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bstract

his paper examines the development of microscopic residual stresses on quartz particles in porcelain tile using the XRD technique. The study was
onducted with a typical porcelain tile composition consisting of sodium feldspar, kaolin, and quartz, using quartzes with different particle sizes.
he methodology used, based on determining the volume strain of the quartz unit cell, allowed a residual stress value equivalent to the entire particle
nd not just to a given crystalline plane to be obtained. The linear thermal expansion measurements indicated that, for all test compositions, the

uartz in the mixture contributes to a thermal expansion coefficient comparable to the expansion of its c-lattice parameter. When this information
as taken into account in the theoretical estimation of microscopic residual stress, the results were verified to be consistent with the experimental
easurements.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Porcelain tile sales have grown highly in recent years.
nnual porcelain tile production currently stands at
ore than 6 × 108 m2 in Europe, with turnover exceeding
× 109 D /annum.

Porcelain tile is a high-performing product that basically con-
ists of an abundant glassy matrix (50–65%), quartz (10–25%),

ullite (<10%), and non-fused feldspars (0–10%), and has a

losed porosity of 3–7%.1 Most of the glassy matrix comes
rom fusion of the feldspars, while another part stems from the

� Based in part on the thesis submitted by A. De Noni Jr. for the Ph.D. degree
n Materials Science and Engineering (PGMAT), Universidade Federal de Santa
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lay phases that do not crystallise into mullite during firing.2,3

hough these compositions resemble porcelain compositions,4

he manufacturing process differs considerably, especially in the
ring stage, since porcelain tile firing cycles are much faster
40–60 min) than typical porcelain firing cycles (12–24 h).

This similarity has essentially led to three theories on the
trengthening mechanisms in triaxial porcelains,4 which may
e applied to porcelain tile5: interconnection of acicular mullite
rystals; dispersion of crystalline phases that limit the critical
ize of the natural flaw; and matrix strengthening as a result of
he difference between the linear thermal expansion coefficients
f the matrix and those of the disperse crystalline phases. These
echanisms act simultaneously, and it is difficult to determine
hich contributes most.
In many studies on triaxial porcelains,6–10 quartz is consid-

red to play an important role in the resulting product properties.
n porcelain tiles, this role is even more critical because quartz

s the most abundant crystalline phase in the end product. On the
ne hand, the difference between the thermal expansion coef-
cients of the quartz and the matrix has a strengthening effect
ince it subjects the matrix to a microscopic residual compressive

mailto:agenor@imgnet.org.br
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.009
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tress that originates during the cooling phase of the industrial
ring cycle. Recent studies have demonstrated the existence of
uch residual stresses in porcelain tile.11,12 The magnitude of
hese microscopic stresses produces cracks around the quartz
articles, causing stress relaxation and increasing microstruc-
ural damage,4,7,11 adversely affecting the product’s mechanical
ehaviour.

The two simultaneous, opposing effects are a source of con-
roversy in the literature in regard to the ultimate effect of
uartz (quantity and particle size in the composition) on porce-
ain mechanical behaviour.6–10 Although numerous studies have
ddressed this controversy in the case of porcelains, few have
xamined typical porcelain tile compositions and manufacturing
rocesses.5

The present study analyses the state of the microscopic resid-
al stresses on quartz particles in porcelain tiles, using quartz
ith different particle size distributions. The X-ray diffraction

XRD) technique was used to evaluate the stresses in order to
btain an average value for the stress on the particles, which
ight be compared with the theoretical calculations valid for

sotropic and spherical particles. Finally, the microstructural
amage associated with these stresses was observed by scanning
lectron microscopy (SEM).

. Theoretical fundamentals

.1. Microscopic residual stress

According to Selsing13 a spherical particle of an isotropic
lastic material embedded in an infinite matrix develops residual
tresses in accordance with Eqs. (1) and (2).

rr = �α �T

Ke

(
R

x

)3

, x ≥ R (1)

θθ = −σrr

2
(2)

where σrr is radial stress; �α, the difference between the lin-
ar thermal expansion coefficients of the particle and the matrix;
T, the cooling temperature range which (in the case of a glassy
atrix) is from about glass transformation temperature (Tg) to

mbient temperature (Tamb); R, particle radius; x, the distance
rom the particle centre to a point in the matrix; σθθ , tangential
tress; Ke, a function of the modulus of elasticity (E) and Pois-
on’s ratio (ν) of the glassy matrix (m) and of the crystalline
article (c), expressed by:

e = 1 + νm

2Em
+ 1 − 2νc

Ec
(3)

These stresses maximise at the particle–matrix interface.
adial stresses of the same magnitude as those at the interface
ct inside the particle.
.2. Critical particle size

Residual stresses can cause spontaneous fracture at the inter-
ace. Ito et al.14 proposed a model, based on fracture mechanics,

p
o
w
0

an Ceramic Society 28 (2008) 2629–2637

hich might be able to predict a critical particle diameter (dc)
bove which fracture would occur:

c = 1

0.15 sin(ω(2 − sin ω))

γiKe

(�α �T )2 (4)

where γ i is matrix fracture energy; ω, the ratio of semispher-
cal crack size to particle diameter; ω ∼ 0.3 would correspond
o a typical value calculated by Ito et al.14

.3. Microscopic stress measurement by X-ray diffraction

The X-ray diffraction technique for measuring residual
tresses uses the crystal planes as an absolute strain gauge.15

hen a material is subjected to stress, the crystal plane spacing
hanges and the diffraction peak shifts, as expressed by Eq. (5).

hkl = −1

2
cot(θ)�(2θ) = dti

hkl − d0
hkl

d0
hkl

(5)

where �(θ) is the diffraction peak shift; θ, the diffraction
ngle of the unstressed material; dti

hkl, the interplanar spacing
f the stressed material; d0

hkl, the interplanar spacing of the
nstressed material.

Once the displacement of a given plane is known, Hooke’s
aw can be applied to determine the stress acting upon it. Eq. (1)
an be applied for each plane, when plane properties are known,
n order to compare the theoretical values with the experimental
ata.16 However, this information cannot be considered repre-
entative of the stress state of the entire particle, especially in
articles that behave anisotropically, such as quartz particles.

.4. Microscopic residual stresses on quartz in triaxial
orcelains

Investigations of triaxial porcelains on this subject6,9,17 have
ttempted to correlate displacements of quartz plane [1 1 2] or
2 1 1] with mechanical properties. When the theoretical val-
es of the displacements are compared with the experimental
nes, partial stress relief is observed, but a strengthening effect
ay also be expected owing to the remaining stresses. How-

ver, quartz particles are usually partly dissolved,9,18,19,20 so
hat they can increase the interplanar displacement when they
evelop an interphase with a glassy phase that is richer in amor-
hous silica and, hence, has a smaller thermal expansion than
he predominant glassy matrix.

Data published by Hamano et al.9 show how partial dissolu-
ion of the quartz particles affects the displacement of the crystal
lanes. These authors prepared triaxial porcelain test pieces
50% kaolin, 25% feldspar, 25% quartz), varying quartz particle
ize (D50 ∼ 2, 7, 15, 25, 35 �m, with very narrow amplitudes
ecause of preparation by elutriation) and firing temperature
between 1200 and 1400 ◦C, in steps of 50 ◦C, and 1-h hold at

eak temperature). They then determined the remaining quantity
f quartz, and compared the intensities of the diffraction peaks
ith those of the green material (I/I0) (values between 0.10 and
.84), and the interplanar spacing of plane [2 1 1].
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(Q2), SE12 (Q3), and SE8 (Q4) (Sibelco) giving rise to the cor-
responding compositions PQ1, PQ2, PQ3 and PQ4, respectively.
The chemical compositions are detailed in Table 1. The parti-
cle size distributions have been plotted in Fig. 2. However, the

Table 1
Chemical composition of the materials used (% by weight)

Feldspar Kaolin Quartz

SiO2 68 47 98.9
Al2O3 19.2 38 0.51
Na2O 10.9 0.15 0.01
ig. 1. Variation of quartz interplanar spacing (d[2 1 1]) with particle initial mean
iameter (D50) and the product of D50 and I/I0 (X).

The Hamano data9 have been used for the graph shown in
ig. 1, which relates the quartz interplanar spacing to initial
ean particle diameter, D50, and to a variable defined as the

roduct of the remaining quartz quantity (I/I0) and initial mean
article diameter (D50), expressed by the following equation:

= D50
I

I0
(6)

These results indicate that quartz particles of the same initial
ize may display different interplanar distances, depending on
he particle state of dissolution. As a quartz particle dissolves,
he interphase becomes richer in silica and the remaining quartz
xhibits a larger interplanar spacing. The variable X represents
semi-quantitative approximation of remaining quartz particle

ize. Though residual stress is not a function of particle diameter
Eq. (1)), good correlation is observed with regard to X because
f the changes in the nature of the interphase (mainly the ther-
al expansion coefficient and thickness of the layer that forms

round the particles with respect to particle size).

. Calculation method for estimating equivalent
sotropic microscopic residual stress for anisotropic
articles

Equivalent isotropic microscopic residual stress was esti-
ated using the diffraction peak values to calculate stressed

nit cell volume. For the hexagonal system, volume may be
etermined from the a- and c-lattice parameters with Eq. (7).

= 0.866a2c (7)

The parameters may be calculated from Eq. (8), which
escribes the geometric relations between the lattice parameters
nd the crystal plane spacings21,22:

1 4
(

h2 + hk + k2 )
l2
d2
[hkl]

=
3 a2 +

c2 (8)

The interplanar spacing may be calculated by XRD, applying
ragg’s law. This requires using the information on two planes

K
C
O
L
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o establish a system of two equations and two unknowns. For
uartz the most appropriate planes are [1 1 2] and [2 1 1] since
hey appear at larger angles, which minimise the experimental
rror, as Eq. (5) indicates. Though their intensities are low, they
uffice to determine plane positions.

Once the unit cell volume has been calculated, the result-
ng expansion or shrinkage (εV) due to residual stresses may be
etermined from Eq. (9):

V = V − V0

V0
(9)

where V0 is the volume of the material’s characteristic unit
ell. The cell volume calculated from Eq. (1) can be rewritten
s follows:

= 0.866 a2
0(1 + εa)2c0(1 + εc) = V0(1 + εa)2(1 + εc) (10)

Since quartz displays anisotropic behaviour, the strains at a
nd c differ. The equivalent linear strain ‘�’ is defined as the
sotropic strain that would lead to the same variation in volume
s Eq. (10)

= V0(1 + εa)2(1 + εc) = V0(1 + ε)3 (11)

This procedure is the same as that used to calculate the
quivalent linear thermal expansion coefficient of a polycrys-
alline anisotropic material. Combining Eqs. (9) and (11) allows
etermination of the equivalent linear strain associated with the
article:

= (1 + εV )1/3 − 1 (12)

The equivalent isotropic stress may be estimated by applying
ooke’s law, as follows:

r = εE ≈ σrr (13)

. Experimental procedure

The tests were carried out with a porcelain tile composi-
ion consisting of approximately 50% albite, 30% kaolinite,
nd 20% quartz, only varying quartz particle size. A floated
odium feldspar (Kaltun) and the Super Standard Porcelain
aolin (Imerys) were used, respectively, as a source of albite and
aolinite. Four types of quartz were used: SE500 (Q1), SE100
2O 0.23 0.80 0.06
aO 1.1 0.10 0.03
thers 0.34 0.64 0.11
OI 0.14 13.0 0.27



2632 A. De Noni Junior et al. / Journal of the European Ceramic Society 28 (2008) 2629–2637

q
s
1

t
d
t
c
8
4
w
k
t
w
i
P
m
p
1

a
a
e
p
o
l
w
K

T
F
t

P
P
P
P
E

Table 3
Quartz crystal strains and equivalent isotropic stresses in the fired pieces obtained
from the test mixtures

dti
1 1 2 (Å) dti

2 1 1 (Å) εa (×103) εc (×103) ε (×103) σr (MPa)

PQ1 1.8250 1.5500 5.899 1.512 4.434 346
PQ2 1.8229 1.5477 4.290 0.879 3.152 246
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Fig. 2. Particle size distribution of the materials used.

uartz particle size distributions in the starting mixtures differed
lightly from those of the quartz used in each case, since about
7% of the quartz in the composition came from the feldspar.

The test mixtures (PQ1, PQ2, PQ3, and PQ4) were propor-
ioned, homogenised by wet milling for 45 min, and then spray
ried. Mixture PQ2 is closest to a standard industrial composi-
ion, so that the test compositions together fully encompass the
ompositional range found in industrial practice. Test pieces of
0 mm × 20 mm × 7 mm were formed at a pressing pressure of
5 MPa and moisture content of 5.5% (dry basis). The pieces
ere dried in an oven at 110 ◦C and then fired in an electric
iln. The heating cycle used was as follows: heating from 25
o 500 ◦C at 70 ◦C/min and from 500 to 1230 ◦C at 25 ◦C/min,
ith a 6-min hold at peak temperature followed by natural cool-

ng in the kiln. The peak temperature used (1230 ◦C except for
Q1) corresponded to that at which the sintered pieces achieved
aximum density (measured by the Archimedes method). The

eak temperature used for composition PQ1 (finest quartz) was
220 ◦C, in order to maintain the maximum density condition.

The fired materials were powdered to determine their miner-
logical composition by the Rietveld method,23 using fluorite as
n internal standard. To determine the strains on lattice param-
ters of quartz particles, the diffraction peak displacements for
lanes [1 1 2] and [2 1 1] were measured directly on the surfaces
f test pieces without any surface treatment and any particu-

ar orientation. A diffractometer (Bruker AXS, D8 advance),
ith the following experimental conditions was used: radiation
(α1 + α2)Cu, step size of 0.01◦, scan time of 1 s/step from

able 2
inal mineralogical composition of the test mixtures and conversion with respect

o the unfired starting mixture (η)

Glass Albite Quartz Mullite

φVi φA η φQ η φM η

Q1 0.66 0.07 0.14 0.16 0.82 0.114 0.88
Q2 0.67 0.04 0.08 0.18 0.91 0.107 0.83
Q3 0.65 0.04 0.08 0.20 1.0 0.106 0.83
Q4 0.65 0.04 0.08 0.20 1.0 0.110 0.88
rror 0.02 0.005 0.01 0.01

a
s

u
t
d
a
(
�

α

t
γ

t

Q3 1.8227 1.5460 2.969 2.304 2.747 214
Q4 1.8201 1.5435 1.300 1.180 1.260 98

0◦ to 70◦ (2θ), and 1976-NIST corundum as internal standard.
he linear thermal expansion curves of two test pieces made

rom each mixture were determined between 100 and 950 ◦C
ith a dilatometer (Netzsch DIL 402C) at a heating rate of
0 ◦C/min. Finally, polished cross-sections of some test pieces
ere observed by SEM.

. Results and discussion

.1. Mineralogical composition of the fired product

The mineralogical compositions obtained (expressed as vol-
me fraction, φ) and the relation between the final mass and the
nitial mass of each component (η), excluding loss on ignition
LOI), are presented in Table 2. In regard to mullite, η repre-
ents the relation between the formed quantity and the quantity
hat could theoretically form from kaolinite, considering pri-

ary mullite (2Al2O3·SiO2) according to the suggestion of Lee
t al.,24 assuming alumina to be the limiting reactant.

It was observed that the end product still contained albite
hat had not fully fused, owing to the short residence time at
eak firing temperature, even though firing had occurred at
230 ◦C. Since composition PQ1 was the only composition fired
t 1220 ◦C, a greater quantity of residual albite was observed.
owever, in this composition almost 20% of the quartz had dis-

olved because of the smaller quartz particle size. As quartz
article size increased, particle dissolution decreased, dissolu-
ion being negligible for the quartz in mixtures PQ3 and PQ4.
he quantity of mullite that formed was practically the same for

he four studied compositions, with a conversion of about 85%.

.2. Microscopic residual stress on quartz particles

Table 3 presents the data obtained for the interplanar spacings
nd quartz unit cell strains, in addition to the equivalent isotropic
tress, Eq. (13), for the fired pieces made from the test mixtures.

It was observed, first, that the residual stress val-
es decreased as quartz particle size increased, owing
o stress relaxation in the particles with the largest
iameter. If no stress relaxation occurred, stresses of
bout 580 MPa would be expected according to Eq. (1)
assuming: Ec = 78 GPa,7 Em = 70 GPa,25 νc = νm = 0.2,7

T = 730 ◦C,7,20 αc(20–750 ◦C) = 2.03 × 10−5 ◦C−1,(26)
m(20–750 ◦C) = 7.4 × 10−6 ◦C−1).(27) Under these condi-
ions, the critical diameter foreseen by Eq. (4) (assuming
i = 3.5 J/m2) would be about 10 �m. This suggests that par-

icles with a diameter >10 �m would be completely detached
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where αi(T1−T2) are the values of each constituent’s thermal
expansion coefficients between T1 and T2, and φi their volume
fraction.
ig. 3. Quartz diffraction peaks of the fired test pieces obtained from the studied
ompositions (plane [1 1 2]).

rom the matrix (σrr = 0), whereas those with a diameter <10 �m
ould display stress of approximately 580 MPa. Although this
ypothesis partly explains the observed trend, in actual fact the
henomena are more complex. Many particles with that level
f stress would probably be internally fractured,17 with the
nsuing partial stress relaxation. Fig. 3 shows the diffraction
eaks for quartz plane [1 1 2], the solid line representing the
iffraction angle for the unstressed material and the dotted line
he position that might be expected with stresses of 580 MPa.
he shape of the diffraction peaks suggests that they are
ot formed by overlapping peaks of two types of particles:
r = 580 MPa and σr = 0, but that there are probably partly
etached or broken particles with intermediate stresses, this
eing possibly confirmed by the diffraction peak broadening.

The smallest particles, which exhibit advanced states of dis-
olution, display an interphase with a glassy phase rich in
morphous silica (smaller α), which contributes to a higher stress
evel. This contribution to the residual stress value in test piece
Q1 is probably more significant than the fact that it has a smaller
uantity of particles below the critical size.

.3. Origin of microscopic stresses: analysis based on
inear thermal expansion

In order to better understand the origin of the microscopic
esidual stresses on quartz particles, experimental verifications
ere carried out on the coefficients of linear thermal expan-

ion of the fired test pieces prepared from the test mixtures. The
esults were used to estimate the contribution by the quartz par-
icles and to determine the temperature at which microscopic
tresses began to occur. Finally, the stresses were theoretically
alculated from Eq. (1) and the values compared with the exper-
mental data.
.3.1. Coefficient of linear thermal expansion of the fired
ieces obtained from the test mixtures

The results of the coefficients of linear thermal expansion
f the fired pieces are plotted as a function of temperature in

F
t

n Ceramic Society 28 (2008) 2629–2637 2633

ig. 4. These coefficients have been calculated starting from
00 ◦C, in steps of 50 ◦C (�T = T2 − T1), from the slope of the
hermal expansion curve. For temperatures above 500 ◦C, �T
as lowered to 25 ◦C in order not to mask the large dimensional

hanges caused by the allotropic transformation of quartz. The
hermal expansion curve for composition PQ2 has been plotted
n the secondary axis.

In all cases α increases with temperature, peaking at ∼575 ◦C
wing to the allotropic change of quartz. Such behaviour is char-
cteristic of quartz-containing compositions. Since test piece
Q1 contains less residual quartz, the observed peak is lower

han the others. Since �-quartz practically does not expand, a
ronounced drop in α values is observed after the allotropic
hange, the resulting values being even lower than those obtained
etween 100 and 500 ◦C. The thermal expansion curve of com-
osition PQ2 reflects both the region of the allotropic change of
uartz (∼575 ◦C26) and the glass transition (Tg) region of the
lbite glass (∼815 ◦C27). It also shows that at about 750 ◦C, the
hermal expansion coefficient of the material begins to increase.
his point approximately indicates the lower annealing temper-
ture of the glassy phase, in addition to the temperature at which
he expansion of the material is basically determined by expan-
ion of the glassy matrix, since the existing crystalline phases
tart to expand more freely without greatly altering the expansion
f the whole piece. On the other hand, it is at this temperature
uring cooling that the microscopic residual stresses between
he crystalline particles and the glassy matrix begin to develop.

.3.2. Estimation of the quartz coefficient of linear thermal
xpansion

The coefficient of thermal expansion is often an additive prop-
rty in relation to the mixture constituents, so that α may be
ritten as follows:

¯ T1−T2 =
∑

i

αi(T1−T2)φi (14)
ig. 4. Coefficients of thermal expansion of the fired pieces obtained from the
est mixtures, and thermal expansion curve for composition PQ2.
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Table 4
Coefficients of thermal expansion of the system constituents

Constituent αi (100–700) (×10−7 ◦C−1)

Albite28 75.3
Albite glass27 74
M 29
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with the error in relation to the experimental data given in Table 3
(Er), calculated from Eq. (16)

Er = σrr,theo − σr,exp (16)

Table 5
Theoretical values of the microscopic residual stress on the quartz particles and
error against the experimental measurements

σrr (MPa) Er (MPa)
ullite 56.2
aolin glass25 14
morphous silica 5.5

As Table 2 showed, the resulting system consists of mullite,
uartz, unmelted feldspar, and glassy phase. The glassy phase
argely consists of glass from albite, in addition to a small por-
ion of amorphous phase from kaolin that did not crystallise
s mullite (composed by SiO2 and Al2O3), and a small quan-
ity of amorphous silica from quartz dissolution. Since firing
s very rapid (fast heating rate and 6-min hold at peak tempera-
ure), there is insufficient time to develop a uniform glassy phase
omposition. Thus, the existence of three different glassy phases
albite glass, kaolin glass, and amorphous silica) has been taken
nto account in the calculation of the thermal expansion coeffi-
ient. The advantage of this approach is that, since the thermal
xpansion coefficients of albite glass and amorphous silica are
nown, it is only necessary to estimate the value of α for part of
he glassy phase. The amount of each glassy phase can be then
alculated from the data presented in Table 2, the start formula-
ion and the chemical composition of each crystalline phase. The
alues of the thermal expansion coefficients of the materials in
he system are given in Table 4. Although this system has many
arameters they are all known data, either theoretically or exper-
mentally. Therefore, the quartz linear thermal coefficient is the
nique unknown parameter, and once it has been calculated, it
an be compared with experimental data as well.26

The data in Fig. 2 and in Table 4 allowed determination
f the quartz coefficient of linear thermal expansion for each
emperature step (�T ∼ 50 ◦C) between 100 and 750 ◦C. The
xperimental linear thermal expansion curve for the quartz in
he mixtures can thus be reconstructed using Eq. (15), to per-
it a direct comparative analysis with the theoretical curve.26

he results are shown together with the linear thermal expansion
urves of polycrystalline quartz and the respective quartz a- and
-lattice parameters, for comparative purposes, in Fig. 5.

�l

lo

∣∣∣∣
Tn+1

= �l

lo

∣∣∣∣
T0

+
n∑

k=0

ᾱ(Tk−Tk+1)(Tk+1 − Tk) (15)

These results show that the quartz present in the porce-
ain tiles contributes a coefficient of linear thermal expansion
hat corresponds to the coefficient of the c-lattice parameter.
his phenomenon is probably related to the microscopic stress

elaxation that causes break-up of the contact with the glassy
atrix. Estimation of the critical diameter, Eq. (4), correspond-

ng to parameters a and c, gives dc(a) = 6 �m and dc(c) = 44 �m,
espectively. These values indicate that there may be a par-

ial, oriented quartz particle detachment process owing to the
nisotropic behaviour of the two lattice parameters. Ohya et
l.30 also suggest that anisotropic behaviour may determine ori-
nted detachments or fractures. Most quartz particles in quartzes

P
P
P
P

ig. 5. Linear thermal expansion curves of the quartz in the fired pieces obtained
rom the test mixtures together with that of the polycrystalline quartz and the
uartz a- and c-lattice parameters.24

2, Q3, and Q4 are between 6 and 44 �m in size. However, in
ample PQ4 about 30% of the quartz particles are larger than
4 �m, which would explain the smaller quartz thermal expan-
ion in composition PQ4, since these particles (>44 �m) would
e completely detached from the matrix. For smaller particles,
he phenomenon is more complex. In quartz Q1, which has the
nest quartz particles, about 70% of the quartz particles are
elow 6 �m; nevertheless the thermal expansion of this quartz
till exhibits the same trend as the other quartzes, though it is
lightly higher. The reason for this behaviour is, first, that these
mall particles have an interphase with a glassy phase that is
icher in silica (as a result of the dissolution process), so that the
ritical size for the a-lattice parameter becomes even smaller.
econdly, the particles that are smaller than the critical size may
e fractured because, since they are not detached from the glassy
atrix, the microscopic stress might exceed the fracture stress

f the quartz.

.3.3. Theoretical calculation of microscopic residual stress
In accordance with the results of the foregoing section, Eq. (1)

an be used again to estimate the microscopic residual stress on
he quartz particles, in this case, however, using the coefficient
f linear thermal expansion for the quartz estimated from the
xperimental data in the cooling range, which was also observed
xperimentally. The results are presented in Table 5, together
Q1 318 −28
Q2 272 +27
Q3 241 +27
Q4 193 +95
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even without the development of any appreciable residual stress
(<5 MPa, Eq. (1)). However, it is easier to break an already
stressed particle like the quartz particles, than unstressed parti-
cles. Microstructural damage at interphase levels (i.e. peripheral
ig. 6. Micrograph of a sintered test piece made from mixture PQ2: porosity
P), quartz (Q), albite (A), albite glass (VA), primary mullite (M), kaolin glass
VC).

The theoretical equation, Eq. (1), is defined for an infinite
atrix (φ → 0). However, the studied mixtures exhibit values

f φ ≈ 0.2. The theoretical values may therefore be expected
ie slightly higher than the experimental ones (positive errors).
his explains the deviation displayed by compositions PQ2 and
Q3 from the experimental errors. In addition, the consistency
etween the theoretical and the experimental values is related to
he fact that these mixtures contain a larger quantity of particles
elow the critical size, dc, related to the c-lattice parameter,
stimated at ∼44 �m. As a result, composition PQ4 presents
larger error, since it contains many more particles above the

ritical size. In addition, the results for mixture PQ1 highlight,
nce again, the influence that the silica-rich interphase has on
he state of the stresses on the smallest particles, since higher
xperimental values than expected were obtained.

.4. Analysis of the formed microstructures

Fig. 6 shows the micrograph of composition PQ2 which,
s indicated, is closest to that of an industrial porcelain tile.
ll system features are relatively identifiable: closed porosity

P), quartz particles (Q), albite particles (A), albite glass (VA),
rimary mullite (M), and kaolin glass (VC). At these levels, pri-
ary mullite cannot be distinguished from the remaining kaolin

lass. These two constituents share the same location because
he kaolin (the constituent with the smallest particle size, which
ontributes plasticity to the green material) lodges between the
lbite and the quartz particles. These regions can be identi-
ed by visualising the limits of the positions where the glassy
atrix from the albite (VA) is located. During the rapid firing

ycles there is no time for the kaolin glass to diffuse through the
atrix. EDX analysis suggests a Si/Al ratio comparable to that

f metakaolin.24 The albite glass regions, however, retain the
riginal identity of the precursor particles. The remaining albite
articles also preserve the identity of the original particles.
It may be further noted that the observable fractures in quartz
articles beyond a certain size are mainly due to the polish-
ng process to which the samples were subjected. Some of
he remaining albite particles are also observed to be broken,
n Ceramic Society 28 (2008) 2629–2637 2635
Fig. 7. Micrographs of test pieces obtained from the studied mixtures.
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racks) is caused by high stresses between the quartz and the
atrix. What is observed, however, is an effect maximised by the

olishing process. In this case, no peripheral cracks are observed
round the remaining albite particles.

The foregoing discussion is applicable to the sequence of
icrographs shown in Fig. 7, with a magnification of 750×, for

ll compositions: PQ1, PQ2, PQ3, and PQ4. The most notewor-
hy differences between these compositions relate to: (1) pore
ize distribution, the pores being smaller and more numerous as
uartz particle size decreases and (2) the greater dispersion of
he mullite crystals associated with the larger surface provided
y the quartz as quartz particle size decreases. These effects are
learly distinguishable, especially when PQ1 is compared with
he other compositions. As quartz particle size increases, more
eripheral cracks, more transgranular fractures, and (in more
xtreme cases such as PQ4) completely detached or pulled-out
articles may be observed.

. Conclusions

The residual stress on quartz particles in porcelain tiles has
een measured using X-ray diffraction. The method applied to
uantify these stresses uses information from the displacement
f two families of crystalline planes to obtain a virtually isotropic
tress state for a system of anisotropic particles. This is found
o be more robust when it comes to interpreting the results, par-
icularly for such a complex system as that of porcelain tile in
hich the quartz particles are dispersed in a glassy matrix.
Microstructural observation shows that porcelain tile, due to

ts rapid firing cycle, maintains a strong identity in regard to
article packing and densification. Moreover, this is a system
n which the existing glassy phases practically do not diffuse
nto each other, a fact that needs to be taken into account in the
stimation of the quartz coefficient of linear thermal expansion.

The quartz in sintered porcelain tile displays a coefficient of
inear thermal expansion equivalent to the c-lattice parameter,
hich is lower than the coefficient attributed to polycrystalline
uartz. When this information is taken into account in the the-
retical calculation of residual stress, the results display a clear
onsistency with the experimentally determined values. How-
ver, in the cases in which the values deviated more, this was
ue to two different factors: (1) the advanced state of dissolu-
ion of the smaller quartz particles, which modified the nature
f the particle–matrix interphase considered in the calculation
nd (2) the quartz particle size distributions that contained a
arge fraction above the critical size for c-lattice parameter (esti-

ated at about 44 �m). These results indicate that anisotropic
ehaviour determines quartz particle detachment from the glassy
atrix.
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