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Abstract

Clay products can be reinforced by using clay and calcite mixes, even if sintering is at low temperature (1100 °C). The formation
of a micro-composite microstructure favours a significant strength increase as fired materials contain anorthite grains embedded in
a silico-aluminate matrix. The clay used, rich in kaolinite mineral, is originated from Burkina-Faso. It is contaminated by a mod-
erate iron level, substituted to Al in octahedral sites of kaolinite, influencing the thermal comportment. An alternative approach
was also used when substituting the common clay by an almost pure kaolinite mineral, to understand the iron role. In general,
during thermal transformations, the reaction sequence of recrystallisation is metakaolinite—gehlenite—anorthite, but mullite was
never detected. The interpretations of DTA spectrums indicate increasing activation energy for gehlenite and then anorthite for-
mations. For mullite, although the corresponding activation energy is the lowest, it is not present. This energetically interpretation
differs from the analysis of the SiO,~Al,03;—CaO ternary diagram, where transformation paths are not so clear. It is then proposed
that the reaction sequence is favoured by the existence of structural similarities between metakaolinite, gehlenite and anorthite,
which are pseudo-layered structures. For mullite, the 3D structure is very different, which explains its absence in the material.
© 2002 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

Mineral raw materials are extensively used for more
or less complex ceramic compositions since times in a
large range of possible applications. Particularly, struc-
tural clay products composed of common clays and
more complex refractory materials are currently pro-
duced. For many materials, the ceramic process results
in significant strains, which must be controlled to attain
a high quality level. For example, the controlled densi-
fication during a rapid firing or the accurate shape con-
trol during a liquid phase sintering are encountered
difficulties.

These particular characteristics of ceramic materials
are often affected by the existence of micro-composite
microstructures with a crystalline phase embedded in a
silico-alumina matrix. Phase dispersion and size, as the
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grain shape influence the whole material properties.
Particularly, it is the case of the mullite phase in porce-
lain or refractory. In general, a very specific character-
istic of these particulate composite materials is the
reaction sintering process with more or less liquid phase
and the nucleation and growth of new crystalline phases.

In the area of mineral raw materials, we must con-
sider firstly clays and clay minerals, mainly kaolinite.
This mineral is often used, for its adequate properties
and because it enters in the mineralogical composition
of many suitable clays for ceramics.

In this study, we used a common kaolinitic clay from
Burkina Faso, which contains a moderate iron level. It
is mixed with calcite to obtain particular structural
transformation of the material during sintering, to
obtain a micro-composite microstructure at the micron
scale (Fig. 1) during sintering at a relatively low tem-
perature (1100 °C). The anorthite particulate phase is
tri-dimensionally dispersed in a silico-aluminate matrix,
resulting in a significantly increase of mechanical
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Fig. 1. Scanning electronic microscopy of the P2 material sintered at
1100 °C, 1 h. Bar=15 pum.

strength. Results from this common clay were compared
to that from pure kaolinite with a low impurity level.

2. Materials and methods

P1 clay chemical and mineralogical compositions are
in Tables 1 and 2, respectively [1]. The major mineral
species are kaolinite and quartz, but minor minerals
quantities were not detected by X-ray. Nevertheless, the
major impurity is iron and its environment was more
precisely examined by Mdssbauer spectroscopy as the
detection level of this method is low and it proved to be
useful in the case of clay and kaolins.

In kaolinite mineral, structural Al can be partially
substituted by Fe. From Mdssbauer investigations, the
presence of octahedrally co-ordinated Fel was well
established [2]. There is also Fe!l, substituted triocta-
hedrally in the structure [3-5]. Detailed, parameters of
Moéssbauer spectra, corresponding to Fe'! in kaolinite
tetrahedral sites were published in Petit and Decarreau

Table 1

Global chemical analysis of crude P1 clay and KGa-2 kaolinite

Wt.% P1 KGa-2
ALO; 28.20 38.5
Fe,04 4.48 1.1
Na,O 0.06 <0.005
K,O 0.72 0.065
SiO, 54.30 43.9
CaO 0.01 -
MgO 0.33 0.03
TiO, 1.37 2.08
Loss 11.10 13.77

[6]. Iron can be also detected under the form of various
iron species [7], but the most widely occurring Fe oxides
are hematite, mostly as very fine particles [8] or goethite,
adsorbed on kaolinite surfaces [9].

For P1, the experimental Mdssbauer spectrum (Fig. 2)
was simulated by two typical doublets, a very large one
associated to a small one. The former is related to
octahedral Fe'! (Isomer shift=0.37 mm/s; Quadrupole
splitting S=0.59 mm/s; Line width=0.54) [6], in quan-
tity of 94.5%. The small doublet (5.5%) corresponds to
Fe'l also in octahedral sites (Isomer shift=1.17 mm/s;
Quadrupole splitting S=2.2 mm/s ; Line width=0.54)
[4]. A similar spectrum was soon observed with pure
kaolinitic clays [5], but in P1 no added response from a
possible iron mineral was detected.

Apart Pl clay, the reference mineral is the KGa-2
from the Clay Mineral Society (Missouri University). It
is a poorly crystallised mineral containing at least 97%
of kaolinite and a very reduced impurity level
(Tables 1 and 2). The reference character of KGa-2 was
checked by the comparison of the cristallinity degree of
P1 and KGa-2 kaolinite minerals by X-rays. We mea-
sured the broadening of [001] diffraction peaks and from
respective heights of the [110] and [111] peak (Fig. 3).
Taking account the similarity of X-Ray patterns from
P1 finer fraction and KGa-2 clay, we referenced the P1
composition by KGa-2 mixed with quartz, in a size
range similar to that of P1. It is then possible to examine
the iron influence on the P1 thermal comportment.

Mixed ceramic paste compositions are indicated in
Table 3. For calcium addition, we used a calcite powder,
in a granulometry range similar to that of quartz. P1 is
the original paste containing only this raw material. P2
is the improved composition by adding 15 wt.% of cal-
cite. M2 is a mix of reference minerals similar to P2
mineralogical composition. All compositions were
grounded (90 wt.% <8 pm) with an alumina jar and
alumina balls during 1 h in water, dried, granulated and

Table 2

Mineralogical compositions of P1 clay and KGa-2 reference kaolin
Pl KGa-2

Kaolinite 71.4+1 97

Quartz 21.1+1 <1

Rutile - 2.1

Organic matter 7.5+1 -

Table 3

Ceramic paste compositions

Paste compositions (wt.%) P1 KGa-2 Quartz Calcite

P1 100 0 0 0

P2 85 0 0 15

M2 0 64.2 20.8 15
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die pressed. Material sintering was realised at 1100 °C,
1 h, with a 3 °C/min heating rate.

Thermal transformations were investigated by DSC
(Setaram, Multi HTC), under air atmosphere.

3. Results

Fig. 1 presents a back scattered SEM image of P2
sample sintered at 1100 °C, 1 h (Hitachi S2500). We
observe dense crystallised grains dispersed in a fine-
grained porous matrix. Dense grains are very big com-
pared to the matrix components and various medium to
large sized pores are also seen.

X-rays from this material indicates clearly a pre-
dominant anorthite phase and quartz, but also a small
amount of a calcium aluminium silicate phase, most
probably an anorthite poly-type phase. The material
appears to be composed of dense anorthite grains into a
poorly crystallised and heterogeneous matrix.

The morphology and repartition of the anorthite dis-
persed phase were observed by image analysis of a SEM
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Fig. 2. Mossbauer spectra of P1 clay. Experimental data points and
simulation by two doublets.
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Fig. 3. X-ray spectrum of (a) P1 finer fraction (<2 pum); (b) KGa-2
kaolin.

image (Fig. 1), using classical morphological tools
(Fig. 4). It is seen that dense grains are distributed
throughout the matrix phase to form an interconnected
network. It contributes to the material strength although
pores are essentially located into the matrix phase.

A correlation is also found when some dense anor-
thite grains occur near large pores. They are originated
from calcite decarbonatation during the thermal cycle,
leading to local calcium higher concentration which
favours the in situ anorthite formation.

DSC analysis of M2, at different heating rates in the
range 1, 2, 3 and 5°/min, highlight a significant peak
splitting below 5°/min (Fig. 5). For the lower heating
rates, it can be assumed that the process proceeds slowly
comparatively to the calorimeter time constant. Since
5 °C/min and above, additional phenomena contribute
to the non-isothermal approach and thermal gradient in
the sample cannot be effectively corrected. Otherwise, a
particle size effect and strains induced by reactant dis-
integration modified the idealised representation of a
powder compact where an advancing interface can pro-
gress from one nucleated particle to a neighbouring
unreacted one. The material heterogeneity, at the grain
size dimension, should be taken into consideration.

For M2, heated at 1, 2 and 3 °C/min, we report peak
temperatures and heath flows from the DSC signal
(Fig. 5 and Table 4). When the heating rate increases,
the two peaks are shifted towards the higher tempera-
ture whether peak distances remain almost constant.

Heat flows from DSC are connected to the fractional
reaction «. They are connected by the following relation
[10], arranged in the case of DSC:

L sy (1)

t dr
where H is the enthalpy, S is the peak surface between
the lower and upper bounds and s is the fractional peak
surface between the lower bound and #°C. Problems
arise from the S evaluation, since peak bounds cannot
be precisely obtained for complex materials, when the
curve background is curvilinear. Nevertheless, for M2,
two well-separated peaks indicate the completion of two
successive transformations. Respective transformation
heaths for the lower and the higher temperature peaks
vary slightly with the heating rate used (Table 4). It
supports a very low dependence from the heating rate of
the mechanism involved in transformations and there-
fore on the kinetic model used. Kinetic measurements
can be therefore taken on the experimental curves with-
out correction.

For P2, the large DSC peak (Fig. 6) is obviously a
complex peak from at least two overlapped peaks.
Although it is not possible to obtain an accurate peak
deconvolution, a significant shift of peak temperature is
observed as the heating rate increases. Nevertheless, the
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global heat flows appears to be equivalent to that
obtained with M2, which means that the whole
processes should be similar in nature but somewhat
different as regards kinetics.

4. Discussion

The composite microstructure origin can be firstly
examined considering the formation of crystalline pha-
ses. X-ray analysis of materials at temperatures before,
between and above the two peaks indicated the occur-
rence of well-known phases. Firstly, the gehlenite inter-
mediate phase is crystallised from metakaolinite and
calcium, under the reaction [11]:

AlSi,O7 + (2 +n)CaO — Ca,Al,Si0O7

+ nCa0SiO, ©)

This reaction should involve the formation of calcium
compounds, in accordance with the ternary diagram
Si0,—Al,05—CaO [12]. Beside gehlenite, any occurrence
of minor phases was observed, excepted quartz from the
starting composition.

The second reaction step is the anorthite formation
from gehlenite, which is combined with aluminium and
silicon from metakaolinite and the remaining fine
quartz:

C82A128i07 + 38102 + A1203 — 2CaA12$i208 (3)

From the global chemical composition (Table 3), the
maximum anorthite content can be calculated, 42 wt.%,
if all Ca atoms are combined. Nevertheless, the powder

Fig. 4. Image analysis of SEM image of Fig. 1. The white anorthite
phase is distributed into the dark matrix. Bar =15 um.

mixing process leads to heterogeneity at the grain scale
and only 25-30 wt.% of anorthite was detected by X-
rays. Anorthite should be crystallised since the local
calcium quantity exceed a sufficient level. It means that
the matrix material is composed of reduced quantity of
calcium aluminium silicate phases, heterogeneously dis-
tributed and associated with quartz, possible iron pha-
ses and pores.

Besides calcium compounds, mullite was never detec-
ted by X-ray diffraction. This particularity must be
linked to the ternary diagram SiO»—Al,05—CaO (Fig. 7),
were the P2 and M2 composition points are reported.
Although phase diagram apply only to equilibrium, it is
noted that our global composition points are closed to
the anorthite area, but in the mullite and silica zone.
The low sintering temperature of our material is far
below possible liquid temperatures (L point at 1345 °C
and N point at 1380 °C), indicating the existence of
dominant solid phase mechanisms. It is also supported
by pseudo-binary diagrams: anorthite—alumina [13];
Anorthite-silica [14]; Anorthite—gehlenite [15]. They
only state at 1100 °C the possible co-existence of solid
phases without any solid solutions. It can be suggested
therefore that the early gehlenite crystallisation is a first
step related to easy calcium diffusion throughout the
heterogeneous material. In a second step, anorthite,
mullite and silica (cristobalite) should co-exist. Here we
suggest the effect of the low sintering temperature which
limit the extend of the matrix structural reorganisation.

A different possible approach to phase formation uses
a kinetic interpretation of thermal analysis. For non-
isothermal experiments, temperature is related to the
reaction rate through the Arrhenius equation [16]:

da A E,
o= (5)ew (- )@ @)

«a is the fractional reaction, 8 the heating rate, T the
temperature and R the gas constant. The kinetic para-
meters E, and A4 are the energy barrier to reaction and
the frequency of occurrence of the phenomena. It may
lead to compare reactivities of different systems. f{«) is a
kinetic expression which take into account reaction
mechanisms.

Table 4
Transformation heats and Ty,.x values for gehlenite and anorthite
from M2

Transformation heats (J/g) Tmax (°C)

Gehlenite Anorthite Gehlenite  Anorthite
1°C/min  19+1 38+1 933 954
2°C/min  20=+1 3941 945 965
3°C/min 2241 42+1 955 973
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For non-isothermal analyses, the assumption of the
kinetic model f{«) is preliminary made, most generally as a
n’ order reaction model (fl) = (1-)"). Although extensive
discussion has been made in literature about this a priori
choice, experimental results of parameters are generally
comparable to that obtained with isothermal methods.

To estimate kinetic parameters, a useful approach
involves the use of the second derivative of Eq. (4) with
respect to temperature. This derivative is zero at the
maximum of the DSC peak, when T attains T, for the
peak considered.

This method was used by Kissinger [17] and general-
ised afterwards [18] to make it applicable to a large
range of kinetic models. The second derivative of eq.
(4), when f(«) is a n’ order reaction is:

where 7. 1S the maximum peak temperature. The
influence of n appears to be small since o, tends to 1
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Fig. 5. DSC analysis of M2 sample at 1, 2, 3 and 5°/min heating rates.
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Fig. 6. DSC analysis of P2 sample at 1, 2 and 3°/min heating rates.

at the completion of the reaction. The E, value is
obtained from a plot of In(B;/T2,.,) against 1/ T,y for a
series of experiments at different heating rates §;.

From experimental data of Tp,,, (Table 4), Kissinger
plots are in Fig. 8 for gehlenite and anorthite of M2.
The E, value is 604 kJ/mol for gehlenite and 743 kJ/mol
for anorthite. For P2, only an E, evaluation could be
made, at slightly lower values than that for M2. Here the
structural iron role of P1 is pointed out. It favours the
structural transformation of metakolinite to gehlenite and
anorthite. This point can be connected to iron environ-
ment study in kaolinite, as a function of temperature. It
was shown that the structural iron from kaolinite (Fe''l)
can be more easily displaced from its initial environ-
ment, leading to structural distortions and vacancies [4].

For mullite, which should crystallize in P1, the E, value
is 420 kJ/mol, i.e. in the data range, 210-840 kJ/mol,
obtained with number of mullite from different sources
[19,20]. Under the earlier results, some mullite should be
detected in the matrix phase.

To explain the reaction sequence of metakaolinite to
gehlenite and then anorthite, we also consider structural
similarities between these phases whereas mullite struc-
ture is very different. Above dehydroxylation (650 °C),
metakaolinite is a single layer structure [21] where Si are
tetrahedraly coordinated, as in the kaolinite (Fig. 9),
although a limited ordering of tetrahedras is supposed
in the [110] plane. Al are four-fold coordinated, in a
very disordered environment and restore progressively a
six-fold coordination above 900 °C [22].

The gehlenite structure [23] is similar to a single layer
structure parallel to [001] (Fig. 10). It consists of sheets
where 1/2A1 + 1/2Si are in distorted tetrahedras, linked
at one corner in pairs. Al bringing atoms in AlO, tetra-
hedras are situated at corners and centre of the base. Ca
atoms lie between these sheets within distorted oxygen
square antiprisms.

Si0,

P2
M2

L

Anorthite o

Gehlenite N
(o]

Fig. 7. Silica rich part of the ternary diagram SiO,~Al,0;-CaO [12].

CaO

Q Mullite

AlOs
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The basic idea is the similarities between metakaoli-
nite and gehlenite structures. Particularly, the occur-
rence of the same type of tetrahedras containing sheets
suggest a topotactical transformation. This hypothesis is
supported by the generally accepted statement that
showed the conservation of SiO, tetrahedras in meta-
kaolinite through the thermal process, whereas the AlOg
structures units decompose during dehydroxylation, to
form four-fold distorted environments.
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Fig. 8. Kisinger plots for gehlenite (square) and anorthite (circle ) in
M2 and for mullite (triangle) in P1.

Fig. 9. Aspect of Metakaolinite structure (nm scale). (a) [110]; (b)
[001].

The Si and Al units in metakaolinite, parallel to the
[110] direction, seem to collapse in more compact layers
of gehlenite (Fig. 9). They contain Al in isolated tetra-
hedras and pairs of Al and Si distorted tetrahedras. Ca
cations are in interlayer position where they compensate
for the weak charges of the composite layers. They are
very weakly bounded and they can easily diffuse along
the layer direction.

For anorthite, it is a double sheet silicate, also in the
[110] direction with a monoclinic symmetry and a char-
acteristic double ¢ value (14.169 A) [24]. 1t is char-

.- - _— .
QR &0 Q § %0 g o
e © e ©

© © © © e

[+ © 2]

G ¢ = 0.506

b=0.768

a=0.768

0.756

Fig. 11. [001] Projection of mullite structure. Projection of octahedral
columns (dark) are linked by tetrahedras. Cell parameters are in nm.
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acterised by particular ordered chains of tetrahedras
units along the large ¢ and b values (8.177 and 12.877 A).

Unlike these structures, mullite is very different [25] as
its average structure contains columns of edge-sharing
octaedras, with Al, that form chains running parallel to
the ¢ axis (Fig. 11). They are cross linked by tetrahedra
chains along the ¢ axis, with Si and Al ions. In this
double chain structure, octahedral chains are firmly
built.

5. Conclusion

The formation of a micro-composite microstructure
from a sintered kaolinite clay and calcite mix is origi-
nated from the preferential reaction sequence metakao-
linite—gehlenite—anorthite. It is favoured by increased
activation energies of transformations although the
comparison with the transformation path of an ideal
mix in equilibrium, in the ternary phase diagram SiO,—
Al,O3;—CaO suggest a different path. Reactions are also
provoked by the existence of structural similarities of
layered structures of metakolinite, gehlenite and anor-
thite. The presence of structural iron in Al octahedral
sites of kaolinite increases the reaction kinetics. For
mullite, the large difference in nature of the 3D structure
explains its absence although the energetically aspect
and the phase diagram interpretation.
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