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a b s t r a c t

This paper is the third part of a study focusing on determining the influence of the porcelain tile com-
position on mechanical behaviour of sintered bodies. Tile compositions were prepared according to a
simplex-centroid mixture design set out in Part I of this research, in which the microstructural char-
acterisation of sintered specimens was carried out. In Part II the influence of the starting composition
on the mechanical properties of sintered porcelain tile was evaluated on the basis of the linear elastic
fracture mechanics. Finally, in this last Part, ceramic bodies from seven compositions were subjected
to fast cooling after firing, in order to reproduce the industrial cooling rates. The main objective was to
analyze the influence of the mineralogical composition of the starting mixture on the development of
iring
ooling rate
echanical properties

esidual stresses

macroscopic residual stress and growth of flaw size. When the pieces were subjected to fast cooling, flaw
size was the main factor determining the variation of the mechanical strength. This increase in flaw size
can be interpreted from the Weibull modulus, from 6 to 8 in those mixtures, with high deterioration of
mechanical properties. The mullite hypothesis as a strengthening mechanism in triaxial porcelains was
clearly manifested when the samples are fast cooled. This mechanism was the main responsible for the
strengthening, what contrasts with the increase in flaw size. The microscopic residual stress caused by

ismat
the thermal expansion m

. Introduction

Porcelain tile is a large scale product subjected to heat treatment
t temperatures between 1180 and 1220 ◦C with cold-to-cold times
rom 40 to 60 min. The maximum firing temperature is normally
etermined by maximum densification. The cooling stage is done
s fast as possible up to 650 ◦C. Between 650 and 500 ◦C, which cor-

esponds to the allotropic transformation zone of quartz (573 ◦C),
he cooling rate is reduced to prevent rupture of the product, and
hen increased again up to environment temperature [1,2].
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The first part of industrial cooling corresponds to the range
between the fluxes melting temperature and the glass transition
temperature of the vitreous phase (Tg). As described in previous
publications [3,4], porcelain tiles that experience fast cooling in this
stage develop a macroscopic residual stresses profile. For typical
tempering of glasses, which are more homogeneous materials than
porcelain tiles, Eq. (1) represents an estimation of the maximum
residual stress developed at the surface [5], �s.

�s = − ˛ · E · h2 · v
12 · (1 − �) · k

(1)

where ˛ is the thermal expansion coefficient in the rigid state; E is
the Young’s modulus; h is the thickness; � is the cooling rate; � is
the Poisson’s module; kis the thermal diffusivity.

Since at the surface a compressive stress is developed, an
increase in mechanical strength of the final product is expected.
However, an important difference, when compared to the tra-
ditional tempered glass, is the presence of quartz particles in

porcelain tile. In this case, peripheral cracks around particle–matrix
interfaces are formed as a consequence of microscopic residual
stresses [6]. During fast cooling, thermal stresses take place on
the surface. Therefore, after the quartz allotropic transformation,
a subcritical growth of peripheral cracks starts, which may lead to
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Table 1
Mineralogical composition of the sintered composition (volume fraction).

Composition M + KG Q A + AG

C1 0.17 0.40 0.43
C2 0.44 0.10 0.45
C3 0.17 0.10 0.73
C4 0.30 0.25 0.44
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3.1. Macroscopic residual stresses on surface

Table 2 contains data from macroscopic residual stresses on the
surface and the parameters that determine the residual stresses,

Table 2
Macroscopic residual stress on the surface (�s), linear thermal expansion coefficient
(˛625–700) and Young’s modulus (E) of prepared mixtures.

Mixture �s (MPa) ˛625–750 × 10−7 (◦C−1) E (GPa)

C1 −18 36 50
C2 −33 48 60
C5 0.17 0.25 0.58
C6 0.30 0.10 0.60
C7 0.26 0.20 0.54

material deterioration through increasing of Griffith flaw size. A
revious paper [4] has shown that Eq. (2) can describe the mechan-

cal strength of a material with macroscopic residual stress profile:

ta = KIC

Y · a1/2
− �s ·

(
2 · h

�
· a + 1

)
(2)

here KIC is the material fracture toughness without macroscopic
esidual stress; ais the Griffith flaw size; Yis the calibration factor
f fracture mechanics (1.98 in this case [4,7]).

In previous papers [3,4], it became clear that the fastest grow-
ng natural defect size occurs with (i) increasing cooling rate, (ii)
ncreasing particle size of quartz and (iii) reducing the fracture
nergy of the material. Those studies were conducted with an
ndustrial composition of a porcelain tile from a spray-dried pow-
er.

This research has been conducted to study the mechanical prop-
rties of seven compositions of porcelain tile, described in Parts
and II of this paper, [8,9] subjected to fast cooling after firing,

rying to reproduce the industrial cooling rates. Those seven com-
ositions were formulated from a kaolin–quartz–feldspar system
sing a simplex-centroid mixture design described previously [8].
he main objective here is to analyze the influence of the miner-
logical composition of the starting mixture on the development of
acroscopic residual stress and the growth of flaw size on porcelain

ile fired bodies.

. Experimental procedure

The seven compositions used in this paper have been charac-
erized in previous papers [8,9]. Table 1 shows the mineralogical
omposition of the sintered compositions based on the volume
raction of components grouped according to their microstructural
istribution, as previously described [8]: (a) M + KG, corresponds
o mullite and kaolinite glass (b) Q, to quartz, quartz addition (c)
+ AG, to residual albite and albite glass. The industrial formula-

ions are close to the C7 mix. The remaining compositions cover the
ide range generally practiced in the industry. However, quartz is

arely added as a pure raw material, but it is rather associated to
lay and feldspar minerals. Kaolinite is not the unique clay min-
ral phase; normally illite and montmorillonite are also present
n order to increase green strength and reduce firing temperature,
enerating more glass phase than pure kaolinite.

In order to plot the results using a triaxial diagram, the mass
raction of each component (Xi) were converted into a pseudo-
omponent (pXi) according to Eq. (3).

Xi = Xi − Lli

Lui − Lli
(3)

here Lui and Lli are the upper and lower limits for component i,
espectively.
The specimens were prepared according to laboratory proce-
ures in order to simulate industrial processing conditions [8].
ig. 1 shows the assembly used to reproduce fast cooling. After the
olding time at maximum firing temperature (between 1220 and
260 ◦C), the refractory plate with 8 specimens (P1) was removed
Fig. 1. Device designed for fast cooling the specimens outside the kiln, comprised by
a refractory plate (P1), a refractory support (P2), two side fans (P3) and a compressed
air diffuser (P4).

from the kiln, resting on a refractory support (P2) and cooled using
fans (P3) and compressed air (P4) down to 650 ◦C at a cooling rate of
∼9.5 ◦C/s. The cooling below 650 ◦C was conducted with ventilation
system turned off and the pieces were isolated to reduce the cool-
ing rate during the allotropic transformation of quartz (∼3.6 ◦C/s).
The specimens remained apart until the room temperature was
reached. This procedure has been already described in previous
papers [3,4].

Three-point bending strength tests were performed with 12
pieces for each mixture, using a universal testing machine (Instron
6027). The macroscopic residual stresses were measured with one
specimen of each mixture by the deformation–relaxation method
with incremental cuts [10], using a 0.4-mm-thick diamond cutting
disc and rectangular strain gauges with a 3-mm-long grid (HBM).
The values of elastic modulus and fracture toughness were obtained
from the same mixtures, but subjected to slow cooling [9]. Flaw size
was determined from Eq. (2).

Linear thermal expansion curves between 625 and 750 ◦C
were measured with two specimens of each mixture by contact
dilatometry (Netzsch DIL 402C) with a heating rate of 10 ◦C/min.
Microscopic residual stress on quartz particles was evaluated by
X-ray diffraction from displacement of diffraction peaks for both
[1 1 2] and [2 1 1] planes of quartz [6]. The experiments were car-
ried out by a diffractometer (Broker AXS D8, Germany) with Cu K
(�1 + �2) radiation, reading time of 0.01◦/s in the 2� range of 10–70◦

using an internal corundum standard (1976-NIST, USA). The math-
ematical treatment of the diffraction data to obtain the value of
microscopic residual stress was detailed in a previous paper [6].

3. Results and discussion
C3 −34 62 53
C4 −20 44 56
C5 −24 48 51
C6 −34 54 57
C7 −24 47 55



3332 A. De Noni Junior et al. / Materials Science and Engineering A 528 (2011) 3330–3336

F
a
v

a
o
s
t

a
T
t
s
w
d
d
e
F
l
d

i
6
h
t
t
a
b
c

F
o

Table 3
Mechanical properties of the mixture according to Eq. (2) (fast cooling); differ-
ence between mechanical strength and flaw size from specimens subjected to slow
cooling (part II [9]), ��ta-f and �a respectively.

Mixture �ta (MPa) ��ta-f (MPa) KIC (MPa m1/2) a (�m) �a (�m) Wma

C1 78.3 5.2 1.74 201 55 8
C2 73.9 12.2 1.38 235 107 7
C3 71.8 9.9 1.68 361 174 6
C4 90.8 20.7 1.59 125 -6 30
C5 72.2 -0.7 1.72 280 138 8
ig. 2. (a) Macroscopic residual stress (�s) on the surface as a function of the miner-
logical composition, (b) comparison between experimental (�exp

s ) and theoretical
alues (�theo

s ), according to Eq. (1).

ccording to Eq. (1). The cooling rate (� = 9.5 ◦C/s) and the thickness
f specimens (h = 7.00 mm) remained constant. The thermal diffu-
ivity, for simplification, has been considered constant and equal
o that of industrial porcelain [4] (k = (3.4 ± 0.2) × 10−7 m2/s).

Fig. 2a represents the macroscopic residual stress on the surface
s a function of mineralogical composition of the sintered parts.
he compositions with lower content of quartz have developed
he highest levels of residual stresses. The Cartesian graph, Fig. 2b,
hows the experimental value of residual stresses in comparison
ith the value estimated by Eq. (1) and bisecting the line. The
evelopment of macroscopic residual stresses can be adequately
escribed according to a glass tempering process. The average
rror was 5%, as described by the authors in previous papers [3,4].
inally, the mixtures with higher content of quartz present both a
ower thermal expansion and a lower Young’s modulus, leading to
ecreasing residual stresses.

The fact that mixtures with higher content of quartz resulted
n a lower coefficient of thermal expansion confirms that between
25 and 750 ◦C the quartz present in the samples is �-quartz, which
as a coefficient of thermal expansion ˛ˇ-Q ∼ 0 ◦C−1. The other sys-

em components, M + KG and A + AG, respectively, represent the
hermal expansion coefficients of ˛M + KG(625–750) ∼ 32 × 10−7 ◦C−1

nd ˛A + AG(625–750) ∼ 74 × 10−7 ◦C−1. Fig. 3 shows the relationship
etween the results of the measured thermal expansion coeffi-
ient compared to the theoretically estimated values, being the

ig. 3. Comparison between experimental (˛exp
625-750) and theoretical (˛theo

625-750) values
f coefficient of thermal expansion for the studied mixtures.
C6 84.3 17.6 1.53 205 71 18
C7 87.5 17.1 1.62 154 19 27

a Wm—Weibull’s modulus.

average error 3%. The additive behaviour of this property was
confirmed.

3.2. Mechanical properties

Table 3 lists the data for the parameters of Eq. (2) (�ta, KIC, a)
together with values of Weibull’s modulus (Wm). In addition, we
have also included values of the increase in mechanical strength,
��ta-f, and the flaw size, �a, in relation to those specimens sub-
jected to slow cooling published in a previous paper [4]. It is noticed
that in almost all mixtures there was a significant increase in
mechanical strength associated to tempering. However, flaw size
also increased, which partially mitigated the effect of tempering.
There are two extreme cases: (1) mixture C5, where there was no
increase in mechanical strength, and (2) mixture C4, in which there
was no increase in the size of the natural defect and where the
highest increase in compressive strength was developed. These two
cases will be discussed later.

3.3. Analysis of mechanical strength as a function of
mineralogical composition

Taking as a reference the mechanical strength of mixture C7,
�ta7, the difference between the mechanical strength of any mix-
ture, �taj, with respect to C7 can be written as a Taylor series
expansion of Eq. (2), expressed in terms of KIC, �s and a as
follows:

��taj = �KICj · ∂�ta

∂KIC

∣∣∣∣
K̄ICj,�̄sj,āj

+ ��sj · ∂�ta

∂�s

∣∣∣∣
K̄ICj,�̄sj,āj

+�aj · ∂�ta

∂a

∣∣∣∣
K̄ICj,�̄sj,āj

(4)

��taj, �KICj, ��sj, �aj = �Xj = Xj − X7 (5)

K̄ICj, �̄sj, āj = X̄j = Xj + X7

2
(6)

ıXj = �Xj
∂�ta

∂X
(7)

where j is a mixture number; j = 1 means mixture C1, for instance.
Each term of Eq. (4) (ıKICj, ı�sj and ıaj) represents the contri-

bution of the respective property on the variation of mechanical
strength for a given mixture related to reference value (C7). Fig. 4
shows the variation of ��taj and ıXj as a function of composition.
Negative values mean that, for a given composition, that factor acts

to reduce the mechanical strength in respect to the reference com-
position. The trends presented in the graphs suggest that flaw size
is the main factor responsible for mechanical strength changes as a
function of mineralogical composition. However, ıKICj, ı�sj, in this
case, diminished the deleterious effect of flaw size on mechani-
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Fig. 4. ��taj , ıKICj , ı�sj and ıaj as a

al strength, once the range of ��taj was 19 MPa, ıaj 32 MPa, ıKICj
3 MPa and ı�sj 14 MPa, respectively.

.4. Analysis of flaw size increasing

.4.1. Effect of the mineralogical composition
As described in a previous paper [9], the flaw size did not present

significant correlation with mineralogical composition when the
pecimens are subjected to slow cooling and did not control the
ole of mechanical strength. However, for a fast cooling rate, the
ncreasing on flaw size depends on mineralogical composition,

hich controls the behaviour of mechanical strength. Fig. 5 shows

learly the similarity between mechanical strength (�ta) and flaw
ize increasing (�a) as a function of mineralogical composition.
t may be also observed that the region of maximum mechanical
trength and minimal flaw size is represented by the C4 mixture,
ollowed by C7 and C6.

Fig. 5. (a) Mechanical strength (�ta) and (b) flaw size increa
ion of mineralogical composition.

The Weibull’s modulus (Wm) is related to the extent of the dis-
tribution function of flaw size [11]. In a previous paper [12] it was
reported that with increasing flaw sizes in specimens subjected
to fast cooling, the broader is the dispersion in size of defects, the
lower are the Wm values. Fig. 6 shows the variation of Wm as a func-
tion of the mineralogical composition, in which the same trend is
observed. To �a > 55 �m (except for mixture C6), Wm significantly
decreases down to 8.

The observed decrease on Weibull’s can be attributed to larger
flaw sizes for some of the mixture specimens. Table 4 lists the max-
imum and minimum values of mechanical strength and flaw size
for all mixtures. It is noticed that the highest values of mechani-

cal strength had virtually no significant changes as a function of
mineralogical composition. However, the lowest values strongly
changed. In respect to the maximum flaw size it is observed that
mixtures C4, C6 and C7 presented values between 150 and 270 �m,
while the blends C1, C2 and C5 presented values between 440 and

sing (�a) as a function of mineralogical composition.
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Fig. 6. Weibull’s modulus (Wm) as a function on mineralogical composition.

Table 4
Maximum and minimum values of mechanical strength (�ta) and flaw size (a) for
all mixtures.

�max
ta (MPa) �min

ta (MPa) amin (�m) amax (�m)

C1 91.0 55.9 140 437
C2 89.9 52.0 136 562
C3 89.6 49.0 202 801
C4 94.9 85.6 112 144
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C5 86.5 57.5 179 476
C6 92.2 76.4 160 267
C7 92.7 82.7 134 178

60 �m. Mixture C3 shows a maximum value of ∼800 �m, which
s very high when compared to the minimum value of the same

ixture.
For C3 mixture, it was unexpectedly observed that around 20% of

he specimens prepared by fast cooling were broken spontaneously
fter more than 24 h outside of the kiln. Probably for these partic-
lar cases, natural flaw sizes were even higher than 800 �m, so
hat, together with the presence of macroscopic residual stresses,
avourable conditions for the fracture were reached. Fig. 7 shows a
hotograph of one of the broken pieces. In addition to the total rup-
ure (F1), there are areas where the fracture has not collapsed the
pecimens but reached a large extension (F2 and F3). Those areas

re concentrated mainly in sites in which there were no support
oints in refractory plate and therefore they received more air flow
uring cooling.

ig. 7. Photograph of one specimen from mixture C3 that was spontaneously broken
fter 24 h outside of kiln. Total rupture (F1) and macroscopic cracks (F2, F3).
Engineering A 528 (2011) 3330–3336

3.4.2. Mechanism of flaw size growth
In previous papers [3,4,12] it became clear that the increasing

in flaw size for specimens subjected to fast cooling is favoured
by three factors: (i) the presence of peripheral cracks around the
quartz particles, mainly the larger particles, (ii) the presence of ten-
sile thermal stresses on the surface, which increase as the cooling
rate gets higher, and (iii) the fracture energy of the material, i.e.,
lower fracture energy conducts to higher increasing of flaw size.

In the present investigation the quartz particles size did not
change, so that for all blends the primary detachments occur at
the same temperature. The cooling rate was kept constant. In this
way, the differences in thermal stresses, which manifest them-
selves after the allotropic transformation of quartz, are due only to
differences in thermal expansion coefficients and Young’s modulus
of the mixtures. The fracture energy changes with the composi-
tion because of the microscopic residual stresses and the effect of
particle dispersion [9].

The experimental procedure conducted during cooling con-
sisted in leading samples from ∼650 ◦C down to room temperature.
The thermal gradients were significantly reduced as the pieces
cooled down. For this reason, it is expected that the process that
increases the flaw size is much more intense at higher tempera-
tures, between 573 and 500 ◦C, once the contribution of thermal
stresses is higher in this range of temperature than for tempera-
tures below 500 ◦C.

The results of �a presented in Fig. 4 may be analyzed comparing
the mixtures C4, C6 and C7 to mixtures C1, C5 and C3. The first
group has lower fracture energy than the second one [9]; however,
increased flaw size was more pronounced in C1, C5 and C3. Thus,
the mechanisms of enhancing fracture energy observed for slowly
cooled specimens (microscopic residual stress and dispersion of
crystals of albite) have not been able to prevent microstructural
damage of those specimens subjected to fast cooling. The lower
thermal stress expected for the mixture C2 has not been able to
prevent the increase in the flaw size; this mixture then presented
the lowest fracture energy.

The factor that justifies those results is related to the intercon-
nection of mullite crystals [8,9]. For mixtures C4, C6 and C7 the
crystals created a continuous network, which probably has pre-
vented the growth of flaw size. For the blends C1, C5 and C3 the
mullite is not interconnected. Both mullite crystals and kaolin-
ite glass decrease the fracture energy of the material, subjecting
the matrix to microscopic residual tensile stress. This effect is not
pronounced at high temperatures and has not been higher than
the reinforcement associated to the mullite crystals network. The
microscopic compressive stress caused by quartz particles is more
intense, being already present even at high temperatures, which
also justifies the observed differences between mixtures: �a for
C4 < C7 < C6 and C1 < C5 < C6. For mixture C2, the low amount of
quartz added to the excess of M + KG probably has resulted in a
much more stressed matrix, and the high temperature has over-
come the effect of the interconnection of mullite crystals.

Fig. 8 shows the micrographs of mixtures C2, C4, C5 and C7. All
components of the material are indicated in the micrograph of the
mixture C7, including the porosity P. It is clear that for the mixture
C5, there is no interconnection of mullite crystals. The same was
observed for C1 and C3 mixtures [8]. From the composition C7 there
is a more pronounced interconnection, which is intensified for C4
and C6 mixtures [8]. For C2 there is an oversupply of interconnected
mullite, but that has not hindered the growth of natural defect.
3.5. Analysis of microscopic residual stresses on quartz particles

The presence of peripheral cracks around the quartz parti-
cles contribute to the increasing of flaw size. This process occurs
mainly from largest quartz particles (about 45 �m [6,12]), since
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ig. 8. Micrographs of mixtures C2, C4, C5 and C7. Quartz particles (Q), pores (P),
lbite particles (A), albite glass (AG), mullite (M) kaolinite glass (KG).

hey are the first ones to detach from the matrix. Microscopic resid-

al stresses on quartz particles can be measured for all particles,
egardless of their diameter and a priori it should not change for
hose pieces which were fast cooled [3]. Fig. 9 shows the differ-
nce between microscopic residual stress on the quartz particles
etween the pieces which were slow [9] and fast cooled, respec-
Fig. 9. Difference in microscopic residual stress on the quartz particles (��rr)
between specimens produced by slow [8] and fast cooling rates.

tively. Negative values indicate that microscopic residual stress is
lower in the fast cooling. Although one would expect some contri-
bution associated with macroscopic residual stresses, they should
not be higher than ±30 MPa (as shown in Table 2). The results con-
firm that the microscopic residual stress does not change. However,
for those mixtures in which the mullite crystals are not intercon-
nected, a significant reduction of microscopic residual stresses is
observed. Those results show once again the role of mullite as a
reinforcing phase, when the pieces are fast cooled. It is possible
that microscopic stress reduction is related to the coalescence of
cracks that ultimately reduces the efforts on quartz particles. This
is consistent with the role of interconnection of mullite crystals,
which would hinder the coalescence of cracks.

4. Conclusions

Porcelain tile is a product that develops macroscopic residual
stresses when subjected to fast cooling, as in the tempered glass.
This process takes place before the allotropic transformation of
quartz and may be described according to the same parameters
used for glasses. Macroscopic residual stresses generally increase
the mechanical strength. However, the increasing in flaw size par-
tially reduces this effect.

When the specimens are subjected to fast cooling, such as
typically in industrial process, the flaw size is the main factor deter-
mining the variation of the mechanical strength of porcelain tiles
obtained from different mineralogical compositions. This increas-
ing in natural defect size may also be interpreted from the Weibull’s
modulus, reaching values between 6 and 8 in those mixtures where
a further deterioration of mechanical properties is detected.

The hypothesis of interconnection of mullite crystals as a mech-
anism for strengthening triaxial porcelain is clearly observed, but
only when the specimens are fast cooled. This mechanism is the
responsible for the strengthening of the microstructure by reduc-
ing the increasing of flaw size. The microscopic residual stresses
by compression, caused by thermal expansion coefficients mis-
match of the phases, especially from quartz particles, also act as
a reinforcement mechanism.

In order to improve the mechanical strength of industrial com-
positions of porcelain tiles, it is necessary to increase the amount
of kaolinite to starting values between 25 and 35%. The sintering

temperature will probably increase, so that the amount of feldspar
and/or eutectic-forming phases should also be increased. Quartz
should be maintained at low level, less than 25%, and the quartz
particle size must be <45 �m.
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