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Abstract

The crystallization kinetics of red ceramic raw material from the western part of Sdo Paulo
State, Brazil, was examined by differential thermal analysis (DTA) and X-ray diffraction
(XRD). The chemical composition of the clay sample was determined by X-ray fluorescence
(XRF). Non-isothermal crystallization kinetic methods have been applied to the study of the
mechanism of crystallization in this kaolinitic material. The exothermic peak shifted to higher
temperatures (945 to 974 °C) with increasing heating rate (10 to 50 °C/min). The average
activation energies determined by the Kissinger method (787 + 85 kJ/mol) and the Ligero
method (721 £ 32 kJ/mol) are in agreement. The Avrami constant n obtained by the Ligero
method and the m parameter (Matusita method) values were between 1 and 1.5, which indicate
a three-dimensional crystal growth with polyhedral morphology and surface nucleation as the
dominant mechanism. X-ray diffraction data indicate that this activation energy is not associated
with the crystallization of mullite. Scanning electron microscopy (SEM) images of fired (1000

and 1190 °C) samples show their densification during the sinterization process.
Research Highlights

P Kaolinitic clay used by the ceramic industry. » Kinetic and mechanism of crystallization
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1. Introduction

The red ceramic industry fabricates structural ceramic products such as solid bricks, hollow
bricks, roof tiles and rustic floor tiles used by the civil construction industry. Usually, these
industries use sedimentary clay minerals mixed with other sandy minerals to obtain a paste with
the appropriate plasticity for each type of ceramic piece. In general, these structural ceramic
products have low added value and are inexpensive compared to other materials used in
building construction. Meanwhile, some industries produce this kind of ceramic using white
clay material, which could be used to produce other kinds of ceramic pieces with higher added

values than red ceramics.

The raw materials used by this industry have a complex chemical composition and consist of
natural mixtures of three components according to their grain size: plastic material (clay
minerals) and non-plastic materials, called silt (fine particles) and sand (coarse particles). Its
mineralogical composition is more complex than traditional porcelain which is a three-
component body composed of plastic material (clays), fluxing agent (generally feldspar, used to
reduce the firing temperature) and quartz. In the red ceramic industry, two or more natural
materials are generally mixed to prepare the ceramic body with the desired properties. In some
cases, fluxing and/or non-plastic materials (for example, quartz) can be used to improve the
industrial process and the final ceramic properties. In the western region of Sdo Paulo state, the
clay material has kaolinite as the major mineral component together with mica (Teixeira et al.,
2001 and Teixeira et al., 2004). Generally, this material has high plasticity due to its high
concentration (> 40 wt.%) of clay minerals and organic material. The non-plastic fractions
consist mostly of silicates, oxides and hydroxides of: aluminum, iron, titanium, and alkaline

earth and alkaline elements.

The synthesis of mullite from kaolinite by conventional sintering has been extensively
studied, and there are many publications on this subject. Meanwhile, there are also many
discrepancies among the published results principally due to the differences in the chemical
composition, grain size distribution and firing process of raw clay materials (Martin-Marquez et
al., 2009, Okada, 2008, Percival et al., 1974, Romero et al., 2006, Santos et al., 2006, Torres et
al., 2004, Traoré et al., 2006 and Yamuna et al., 2002). Firing ceramic mixtures based on clays
whose main clay mineral is kaolinite, in general, encompass the following stages for heating:
loss of moisture (T < 100 °C); oxidation of organic matter (~ 350 °C), and loss of OH-groups
(principally from goethite and gibbsite); hydroxyl loss (chemically bonded water) of kaolinite

phase at ~ 500 °C and subsequent conversion to metakaolinite; metakaolinite decomposition at
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around 850 °C, liberating non-crystalline phases, silica and gamma-alumina; (Si/Al) spinel
formation at ~ 980 °C and its transformation into mullite (~ 1150 °C) (Santos et al., 2006).

Chemical, physical and structural transformations of kaolinite during the sintering process
have been extensively reviewed in the literature. Mullite crystals are derived from the solid-state
decomposition of kaolinite, being the major high-temperature phase (Djangang et al.,
2008, Martin-Marquez et al., 2009, Romero et al., 2006, Santos et al., 2006, Torres et al.,
2004 and Yamuna et al., 2002). Due to its excellent mechanical, creep, thermal and chemical
properties, it has a significant role in the technological features of ceramic materials. The
exothermic reaction around 980 °C detected by DTA is the breakpoint between the non-
crystalline phases from metakaolinite decomposition and the crystallization of the phases. The
explanation of this peak reaction is one point of disagreement among the published data,
principally concerning reactions of non-pure minerals, such as red clays where there are solid-
state reactions and reactions in liquid phases dispersed within the ceramic material. According
to Percival et al. (1974), the formation of the spinel phase is the only one responsible for the
exothermic peak at 980 °C during the kaolinite heat treatment. Sanz et al. (1988) studied the
thermal decomposition of kaolinite and observed that at 980 °C there are segregation of non-
crystalline silica, crystallization of spinel with y-alumina structure, and formation of a mullite

nucleus with low crystallinity.

Differential thermal analysis (DTA) has been extensively employed to study the kinetics of
phase transformation processes and chemical reaction mechanisms during the thermal treatment
of clays. The theoretical basis for interpreting DTA results is provided by the Johnson—Mehl-
Avrami-Kolmogorov (JMAK) theory for isothermal treatment, which describes the evolution
with time, t, of the crystallization fraction, x, in terms of the crystal growth rate (Goel et al.,
2007).

In general, the structural ceramic products have low added value and are low priced
compared to other materials used in building construction. Some industries produce this kind of
ceramic using white clay material, which could be used to produce other kinds of ceramic pieces
with higher added values than bricks. The knowledge of the raw material properties and its
thermal behavior during sintering is important to: (1) the formulation of a mixture of clay,
fondant, and sand that can be used to produce new building materials and (2) the production
process. In the present work, we characterized and studied the crystallization kinetics, using the
DTA technique, of a kaolinitic clear-burning clay used by the ceramic industry to produce an

ordinary hollow brick.
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2. Materials and methods
2.1. Materials

The clay sample was a ceramic raw material used to produce bricks and was obtained from
the company “Asa Branca” in Teodoro Sampaio-SP, Brazil. This industry use kaolinitic clear-
burning clay to produce ordinary hollow bricks. After oven drying (100 °C, 24 h) the clay
material was ground using a knife mill (Marconi — MAGS880) and analyzed to determine the
clay, sand and silt concentrations (pipette method) (Klute, 1986). Its chemical composition was
determined by X-ray fluorescence (Model EDX 700, Shimadzu Scientific Instruments).

Differential thermal and thermogravimetric analysis was performed on the clay powders in a
TA Instruments thermal analyzer, model SDT Q600 (simultaneous DTA/TG/DSC). The
samples were heated in platinum crucibles from room temperature to 1200 °C at heating rates of
10, 20, 30, 40 and 50 °C/min, in flowing air.

The crystalline phases were identified by X-ray diffraction (XRD, Model D/MAX-2100/PC,
Rigaku Corporation). To identify the crystalline phases formed at different temperatures, two
clay samples were moistened, pressed, fired (2 h each one) at 1000 and at 1190 °C and analyzed
using an X-ray diffractometer (Rigaku). Afterwards, the morphology of the sintered material
was determined by scanning electron microscopy (SEM) analysis in a Zeiss DSM-940-A

apparatus.
2.2. Kinetic methods

The study of the kinetics of crystallization based on the so-called Johnson—Mehl-Avrami-
Kolmogorov (JMAK) model, in amorphous materials by differential scanning calorimetry
(DSC) and differential thermal analysis (DTA), has been widely discussed in the literature
(Augis and Bennett, 1978, Faleiros et al., 2000, Holand and Beall, 2002, Kissinger, 1956,Ligero
et al., 1991, Matusita and Sakka, 1980, Scheel and Fukuda, 2004 and Starink and Zahra, 1997).

Various models have been proposed to determine kinetic parameters for non-isothermal
conditions. These include the Kissinger, 1956, Ligero et al., 1991 and Matusita and Sakka,
1980 methods. These models have been used previously in studies of the kinetics of glass
crystallization for various glass—ceramic systems (Chen, 2007, Goel et al., 2007, Ray et al.,
2007, Reynoso et al., 2003, Romero et al., 2008, Wange et al., 2002 and Wondraczek et al.,
2006), in the development of glass—ceramics from wastes (Barbieri et al., 2000, Barbieri et al.,
2001, Bernardo et al., 2007, Djangang et al., 2008, Rawlings et al., 2006, Romero and Rincdn,
2000, Romero et al., 1999, Romero et al., 2001 and Romero et al., 2008) and among others, to
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study the crystallization of mullite from different materials (Campos et al., 2002, Campos et al.,
2005, Chen et al., 2004, Monteiro et al., 2004 and Yinnon and Uhlmann, 1983).

For many transformations in the solid state, dependence of crystallization in relation to time
is the same, that is, a sigmoidal curve results when the crystallized fraction is plotted as a
function of time. Mathematically, the crystallized fraction at time t, with the velocity of
crystallization constant, is expressed by the JMAK equation as follows (Faleiros et al.,
2000,Holand and Beall, 2002, Romero et al., 2006 and Scheel and Fukuda, 2004).

x(t)=1-exp[n(—kt)] 1)

where n is the Avrami exponent, which describes the mechanism of crystallization and
provides qualitative information on the nature of the processes of nucleation and growth of the
crystals, with this parameter varying between 0.5 and 4. From this by following the
methodology of Kissinger (1956) and Ligero et al. (1991); as well as the modified form
ofMatusita and Sakka (1980) as shown in Romero et al. (2006), it has been possible to
determine the activation energies and the kinetic parameters.

3. Results and discussion

Table 1 shows the chemical composition (XRF). The grain size distribution (texture) of the
raw material was determined by the pipette method: sand (13.08%), silt (30.46%) and clay
(56.47%).

Table 1. Chemical composition (XRF) of the clay material (wt.%).

SiO2 Al,0; Fe,0; TiO, Cao MgO Na,O K;O  MnO P,0s I L.
69.74 1597 2.06 3.11 0.03 0.19 <0.001 0.68 <0.001 0.02 8.04

Fig. 1 shows X-ray diffraction patterns of the raw material and of the clay fraction (Mg
saturated) oriented on a glass slide. The major minerals identified are kaolinite and quartz.
Typically, clays of this region have gibbsite (aluminum hydroxide), hematite and goethite (iron
minerals), anatase and rutile (titanium oxides), mica (illite or muscovite, peak at 0.5 nm), and
montmorillonite (peak at 1.4 changes to 1.8 nm when glycerol is added to the Mg saturated

sample) as minor mineral phases (Teixeira et al., 2001).
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Fig. 1. X-ray diffraction patterns of raw material and (insert) of the clay fraction oriented and Mg
saturated.

Fig. 2 illustrates the differential thermal analysis (DTA) curves for a clay powder at five
different heating rates (10 °C/min, 20 °C/min, 30 °C/min, 40 °C/min and, 50 °C/min). As
expected, the DTA maximum peak positions shift to higher temperatures as the heating rate
increases from 10 to 50 °C/min. Although these exothermic peaks are generally associated with
the crystallization of mullite, the X-ray data (further on) do not show a mullite XRD pattern for

the sample sintered at 1000 °C, for 1 h.
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Fig. 2. DTA reaction peaks for the five different heating rates.
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Fig. 3 shows the variation of the crystallized fraction (x) with temperature under different
heating rates. The crystallized fraction (x) was determined from the DTA curves (Fig. 2) by the
ratio between partial peak area at temperature T (At) and total peak area (A). These curves
show that the crystallization fractions (x) are different at different heating rates, for the same
temperature (Chen et al., 2004, Goel et al., 2007 and Romero et al., 2006).
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Fig. 3. Variation of the crystallization fraction with temperature under different heating rates.

Fig. 4 shows the plot of In(¢/T,?) versus 1/T,according to the Kissinger equation. The

activation energy calculated from the slope of the Kissinger plot is 700 + 43 kJ/mol.
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Fig. 4. Plot of In (q>/Tp2) vs. (1/T,) according to the Kissinger equation (Kissinger, 1956).
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Fig. 5 shows the plot of In (dx/dt) versus 1/T for the same value of crystallized fraction (x)
according to the Ligero method (Ligero et al., 1991). In this method, only the first three heating
rates were used, because for 40 and 50 °C/min there is a deviation from linearity adjustment
relative to the other heating rates. Table 2 shows the activation energies (E) for different
crystallized fractions calculated from the slopes of the lines. For these three heating rates, the
In(dx/dt) is linear with 1/T, in the range x = 0.1 to 0.3 (r = 0.999), and the average activation
energy is 721 + 32 kJ/mol. These results show that the activation energy decreases with the

crystallization fraction (x).
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Fig. 5. Plot of In (dx/dt) vs. 1/T (Ligero method) indicating the fraction of crystallization (x).

Table 2. Activation energy values, E, for different fractions of crystallization (x).

X r (correlation coefficient) E (kJ/mol-K)
0.10 0.9997 758
0.15 0.9993 748
0.20 0.9992 727
0.25 0.9995 700
0.30 0.9994 670

The crystallization kinetics of mullite from clays can be discussed in terms of two stages. In

the first step of the process, small mullite crystals are formed or nucleated from clay relicts and
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in the second stage, mullite crystals grow. Consequently, the crystallization process takes place
not only with a single value of activation energy and it would be more accurate to define a
narrow activation energy E(a), which presents the activation energy at a stage when the
crystallized volume fraction is a. The activation energy consists of two components: E,and Eg,
which are the nucleation and growth contribution to the activation energy, respectively (Yinnon
and Uhlmann, 1983). Taking into account the process described above, our data indicates that,
at early stages of crystallization, the process is probably dominated by the nucleation of small
mullite crystals whereas for the final stage, the crystallization is likely dominated by the growth
process. A decrease in activation energy E(e) with crystallized fraction ( Table 2) indicates that
once the nuclei are formed, the growth of mullite crystals is promoted while the nucleation of
new crystals is inhibited.

Usually, the crystallization peak observed in kaolinitic clays is attributed to mullite
formation and its activation energy, found in the literature, ranges from 526 to 1182 kJ/mol for
different raw materials (kaolin for ceramics, raw material for porcelain, gels with and without
seed) with different chemical compositions (Campos et al., 2002, Campos et al., 2005, Chen et
al., 2004, Djangang et al., 2008, Monteiro et al., 2004 and Romero et al., 2006). Campos et al.
(2002) obtained an activation energy of the order of 730 kJ/mol for the crystallization of mullite
from diphasic gels. Romero et al. (2006) studied the kinetics of mullite formation in a mixture
of kaolinitic clay (50%), feldspar (40%) and sand (10%) and found an activation energy of
622 kJ/mol. Of the articles mentioned above Romero et al. (2006) have the activation energy
closer to the value obtained in this work. Although the concentration of fluxes and stabilizers
(Na, K, Ca and Mg) in the mixture is greater than in our sample its peak of crystallization
(DTA) occurs at a slightly higher temperature. The differences in the chemical compositions of
the raw materials where some metal oxides (nucleating agents, stabilizers and fluxes) usually
influence the parameters and process of nucleation and crystallization will result in different

activation energies and mechanisms of reaction as is observed in the literature.

Using the average activation energy the values of In[kof(x)] were calculated. Fig. 6 shows the
variation of In[kof(x)] in relation to the fraction of crystallization obtained for a heating rate of

30 °C/min. Similar curves were obtained for other heating rates used in this work.
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Fig. 6. Curve of In[k,f(x)] vs. the fraction of crystallization, X, using a heating rate of 30 °C/min.

The Avrami parameter, n, was determined selecting values of fraction of
crystallizationx;and x,of the extremes of the curve inFig.6, that satisfy the condition
In[kof(x1)] = In[kof(x,)]. Table 3 shows the values of n obtained for different heating rates (Ligero
etal., 1991).

Table 3. Avrami parameter (n) values and tg 75/tg o5 ratio.

Heating rate (°C/min) n to.75/t02s

10 1.20 131
20 1.15 1.53
30 1.15 1.78
Mean 1.17 1.54

The morphology of crystal growth can be indicated taking the relation of the times of
transformation for two corresponding fractions of crystallization. One convenient representative
index is the relation of time for the transformation of 75 and 25% such that
2.20 <ty 75/t 25 < 4.82 describes uni-dimensional growth (needles), 1.69 <ty 7s/tg25 < 2.20 two-
dimensional growth (plates), and 1.48 <ty ss/to 5 < 1.69 three-dimensional growth (polyhedral).
The results shown in Table 3 indicate that the morphology of crystal growth observed in the

DTA data varies with heating rate between volumetric and planar (Campos et al., 2002).

Utilizing the Matusita equation (Matusita and Sakka, 1980) and the values of n and E
obtained with the Ligero method, the calculated parameter m (1.16) is close to 1. These values

and the ratio ty7s/toos, suggest a three-dimensional crystal growth with polyhedron-like
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morphology. These results also indicate that the surface nucleation is the dominant mechanism

crystallization and the crystal growth is controlled by interface reaction.

Fig. 7 shows the X-ray diffractograms of two samples treated at 1000 and 1190 °C, for 2 h.
Although the identification of mullite (3Al,05-2Si0,) was expected in the sample sintered at
1000 °C, as indicated by the exothermic peak (DTA) of crystallization at 980 °C, it was only
identified in the sample treated at 1190 °C. At 1000 °C, peaks of alpha-quartz were identified
(PDF 05-490) as major phase, along with some peaks of low intensity and a halo close to 30°,
characteristic of the presence of amorphous phases. A broad peak near 46° (2 theta) indicating
the formation of AI-Si spinel phase is also noted (Fig. 8) (Chakraborty, 2008). The high
concentration of silt and sand (with predominance of quartz) is compatible with the chemical
analysis of clay, that is, high concentration of silica. The low concentration of alumina implies
the limitation of the amount of mullite that will be crystallized. Also, the formation of mullite
increases with heating rate from 1050 to 1300 °C, as shown by Chen et al. (2004). In that work,
they mention that when heated to 950 °C the SiO, groups combine with the AlOg group to form
the spinel phase Al-Si with a structure of short-range order. This phase appears at 920 °C and
persists up to 1150 °C. Sanz et al. (1988) also observed that at 980 °C there are segregation of
non-crystalline silica, crystallization of spinel with y-alumina structure, and the formation of a
mullite nucleus with low crystallinity. Therefore, our data are in agreement with these results,
i.e., they show that the exothermic DTA peak at 980 °C is associated with the formation of

spinel phase Al-Si and nucleation of mullite with a structure of short-range order.
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Fig. 7. X-ray diffractogram of clay treated at 1000 °C and 1190 °C for 2 h, with a heating rate of 20
°C/min.
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Fig. 8. X-ray diffraction pattern showing the amorphous and Si—Al spinel phases to the sample treated at
1000 °C for 2 h.

Fig. 9 shows SEM images of the ceramic bodies after firing at 1000 °C (a) and 1190 °C (b).
The body fired at lower temperature (Fig.9a) shows a typical under-firing ceramic
microstructure with high-interconnected porosity. The microstructure of the sample fired at
1190 °C (Fig. 9b) is denser than that fired at 1000 °C due to the liquid phase formed from the
fluxing agents. Above 1000 °C the two high temperature stable phases (mullite and cristobalite)
from fired kaolinite are developed. The presence of mineralizing (fluxing agents) accelerates the
nucleation and crystal growth of these phases as well as the formation of glassy phase which
promotes sintering and densification of the ceramic material. The XRD data show the formation
of these two phases for the sample treated to 1190 °C and the image of SEM shows that the

sample is denser for this sintering temperature.
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Fig. 9. SEM images (1000x) of clay samples treated at 1000 °C (1) and 1190 °C (2) for 2 h.

4. Conclusions

The results suggest a three-dimensional crystal growth of mullite with polyhedron-like
morphology and that surface nucleation is the dominant mechanism of crystallization. The
exothermic DTA peak at 980 °C is associated with the formation of spinel phase Al-Si with a
structure of short-range order and nucleation of mullite. The crystal growth is controlled by
interface reactions with apparent activation energies of 721 + 32 kJ/mol (Ligero method) and
700 + 43 kd/mol (Kissinger method). XRD data show quartz, spinel Al-Si and “amorphous”
(short-range order) phase at 1000 °C and, quartz, cristobalite and orthorhombic mullite at
1190 °C. SEM images show a denser material to the sample sintered at 1190 °C due to liquid
phase and mullite crystallization.
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