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Abstract

The growth of mullite (3Al2O3·2SiO2) in a porcelain stoneware body for tiles production has been investigated using differential thermal
analysis (DTA). The activation energy calculated by both isothermal and non-isothermal treatments is 599 and 622 kJ mol−1, respectively.
The growth morphology parameters n and m are both about 1.5 indicating that bulk nucleation is dominant in mullite crystallisation followed
by three-dimensional growth of mullite crystals with polyhedron-like morphology controlled by diffusion from a constant number of nuclei.
The frequency factor calculated by the isothermal treatment is equal to 8.21 × 1022 s−1.
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. Introduction

Porcelain stoneware tile is a highly vitrified ceramic ma-
erial produced from a body formulated by mixtures of clay,
uartz and feldspar in which vitrification indicates a high de-
ree of melting on firing which confers low (often <0.5%)
orosity and high (>40%) glass content. The main phase
omposition of porcelain stoneware body is constituted by
heterogeneous glassy matrix and needle-shaped mullite

rystals together with some quartz grains and closed irregu-
ar shaped porosities due to gas bubbles. Mullite crystals,
hich are derived from the solid-state decomposition of

he clay component,1 are endowed with excellent mechan-
cal, creep, thermal and chemical properties. Nevertheless,
n spite of the commercial interest developed by porcelain
toneware tiles in the last years, very little research has been
onducted in this field, leaving significant opportunities for
nvestigation.

Because of its potentially favourable properties, mullite
as a significant role in the technological features of porcelain

stoneware tiles. It consequently seems of great interest to
determine the kinetic parameters for mullite crystallisation
in porcelain stoneware tiles.

In the last years, differential thermal analysis (DTA) has
been extensively employed as a rapid and convenient instru-
ment for the study of the kinetics of phase transformation
processes and chemical reaction mechanisms. In the field of
glass science, this method has been used to investigate crys-
tallisation kinetics in glasses,2,3 to determine homogeneous
crystal nucleation rates4,5 and to obtain the activation energy
for glass crystallisation, assuming that the crystallisation pro-
cess is a first-order reaction.6

As for mullite crystallisation, the DTA method has been
used in recent years to study the kinetic of mullite formation
from aluminium silicate glass fiber,7 diphasic gels8–10 and
kaolin ceramics11,12 by both isothermal and non-isothermal
methods. However, to our knowledge, the crystallisation ki-
netics and growth mechanism of mullite formation in porce-
lain stoneware tile bodies have not yet been considered in this
regard.

In the present study, the crystallisation kinetics of mullite
in porcelain stoneware tiles have been investigated by DTA
∗ Corresponding author. Tel.: +34 91 302 04 40; fax: +34 91 302 07 00.
E-mail address: mromero@ietcc.csic.es (M. Romero).

in order to estimate the activation energy of mullite formation
based on isothermal and non-isothermal methods, the growth
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morphology parameters n and m and the frequency factor for
the reaction of mullite formation.

2. Materials and methods

A standard porcelain stoneware body for tiles production
was prepared by mixing 50% kaolinitic clay (EuroArce), 40%
feldspar (Rio Pirón) and 10% quartz sand. Chemical analy-
sis of the raw materials is shown in Table 1. All the above
materials were crushed, grounded and finally powdered to
<160 �m prior to further use. The batch composition was wet-
milled with alumina grinding media. The slurry was oven-
dried overnight at 100 ◦C, powdered and sieved through a
160 �m mesh.

Differential thermal and thermogravimetric analysis
(DTA/TG) was performed on the porcelain stoneware pow-
ders in a SETARAM Labsys Thermal Analyser. The samples
were heated from room temperature to 1250 ◦C at heating
rates of 10, 20, 30, 40 and 50 ◦C min−1. The DTA scans were
conducted in flowing air using platinum crucibles with cal-
cined Al2O3 as reference material. All the DTA curves were
normalised with respect to the sample weight. The morphol-
ogy of the samples after DTA runs was observed by scanning
electron microscopy (SEM) in a JEOL JMS 5400 microscope.
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Arrhenian-type equation:

k = k0 exp

(
− E

RT

)
(2)

where k0 is the frequency factor, E is the apparent activation
energy, R is the ideal gas constant and T is the isothermal
temperature in Kelvin. Taking the logarithm of Eq. (1) and
rearranging gives:

− ln(1 − x) = (kt)n (3)

After twice taking the logarithm, one obtains:

ln[− ln(1 − x)] = n ln k + n ln t (4)

At a given temperature, values of n and k are obtained from an
isothermal DTA curve using Eq. (4) by least-squares fitting
of ln[−ln(1 − x)] versus ln t. Values of k were evaluated at
different temperatures by repeating the same procedure. The
activation energy, E, and frequency factor, k0, are then eval-
uated from the logarithmic form of Eq. (2) by least-squares
fitting, ln k versus 1/T.

The crystallisation rate can be expressed by:

dx

dt
= kf (x) = k0 exp

(
− E

RT

)
f (x) (5)
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. Theoretical approach

.1. Isothermal treatment

The theoretical basis for interpreting DTA results is pro-
ided by the Johnson–Mehl–Avrami (JMA) theory, which
escribes the evolution of the crystallisation fraction, x, with
he time, t, during a phase transformation under an isothermal
ondition:

= 1 − exp[−(kt)n] (1)

here x is the volume fraction crystallised after time t, n
s the Avrami exponent and k is the reaction rate constant,
hose temperature dependence is generally expressed by the

able 1
hemical analysis of the raw materials used in the preparation of a standard
orcelain stoneware body for tiles production

xide Kaolinitic clay Feldspar Quartz sand

iO2 58.10 70.50 98.00
l2O3 27.60 16.60 1.08
e2O3 1.58 0.06 0.31
aO 0.26 0.55 0.08
gO 0.40 0.06 –
a2O – 2.30 –

2O 1.62 10.30 –
iO2 0.65 0.05 0.57
nO 0.01 – –

2O5 0.16 – –
.L. 9.40 0.50 0.28
nd taking logarithms:

n

(
dx

dt

)
= ln[k0f (x)] − E

RT
(6)

hese equations have been derived for isothermal crys-
allisation process but it has been proved that with certain
estrictions13 they can be applied to non-isothermal experi-
ents with satisfactory results.
Ligero et al.14 have proposed a mathematical method

hrough non-isothermal techniques. The crystallisation frac-
ion, x, at a temperature T differs at different heating rates
nd hence the curves of dx/dt versus temperature are also dif-
erent. If we select the same value of x in every experiment
t different heating rates, there should be a linear relation-
hip between the corresponding dx/dt and 1/T, whose slope
ives the activation energy, E. Then, it is possible to calculate,
hrough Eq. (6), the value of ln[k0f(x)] for each crystallised
raction at each heating rate. From the plot of ln[k0f(x)] ver-
us x, we can select many pairs of x1 and x2 that satisfied the
ondition:

n[k0f (x1)] = ln[k0f (x2)] (7)

nd therefore,

ln(1 − x1) + n − 1

n
ln[− ln(1 − x1)]

= ln(1 − x2) + n − 1

n
ln[− ln(1 − x2)] (8)



M. Romero et al. / Journal of the European Ceramic Society 26 (2006) 1647–1652 1649

From Eq. (8), the Avrami parameter, n, can be calculated by:

n = ln[ln(1 − x2)/ ln(1 − x1)]

ln[(1 − x2) ln(1 − x2)/(1 − x1) ln(1 − x1)]
(9)

and once the Avrami parameter is determined, the frequency
factor, k0, can also be calculated by the following equation:

ln[k0f (x)] = ln k0 + ln n + ln(1 − x)

+ n − 1

n
ln[− ln(1 − x)] (10)

3.2. Non-isothermal treatment

In a non-isothermal DTA experiment, the temperature is
changed linearly with time at a known scan rate φ (=dT/dt):

T = T0 + φt (11)

where T0 is the starting temperature, and T is the tempera-
ture after time t. As the temperature constantly changes with
time, k is no longer a constant but varies with time in a more
complicated form, and Eq. (1) becomes:

x = 1 − exp

{
−
[
k(T − T0)

φ

]n}
(12)

I
p

A
v
r

l

A
w

respectively. The value of the Avrami exponent, n, is deter-
mined from the shape of the crystallisation exotherm and is
related to Tp as16,17:

n = 2.5

�T

T 2
p

E/R
(15)

where �T is the width of crystallisation peak at half maxi-
mum.

Another kinetic approach commonly used to analyse DTA
data is the Kissinger method, which is written as:

ln

(
φ

T 2
p

)
= − E

RTc
+ constant (16)

where Tp is the temperature at the maximum of crystallisa-
tion peak and φ is the DTA heating rate. A plot of ln(φ/T 2

p )
versus 1/Tp should be a straight line, whose slope yields the
activation energy for crystallisation E.

Matusita and coworkers18–20 have proposed a modified
form of the Kissinger equation as:

ln

(
φn

T 2
p

)
= − mE

RTp
+ constant (17)

where n is the Avrami parameter which indicates the crystalli-
sation mode and m is a numerical factor which depends on
t
f
e
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f the rate of transformation is maximum at the DTA curve
eak, then T = Tp and

d2x

dt2 = 0 (13)

fter deducing and rearranging Eq. (12), Bansal et al. de-
eloped a method for a non-isothermal analysis.15 The final
elation was as follows:

n

(
T 2

p

φ

)
= ln

(
E

R

)
− ln k + E

RTp
(14)

plot of ln(T 2
p /φ) versus 1/Tp should yield a straight line

hose slope and intercept may be used to calculate E and k,

able 2
alues of n and m for various crystallisation mechanisms

Three-dimensional
(polyhedron)

n m

ulk nucleation with varying number of nuclei
Interface reaction 4 3
Diffusion 2.5 1.5

ulk nucleation with constant number of nuclei
Interface reaction 3 3
Diffusion 1.5 1.5

urface nucleation
Interface reaction 1 1
Diffusion 0.5 0.5
he dimensionality of crystal growth. The values of n and m
or various crystallisation mechanisms obtained by Matusita
t al.21 are shown in Table 2.

. Results and discussion

Fig. 1 shows the typical DTA/TG curves recorded on a
orcelain stoneware tile powder during heating from room
emperature to 1250 ◦C at a heating rate of 10 ◦C min−1. In
he DTA scan, two endothermic peaks at 520 and 567 ◦C and

exothermic peak at 984 ◦C are observed. The TG curve
hows a single weight loss of 4.5% correlating with the first
ndothermic reaction, which corresponds to the dehydrox-
lation of the kaolinitic clay. The second endothermic and

Two-dimensional
(plates)

One-dimensional
(needles)

n m n m

3 2 2 1
2 1 1.5 0.5

2 2 1 1
1 1 0.5 0.5

1 1 1 1
0.5 0.5 0.5 0.5
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Fig. 1. DTA/TG curves of a porcelain stoneware tile powder heated at
10 ◦C min−1.

Fig. 2. DTA curves for a porcelain stoneware tile powder at different heating
rates.

the exothermic peaks, which correspond to the � → � quartz
inversion and mullite formation, respectively, occur without
weight loss.

Fig. 2 depicts the DTA curves for a porcelain stoneware
tile powder at different heating rates. The temperature of the
maximum of the exothermic peak, Tp, shifts to a higher tem-
perature as the heating rate increases from 10 to 50 ◦C min−1.

Fig. 3 shows the variation of the crystallised fraction of
mullite with temperature under different heating rates. The
crystallised fraction, x, was determined from the DTA results

Fig. 3. Variation of the crystallised fraction of mullite with temperature for
a porcelain stoneware tile powder under different heating rates.

Fig. 4. Rate of mullite growth with time for a porcelain stoneware tile powder
at different heating rates.

(Fig. 2) by the ratio:

x = AT

A

where AT is the area of the exotherm peak in the DTA
curve at temperature T and A is the total area under the
peak.

As expected, the crystallisation fraction, x, at a tempera-
ture T differs at different heating rates and hence the curves
of dx/dt versus time are also different as is shown in Fig. 4,
which depicts the rate of mullite growth with time for dif-
ferent heating rates. The rate of crystallisation increases with
the heating rate.

4.1. Isothermal treatment

Fig. 5 shows the plot of ln(dx/dt) versus 1/T at the same
value of crystallised fraction, x, from the experiments at dif-
ferent heating rates as proposed by Ligero et al.14 The values
of the activation energy, E, for different crystallised frac-
tion, which were calculated by the average of the slopes of

F
f

ig. 5. Plot of ln(dx/dt) vs. 1/T at the same value of crystallised fraction, x,
rom the experiments at different heating rates.
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Table 3
Values of the activation energy, E, for different crystallised fraction

x r E (kJ mol−1)

0.10 0.987 616
0.11 0.992 601
0.12 0.993 609
0.15 0.994 600
0.20 0.993 597
0.30 0.992 596
0.32 0.991 591
0.35 0.988 601
0.40 0.986 599

Fig. 6. Plot of ln[k0f(x)] vs. crystallisation fraction, x, for a porcelain
stoneware tile powder heated at a heating rate of 40 ◦C min−1.

the lines, are listed in Table 3. It can be seen that ln(dx/dt)
is linear with the absolute temperature inverse, indepen-
dent of the heating rate, in the range x = 0.11–0.32 (de-
termination coefficient r > 0.99) and the average activation
energy of mullite crystallisation in porcelain stoneware is
599 ± 6 kJ mol−1.

Once the activation energy is known, the value of ln[k0f(x)]
can be calculated. Fig. 6 shows the plot of ln[k0f(x)] versus
crystallisation fraction, x, for a porcelain stoneware tile pow-
der heated at a heating rate of 40 ◦C min−1. Similar curves
were obtained for the other heating rates utilized in this
work. The Avrami parameter, n, was determined by the se-
lection of many pairs of x1 and x2 that satisfied the condi-

mple af

Table 4
Values of the Avrami parameter, n, and t0.75/t0.25 value for different heating
rates

Heating rate (◦C min−1) n t0.75/t0.25

10 1.39 1.85
20 1.43 1.66
30 1.44 1.55
40 1.36 1.53
50 1.34 1.50

Fig. 7. Plots of ln(φ/T 2
p ) and ln(φn/T 2

p ) vs. 1/Tp according to Kissinger and
Matusita equations, respectively.

tion ln[k0f(x1)] = ln[k0f(x2)]. The average values of n for each
heating rate are listed in Table 4 and the average Avrami pa-
rameter is 1.39. This value is close to 1.5, which suggests,
according to Table 2, that the crystallisation process of mul-
lite in porcelain stoneware should be controlled by a diffusion
growth. Using Eq. (10), the average of k0 is determined as
equal to 8.21 × 1022 s−1.

The morphology of the crystal growth can be indicated
by taking the ratio of times for two fixed degrees of trans-
formation. A convenient representative index is the ratio of
times for 75 and 25% transformation in such a way that
2.20 ≤ t0.75/t0.25 ≤ 4.82 for one-dimensional growth (nee-
dles), 1.69 ≤ t0.75/t0.25 ≤ 2.20 for two-dimensional growth
(plates) and 1.48 ≤ t0.75/t0.25 ≤ 1.69 for three-dimensional
growth (polyhedron).9 The average values of t0.75/t0.25 for
each heating rate are listed in Table 4. The average value
is 1.62, which suggests a three-dimensional growth of mul-
lite crystals in porcelain stoneware bodies. However, it can
be seen that the shape of mullite crystals is very dependent
Fig. 8. Microstructure observed by SEM on a sa
 ter DTA record at a heating rate of 30 ◦C min−1.
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on the heating rate, going from a two-dimensional growth for
low heating rate (10 ◦C min−1) to a three-dimensional growth
when the heating rate increases.

4.2. Non-isothermal treatment

Fig. 7 shows the plots of ln(φ/T 2
p ) and ln(φn/T 2

p ) versus
1/Tp according to Kissinger and Matusita equations, respec-
tively. The activation energy calculated from the slope of the
Kissinger plot is 622 kJ mol−1, which is in good agreement
with that of 599 estimated by the Ligero method. According
to Matusita equation, it is found that the parameter m is 1.4 for
mullite formation in porcelain stoneware bodies. The growth
morphology parameters n and m are both close to 1.5, which
is an indication of a three-dimensional growth of mullite crys-
tals with polyhedron-like morphology, which is in agreement
with the result obtained by the isothermal treatment. These
results also indicate that the bulk nucleation is the dominant
mechanism in mullite crystallisation and the crystal growth is
controlled by diffusion from a constant number of nuclei as is
usual in mullite ceramics.22 Fig. 8 shows the microstructure
observed by SEM on a sample after DTA record at a heating
rate of 30 ◦C min−1.
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. Conclusions

The crystallisation kinetic and growth mechanism of mul-
ite crystals in a standard porcelain stoneware powder of com-
osition 50% kaolinitic clay, 40% feldspar and 10% quartz
or tiles production have been investigate by DTA method.
rom the experimental results, the following conclusions can
e drawn:

The temperature of mullite crystallisation in the porcelain
stoneware powder is around 985 ◦C
The activation energies of mullite crystallisation in porce-
lain stoneware calculated by both isothermal (Ligero
method) and non-isothermal (Kissinger method) treat-
ments are 599 and 622 kJ mol−1, respectively.
The values of the growth morphology parameters n and
m are found to be n = m ≈ 1.5 indicating that bulk nucle-
ation is the dominant mechanism in mullite crystallisation
and a three-dimensional growth of mullite crystals with
polyhedron-like morphology controlled by diffusion from
a constant number of nuclei.
The value of the frequency factor, k0, is equal to
8.21 × 1022 s−1.
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