of micrographs obtained by SEM of test pieces 
sintered corresponding to the seven studied compositions. All the system constituents 
have been marked in the micrograph of composition C7: closed porosity (P), quartz 
particles (Q), albite particles (A), albite glass (VA), primary mullite[24] (M), and kaolin 
glass (VC).

The mullite and kaolin glass share the same location, though the contrast 
observed is due to the mullite. These phases are located in the interfaces between the 
quartz particles and the glassy phase originating from the feldspar. It may be observed 
that for the compositions with a smaller initial kaolinite content (C1, C3, and C5), the 
small quantity of mullite formed does not manage to become interconnected. For the 
compositions with a kaolinite content above 0,30 (C7, C6, C4, C2), the mullite already 
exhibits that interconnection. These observations are consistent with the results of green 
bulk density described previously, where the effect of this particle interconnection on 
pressed test piece compactness was verified.
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 Figure 5. Micrographs of the fired test pieces made from the studied mixtures: porosity (P), quartz (Q), albite (A), 
albite glass (VA), primary mullite (M), kaolin glass (VC).

With regard to the albite, in the compositions where residual albite remains 
(C3, C5, C6, and C7), the particles occupy the centre of a region rich in glassy phase 
resulting from their own fusion. In addition, these particles display no peripheral 
cracks, though they some may be broken owing to the polishing process for the 
sample preparation[15,17]. The appearance of the regions bounded by the glassy phase 
originating from the albite, characterised by the presence of mullite, preserves with 
great sharpness the appearance of the precursor albite particles. This observation 
underscores, once again, the role of kaolinite in the particle packing and densification 
that place takes during the forming stage.

The quartz, in turn, appears dispersed throughout the material and can be 
mainly identified by the presence of peripheral cracks around the particles, which may 
be either broken or whole. Around the quartz particles interface there is both glassy 
phase and mullite. 

Porcelain tile microstructure is marked, therefore, by the green particle packing. 
The short residence time at peak firing temperature prevents the development of 
a significant diffusion process in the glassy phase. As a result, this phase consists 
principally of: (1) the matrix (VA), originating from the fusion of albite, mainly 
responsible for the sintering process; (2) the glass originating from kaolinite (VC), made 
up of silica and alumina that were not transformed into mullite. The amorphous silica, 
originating from the dissolution of quartz, constitutes the least significant part of the 
glassy phase in the porcelain tile.
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4.4. ANALYSIS OF THE MECHANICAL PROPERTIES OF THE TEST PIECES

Table II gives the mechanical properties characterisation data of the pieces made 
from the test mixtures. The experimental errors for mechanical strength and fracture 
toughness displayed maximum values of ~5%. The propagated error for natural flaw 
size was ~10%. The values of the errors were smaller than the differences between 
the absolute values of the properties measured. However, for natural flaw size, the 
errors were of the same magnitude as the variations observed, except for mixture 
C3. Nevertheless, a slight continuous trend may be observed, involving a decreasing 
natural flaw size as (M+VC) content increases; i.e. C1,C5 > C7 > C6,C4 > C2.

Table II. Mechanical properties (mechanical strength, σf, toughness, KIC) and natural flaw size (a) 
of the pieces obtained from the test mixtures

Figures 6a, 6b, 6c, and 6d present the graphs of the variation of mechanical 
strength, σf , toughness, KIC, natural flaw size (a), and the fracture surface tortuosity 
parameter (Sdr), respectively, as a function of the system constituent contents, expressed 
as pseudocomponents. They show clearly that the mechanical strength of the pieces 
increases with quartz content. In fact, the property (mechanical strength) curves 
follow the direction marked by the vertex bisector of the composition with the largest 
quartz content (composition C1) almost symmetrically, which is the composition that 
exhibits the highest mechanical strength. This observed trend confirms the mechanical 
strengthening role of the quartz in the glassy matrix of the porcelain tile. This role 
has been detailed, not without some controversy, in the literature. Although it was 
not the intention of the present research to examinee the mechanical reinforcement 
mechanisms, these mechanisms are basically related to the microscopic residual stress 
associated with the difference in thermal expansion between quartz particles (αQ) 
and the glassy matrix (αVA)[25] (αQ > αVA), as well as with the combination of the crack 
deviation and microcracking mechanisms[25]. The significant presence of cracks around 
the quartz particles (micrographs in Figure 5) highlights the possible contribution of 
these two last energy dissipating mechanisms. 

The influence of the starting composition on porcelain tile mechanical strength 
can be analysed on the basis of linear elastic fracture mechanics (Eq. 1), which fits the 
fracture of this type of ceramic material[27]. Thus, Figures 6b and 6c display, respectively, 
the variation in regard to the starting composition of the other two parameters of the 

σf

[MPa]
KIC

[MPa·m1/2]
a

[μm]

C1 73,0 ±2,8 1,74 ±0,07 145 ±13

C2 61,7 ±3,0 1,38 ±0,09 127 ±18

C3 61,9 ±3,2 1,68 ±0,03 187 ±8

C4 70,1 ±3,1 1,59 ±0,07 131 ±11

C5 72,9 ±0,8 1,72 ±0,07 142 ±12

C6 66,7 ±2,1 1,53 ±0,07 133 ±13

C7 70,4 ±1,7 1,62 ±0,06 135 ±10
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Irwin equation, toughness and natural flaw size. Figure 6b shows that toughness 
increases as the kaolin content decreases or, in other words, when quartz and/or 
feldspar increases. In the case of quartz, some of the mechanisms responsible for the 
increase in toughness have already been indicated. Feldspar behaves more strikingly, 
because unlike for quartz it is not possible to attribute a reinforcing effect (increased 
toughness) owing to stresses associated with the difference in thermal expansion 
between the feldspar and the glassy matrix, since they are very similar (as indicated 
in section 3.3, the matrix consists mainly of albite glass). However, the high toughness 
in the feldspar vertex (composition C3) comes from the great quantity of undissolved 
albite particles, which cause a great deviation in the fracture propagation, as Figure 
6d shows, in the highest value of the Sdr parameter (fracture surface tortuosity) 
corresponds precisely to this composition.

The fact that the increase in feldspar content does not raise mechanical strength, as 
it does with quartz, is related to the natural flaw size. Indeed, though the natural flaw 
size undergoes no great variation in the compositional range analysed (Table II), the 
vertex corresponding to the composition with the largest feldspar content (composition 
C3) has given rise to pieces with an exceptionally large flaw, which would explain the 
fact that the mechanical strength of the compositions close to this vertex was smaller 
than might be expected, based on their toughness values. A possible explanation 
would again be the presence of a large quantity of unmelted albite particles, clearly 
evidenced in the micrograph of composition C3 in Figure 5. 

On the other hand, in regard to the influence of kaolinite (kaolin) on mechanical 
properties, the results show that as the kaolin content in the starting mixture increases, 
the mechanical strength of the pieces decreases, as a result of the reduced toughness. 
This outcome is especially noteworthy, because despite the reduction in porosity 
(Figure 4a) and even of natural flaw size with the increased kaolin content (Figure 
6c), the weakening of the matrix is so pronounced that it counteracts these effects. 
Thus, an increase in kaolin content will give rise to greater mullite crystallisation but 
particularly, given the system’s thermodynamic non-equilibrium condition owing 
the high firing rate, to a greater quantity of kaolinite amorphous phase (glass) (see 
micrograph of composition C2 in Figure 5), which clearly worsens matrix resistance 
to crack propagation. This last point is corroborated when the evolution of fracture 
tortuosity is observed (Figure 6d), because as the kaolin content increases, the Sdr 
parameter becomes appreciably smaller.

Finally, the mechanical strengthening role of mullite crystals apparently fails to 
develop, basically for two reasons: (1) their small crystal size, since they stem from 
the thermal decomposition of kaolinite particles (85% <2 �m), which mainly gives rise 
to granular crystals of primary mullite, with hardly any dissolution and subsequent 
devitrification (these characteristics of the crystallised mullite can also be observed in 
the micrographs of Figure 5); (2) the coefficient of thermal expansion of the crystals of 
both the primary mullite and the kaolin glass is smaller than that of the glassy matrix, 
which produces a counter effect to that of the quartz particles, i.e. weakening of the 
matrix.
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Figure 6. a) Bending strength (σf ), b) toughness (KIC), c) natural flaw size and d) tortuosity of the porcelain tile fracture 
surface as a function of system constituent contents.

5. CONCLUSIONS

Microstructural and mechanical characterisation was performed of the fired 
pieces obtained from porcelain tile compositions formulated using the triaxial mixture 
design method. The study allows the following conclusions to be drawn: 

Kaolinite contributes plasticity to the mixture and favours the increase in green 
bulk density of the pressed test pieces. However, when the quantity of kaolinite 
particles is sufficient for them to become interconnected, successive additions do not 
increase compactness, but may even decrease it. 

Considering the maximum density condition as a criterion for the obtainment of 
the porcelain tile, total porosity does not change too much with regard to the starting 
composition. However, surface porosity does increase appreciably after the polishing 
process, when the quartz content is raised in the starting mixture, owing to quartz 
grain detachment during polishing. 
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The mechanical strength of the pieces increases clearly when the quartz content 
increases. This trend is marked by the evolution that toughness undergoes with the 
increase in quartz content and confirms the mechanical strengthening role of the 
dispersed quartz particles in the glassy matrix. However, although toughness also 
increases when the feldspar content is raised in the initial composition, when the initial 
albite content is very large (70%), natural flaw size also rises owing to the dispersed 
albite crystals that do not fuse completely. Both parameters (toughness and flaw size) 
cancel each other out, which is why the effect of feldspar on mechanical strength is of 
little note.

Finally, it was verified that when the mullite and kaolinite glass content in 
the sintered pieces increased, obtained by using kaolin-rich starting compositions, 
toughness worsened significantly, and with it the material’s mechanical strength, 
which invalidates the hypothesis that mullite acts as a reinforcement mechanism in 
porcelain tile, unlike what occurs in porcelains. This might be related to the weakening 
of the glassy matrix, since these constituents (primary mullite + kaolin glass) have a 
smaller coefficient of thermal expansion than the glass originating from albite.
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