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This work aims to understand the mechanisms occurring during the microstructural transformation of clay-based
mixtures. For that, the combination of various standard and advanced characterization techniques was used. This
original approach allowed an outstanding description of complex mechanisms involved during the firing,
bringing new insights in regards to the state-of-the-art. Thus, the formation of viscous glassy phases and the

associated effects in terms of densification acceleration were particularly revealed by following the damping of
Acoustic Resonance (AR) signals and by dynamic high-temperature Scanning Electron Microscopy (SEM).
Further STEM-EDX (Scanning Transmission Electron Microscopy Coupled with Energy Dispersive X-ray) analyses
revealed that the glassy phase resulting from the solidification of the viscous phase is predominantly composed of
silicon, aluminum, oxygen, and potassium. This study also evidenced that the behavior of a binary clay-based
mixture was not always described by a mixing law model.

1. Introduction

Fired clay-based mixtures are among the most used construction
materials. During the firing step, important physicochemical trans-
formation takes place in such materials. They depend on several pa-
rameters including the nature of starting materials, drying conditions,
heating and cooling rates, maximum firing temperature, and the pres-
ence or not of additives [1-6]. Because of the complexity of natural clay
mixtures, these transformations are not yet thoroughly evidenced. This
makes the optimization of fired-clay ceramics production difficult.
However, the development of new methodologies plays an important
role for this industrial sector, e.g. the optimization of energetic con-
sumption [7-10]. Up-to-date, mineralogical evolution is usually studied
by X-ray diffraction (XRD) [11-14]. Miras et al. [14], for instance,
showed that dynamic XRD at high-temperature allowed obtaining more
precise information on the mineralogical evolutions than classical XRD
at room temperature. Nevertheless, XRD techniques cannot be used to
characterize either amorphous phases or crystalline phases of low con-
tents (typically <1 wt%). To support XRD techniques, thermal analyses

such as thermogravimetric analysis (TGA), differential thermal analysis
(DTA), and thermomechanical analysis (TMA) are also used [15,16].
Pontikes et al. [15], for instance, studied the thermal behavior of clay
and bauxite residues (BR) mixtures, using TGA-DTA, TMA, and XRD.
They revealed the formation of a viscous glassy phase that lower the
sintering temperature due to the presence of boron oxide. Herndndez
et al. [10] reported similar results on their study using different boron
sources. However, no information could be evidenced by these methods
about the interaction between clay matrix and BR or boron sources.
Despite numerous mechanistic studies on the evolutions of clay-
based materials, most of them were conducted on fired products at
room temperature. So, less information has been published on firing.
This has limited the understanding of what happens inside materials
during the firing cycle. To further understand the thermal behavior of
clay-based mixtures, a combination of different physicochemical and
thermo-mechanical characterization techniques, under dynamic condi-
tions, seems to be well appropriate. The objective of this study is to
address this challenge, by coupling appropriate dynamic physicochem-
ical and thermo-mechanical characterization techniques to follow
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microstructure evolutions of clay-based materials as a function of tem-
perature during a firing cycle.

2. Materials and methods
2.1. Three clay-based mixtures

Two industrial clay-based mixtures based on two natural clays,
named ClayMix1 and ClayMix2, were used as reference materials in this
study. Each clay was extracted as one batch in a clay quarry to ensure
homogeneity and was also ground at the laboratory scale with a 1 mm
rolling. A third mixture containing 80 wt% of ClayMix1 and 20 wt% of
ClayMix2 was also considered and named ClayMix3. The chemical
analysis of the three mixtures was performed by XRF using a PanAlytical
Epsilon 3-XL equipment. The measurements were carried out in a melted
glass bead. This latter was prepared by mixing a clay-based mixture
sample with lithium tetraborate (LizB407), with a weight ratio of 17/83,
and heated at 930 °C under air for melting. Furthermore, the mineral-
ogical analyses of clay-based mixtures were carried out by XRD using a
Philips Panalytical X'Pert Pro MPD diffractometer, which presents a
limit of detection of ca. 1 wt% for each cristalline phase, working at
standard conditions (Cu Ko radiation wavelength: 1.543 A, tension: 45
kV, current: 40 mA, 26 angle range: 7°-80°, step size: 0.067°, step time:
29.89 s). Mineralogical phases were identified from the JCPDS and COD
databases. The particle size distribution was determined on clay mix-
tures using a Mastersizer 2000 laser granulometer.

2.2. Preparation of monolithic samples

Monolithic samples were prepared by adding water (19, 18 and 19
wt% for ClayMix1, ClayMix2 and ClayMix3, respectively) in each clay-
based mixtures, using a laboratory kneader. Grinding in a 1 mm roll
mill was then performed for homogenization. Finally, 175 x 79 x 13
mm® samples were extruded at ca. 7.5-8 bar pressure before being
subjected to a drying cycle with a heating rate of 1 °C/min from room
temperature to 105 °C, with 24 h isothermal dwells at 25, 45, 75, and
105 °C. At the end of the drying cycle, the samples were stored in an
oven maintained at 75 °C to avoid water absorption [17]. Before char-
acterization, samples were cut and polished to the required dimensions.

2.3. Characterization of clay-based mixtures

Thermogravimetric analysis coupled with differential thermal anal-
ysis (TGA-DTA) was performed on cylindrical monolithic samples
(100-200 mg in mass) using a SETARAM Labsys 92 instrument under
air. Samples were heated from 30 to 1120 °C at 5 °C/min. Gas emission
from this TGA-DTA was analyzed by dynamic mass spectroscopy (using
an OmniStar equipment from Pfeiffer Vacuum) which allows the qual-
itative analysis of CO,, CO, and HyO emitted from thermal
decomposition.

Thermo-mechanical analysis (TMA) was carried out using a
SETARAM Setsys 16/18 apparatus on cylindrical monolithic samples
(diameter 5 mm, length 13 mm) under air, up to 1120 °C, at the heating
rate of 5 °C/min and a cooling rate of 3 °C/min. TMA signal was
monitored along the thermal cycle.

Mechanical properties were measured on 60 x 30 x 5 mm® mono-
lithic samples using an IMCE HT650 resonant frequency analyzer in
flexural mode to obtain Young’s modulus (from fundamental resonance
frequency and sample dimensions) and the damping of the acoustic
signal (from dissipative energy), according to the ASTM-E1876-01
standard [18]. The tests were continuously performed during thermal
cycles up to 1050 °C under air (heating rate of 5 °C/min, an isothermal
dwell time of 1 h, and cooling rate of 3 °C/min).

For each firing temperature, a rectangular monolithic sample was
crushed and ground to powder for the investigation of the mineralogical
transformation by XRD.
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The microstructural evolutions were also investigated by scanning
electron microscopy (SEM) at room temperature on the fracture surface
of samples recovered from the bending test using a Philips XL30 ESEM
FEG. In addition, dynamic observations were also performed with a
monolithic sample of ClayMix3 using a hot plate in the SEM equipment.
Images were recorded during firing from 30 to 880 °C with a heating rate
of 10 °C/min, and an isothermal dwell time of 1 h at 880 °C. Concur-
rently with these observations, element mappings and local elemental
analysis were performed using a JEOL JEM2010 HC (with an LaB6
filament) transmission electron microscopy (TEM) at 200 kV operating
in STEM (Scanning Transmission Electron Microscopy) mode with a thin
lamella of ClayMix3 treated 1 h at 1000 °C. The microscope was
equipped with an energy-dispersive X-ray (EDX) detector. Sample
preparation for STEM was done by Focused Ion Beam (FIB). This STEM-
EDX element mapping and local elemental analysis aimed to determine
the chemical analysis at nanometric scale of ultra-thin lamella, in
particular of the viscous glassy phase.

3. Results and discussion

3.1. Mineralogical and chemical characterizations of the as-received clay
mixtures

Both mixtures have high SiO5 contents (67.7 wt% for ClayMix1, and
71.7 wt% for ClayMix2) and moderate Al;O3 contents (17.5 wt% for
ClayMix1 and 21.1 wt% for ClayMix2). Both clay mixtures have rela-
tively low contents of K30 (3.2 wt% for ClayMix1 and 2.8 wt% for
ClayMix2), of MgO (0.9 wt% for ClayMix1 and 0.2 wt% for ClayMix2)
and of TiO (1.2 wt% for ClayMix1 and 1.5 wt% for ClayMix2). The main
difference between these two clay mixtures is the high Fe;O3 content in
ClayMix1 (9.2 wt%). In both clay mixtures, XRD analysis shows the
presence of kaolinite (Al;Si;Os (OH)4, JCPDS number: 01-075-0938),
muscovite (KAlI3Si3O19 (OH);, JCPDS number: 01-071-1049) and
quartz (SiO3, JCPDS number: 01-083-0539) which confirms XRF results.
Laser granulometry showed a multimodal distribution in both clay
mixtures. Also, ClayMix1 presents more fine particles compared to
ClayMix2. This led to more mixing water requirements for the prepa-
ration of monolithic samples from ClayMix1.

3.2. Mineralogical transformation during firing

3.2.1. Thermal behavior

According to the TGA-DTA curves presented in Fig. 1, clay-based
mixtures exhibit a mass loss until 150 °C (from 0.9 to 1.4 wt%), asso-
ciated with an endothermic reaction ascribed to the dehydration as re-
ported in Refs. [12,19-22]. The firing leads to a second mass loss from
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Fig. 1. Mass loss (TG) and heat flow (DTA) of ClayMix1, ClayMix2, and
ClayMix3 recorded during the first heating.
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150 °C to 450 °C along with an exothermic reaction for ClayMix1 and
ClayMix3 by a release of CO3 which could be attributed to the removal of
organic substances, according to the work in Refs. [21-23]. Indeed, CO4
and H20 were identified by TGA — MS as residual gases during the firing
of ClayMixl and ClayMix3, whereas no exothermic reaction was
observed for ClayMix2. Consequently, in addition to the high iron oxide
Fe;O3 content, the presence of organic matter supported by an
exothermic effect (at 350 °C), is the second parameter that distinguishes
the ClayMix1 and ClayMix2. The second endothermic peak, recorded
during the firing, is a large peak centered at 550 °C which could be
partially attributed to the decomposition of the hydroxyls groups (OH)
of kaolinite and muscovite. This dehydroxylation was overlapped with
the change in the crystal structure of the quartz [19,20,24-26]. The mass
loss of this dehydroxylation (reach wt. = 3, 5, and 3.5 wt% for ClayMixl1,
ClayMix2, and ClayMix3) is more important for ClayMix2 than Clay-
Mix1 and ClayMix3. Furthermore, the reactions and temperatures at
which they occur will be clearly identified in sections 3.2.2 and 3.2.4.
Dynamic MS analysis of gas from the outlet of TGA-DTA allowed
detecting the release of COy in the 650-850 °C range. This could be
attributed to the decarbonation of carbonate salts such as CaCOs. The
total mass loss recorded during the firing was 6.7 wt%, 7.5 wt%, and 7
wt% for ClayMix1, ClayMix2, and ClayMix3 respectively.

TGA-DTA results (Fig. 1) also reveal exothermic peaks of low in-
tensity above 800 °C that could be related to the sintering phenomenon
[8,22,25,27,28]. This could be due to solid-state chemical reactions or to
the formation of a liquid phase previously observed with a hot stage
transmission electron microscope by McConville and Lee [24,29].

3.2.2. Thermomechanical behavior
The results of the TMA of the three mixtures are shown in Fig. 2. Up
to 150 °C, a low shrinkage is observed and can be related to the mass loss

820 870 920 970 1020 \10"0 1120
ClayMix] —— ClayMix2 ClayMix3 ‘

Heating pama—
0 =

Deformation (%)
i

Cooling

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

Fig. 2. — Deformation (TMA) of ClayMix1, ClayMix2, and ClayMix3 dur-
ing firing.
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induced by dehydration. Then, the materials have a slow expansion up
to 900 °C. The expansion phenomena recorded close to 600 °C can be
assigned to o — f quartz transition. Above 900 °C, the three clay mix-
tures exhibit a pronounced shrinkage, from approximately 936 °C,
947 °C, and 933 °C for ClayMix1, ClayMix2, and ClayMix3 respectively,
up to the maximum temperature of the cycle (1120 °C). Shrinkage is
already measured during the beginning of the cooling. Then the
behavior moves to a more classical linear one, due to thermal contrac-
tion of the materials. A dilatometric phenomenon is observed close to
600 °C and can again be attributed to the allotropic transformation of
quartz. The final shrinkage is of 6.8%, 3.8%, and 8.4% for ClayMix1,
ClayMix2, and ClayMix3 respectively. TGA-DTA analysis (Fig. 1)
revealed exothermic reactions above 800 °C for all three mixtures,
which could be caused by accelerated densification as reported by
McConville and Lee [24] and Nigay et al. [22]. In particular, ClayMix1
started the densification earlier than ClayMix2. This could be explained
by the fact that finer particles sinter faster and more glassy phase forms
providing better sintering according to the previous studies in Refs. [15,
30] and its high fluxing oxides content such as Fe;O3 and K20 [31,32].
This behavior is in agreement with its high shrinkage compared to
ClayMix2. Besides, the highest shrinkage is observed for ClayMix3. This
could be attributed to a significant interaction between ClayMix1 and
ClayMix2, which led to accelerated densification.

3.2.3. Mineralogical transformation

The mineralogical transformation (Fig. 3) of the three clay-based
mixtures was studied by X-ray diffraction after firing at different tem-
peratures in the 800-1120 °C range.

Referring to the results of TGA-DTA analysis and TMA, firing at
800 °C induced the decomposition of kaolinite and muscovite (dehy-
droxylation), which is manifested by the presence in XRD patterns of
anhydrous illite peaks (JCPDS number: 00-046-0741). Quartz (JCPDS
number: 01-083-0539) and hematite (JCPDS number: 01-086-0550)
were not affected by the firing. However, peaks of metakaolinite were
not identified in the diffractograms as a result of the destruction of its
crystalline structure.

Nonetheless, albite (NaAlSi3Og, JCPDS number: 00-001-0739) was
detected in ClayMix1. Consequently, further evidence of the presence of
anhydrous illite could be provided by SEM observations at ambient
temperature after firing at 800 °C and 900 °C, a phase characterized by
its layered microstructure (Fig. 4).

Also, XRD results suggest that hematite develops between 800 and
900 °C in all mixtures and remain present at 1120 °C. It is worth noting
from these results that iron is originally present in all clay mixtures,
although it was not detected in XRD patterns of the raw materials. Ac-
cording to Ref. [24] iron is present in clay mixture as either a substi-
tutional impurity or an amorphous oxyhydroxide surface layer. This
could explain the reasons why peaks of crystalline phases containing
iron were not identified in XRD.

By increasing the firing temperature, anhydrous illite peak intensity
decreases gradually. Besides, quartz is detected after all firing temper-
atures (up to 1120 °C). However, its peak intensity starts to decrease
when the firing temperature reaches 1000 °C, suggesting its partial
dissolution into the viscous glassy phase formed in the clay-based
mixture. Somehow, the presence of iron oxide and alkaline oxide pro-
moted densification by a formation of a viscous glassy phase, which
makes the penetration of this phase into the pores easier [21,33,34]. In
Ref. [35], the authors indicated that the dissolution should be accom-
panied by an increase in the viscous glassy phase content [36].

However, previous studies by Khalfaoui et al. [33] and Ranogajec
et al. [1] showed that the illite breakdown products presumably
constituted a framework for the viscous glassy phase, and the liquid
K-enrichment led to the formation of Al-Si-O complexes which should
increase the melt viscosity. In his work, McConville and Lee [24] went
further by affirming that the tetrahedral part of the relict illite structure
combines with any alkalis present to form the viscous glassy phase,
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Fig. 3. X-rays diffractograms of ClayMix1 (a), ClayMix2 (b), and ClayMix3 (c)
after firing at 800 °C, 900 °C, 1000 °C, and 1120 °C.

beginning at 950 °C. This later theory could explain the abrupt
shrinkage, above 900 °C observed in TMA results, related to the accel-
eration of densification.

Firing at 1000 °C leads to the formation of microcline (KAlSi3Osg,
JCPDS number: 00-001-0705) and of cristobalite (JCPDS number: 01-
082-1407) in ClayMix1l, whereas quartz and anhydrous illite were
only identified in ClayMix2 for this temperature.

In view of the above results, the investigation of the mineralogical
transformation during the firing of clay-based mixtures through con-
ventional techniques such as TGA-DTA, TMA, and XRD shows that the
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three clay mixtures present many similarities in their behavior. Thus, the
mechanisms by which the transformation takes place appear to be
similar. Overall, after dehydroxylation of the three clay mixtures, the
original crystal structure observed by XRD is lost for kaolinite, while in
the case of illite it is maintained till 900 °C. The sintering led to a
densification in the presence of a viscous glassy phase, which induced
the development of dense microstructure (Fig. 4). After firing at
1120 °C, an Al/Mg spinel phase (MggAl;6032, JCPDS number: 96-900-
2131), mullite (SizAlgO13, JCPDS number: 00-001-0613), and quartz
for ClayMix1 and ClayMix3 were identified (Fig. 3) by XRD. However,
these techniques do not give enough information on what happen during
the sintering step. As a consequence, two original approaches for clay-
based ceramics have been carried out to obtain specific data on sinter-
ing mechanisms by following the damping of acoustic resonance signals
and by dynamic high-temperature SEM observations.

3.2.4. Damping of acoustic resonance signals and dynamic high-
temperature SEM observations during a first heating

Evolutions of damping of the acoustic resonance signals for the three
clay-based mixtures during the first heating are shown in Fig. 5. From
room temperature up to 200 °C, the results show a decrease of damping
due to the evaporation of the residual free water, in agreement with the
results considered in sections 3.2.1 and 3.2.2. At higher temperatures,
when the bondings are broken during dehydroxylation of clay minerals,
an increase of damping is observed. This is mainly observed from 450 °C
and most particularly in ClayMix2. It must be observed that the ampli-
tude of the damping dome for the ClayMix2 mixture is the highest one as
the mass loss and the heat flow decrease were the highest ones for this
same mixture and these same dehydroxylation phenomena. Subse-
quently, the expulsion of the hydroxyl groups caused a progressive
reduction in the damping of the acoustic signal, whereas a slight in-
crease is observed above 600 °C, related to the consequence of the
transformation of quartz at 573 °C [37].

At higher temperatures, an increase in the damping of the acoustic
signal starts at 910 °C for ClayMix1 and ClayMix2, and 880 °C for
ClayMix3. This is characteristic of a flow region in the material behavior
[38,39]. Between the three mixtures, the same order is conserved than
the one observed by considering the temperature levels for the begin-
ning of densification on TMA curves. But the temperature levels are
lower for damping compared to shrinkage. The difference varies from
26 °C for ClayMix1 to 53 °C for ClayMix3. This must be related to the
high sensitivity of damping to the formation of viscous phases or flows in
a material. TMA and damping results are fully complementary ones and
are in agreement with previous results indicating the formation of
viscous and liquid glassy phases in clay-based materials [40]. As
mention above, the formation of the liquid phase is attributed to the
presence of alkali oxides, as well as iron oxide [21,41]. However, the
alkalis are derived from the muscovite present in raw materials and
induce a melting at a lower temperature level [2,42-44]. Moreover, the
viscosity of the liquid phase decreases with the temperature rising.

Referring to the results reported in Ref. [33], the magnesium
involved in the crystallization of the Al/Mg spinel phase, identified in
XRD results (section 3.2.3), should be derived either from illite or
chlorite, which is in agreement with the considered clays partially
composed by illite. This is consistent with the theory that potassium
supplied by illite is mainly involved in the low viscosity liquid phase
formation that accelerates sintering [31,45]. However, it has been re-
ported that high iron oxide content can promote the earlier appearance
of liquid with low viscosity.

Formation of viscous glassy phase was confirmed by SEM observa-
tions after firing at 1000 °C in each clay-based mixture. As examples,
SEM pictures (Fig. 6) observed after firing at 1000 °C for ClayMix3.
Overall, SEM micrographs reveal a visible change in morphology,
among other, thicker layer (due to the binding of layers between them
by diffusion) with spacing between layers, contraction (due to the
densification), and the apparition of new phases. Furthermore, the
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Fig. 4. SEM micrographs of ClayMix1, ClayMix2, and ClayMix3 after firing at 900 °C and 1120 °C.

interconnectivity among layers is ensured by the viscous glassy phase
acting as a bridge.

Dynamic SEM observations have been performed using a hot stage,
during an isothermal dwell of 1 h at 880 °C. Attention has been paid to a
clay-rich area and the formation of liquid and/or viscous phases. In
Fig. 7, micrographs show the progressive formation and flow of a viscous
glassy phase in the ClayMix3 mixture. After 30 min, the multi-layered
clay microstructure remains visible and the first evidence of liquid for-
mation is seen, mainly close to the clay layers. When time at 880 °C
increases, an increase of the amount of viscous glassy phase is clearly
observed as well as its flow by capillarity phenomena. Such results are in
good agreement with damping results in terms of viscous glassy phase

formation at such temperature levels. Moreover, this method gave ac-
cess to the dynamic of viscous glassy phase formation at microscopic
scale and mechanisms that come after this formation such as pore filling
by the viscous flow (by capillarity effect) and the increase of the amount
of this phase which leads to the acceleration of the densification. Using
dynamic SEM observation in clay mixture gave more precise informa-
tion than conventional methods as long as that confirms phenomena that
were previously only hypothesized like densification acceleration
attributed to viscous glassy phase formation.

In parallel, a composition mapping of the elements present in the
microstructure of the ClayMix3 sample which was thermally treated at
1000 °C was investigated by STEM-EDX measurements. The STEM-EDX
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Fig. 5. Damping of ClayMix1, ClayMix2, and ClayMix3 during heating.

mapping, shown in Fig. 8, reveal that the microstructure of the analyzed
sample is consisted mainly of two different areas (Fig. 8(a)), a clay
matrix area and the glassy phase one. It has been observed the presence
of the glassy phase inside the porosity, in some cases, due to the viscous
glassy phase penetration.

The clay matrix area is characterized by an enrichement in Al (Fig. 8
(c)), Si (Fig. 8(e)) and O (Fig. 8 (d)), whereas as the glassy phase is
enriched in K (Fig. 8(b)) and additionally Si, Al and O were detected.
This result suggests that the K from the anhydrous illite appears to play a
major role in the formation of the viscous glassy phase. Many studies
emphasizes the importance of the alkaline and iron oxide in the viscous
glassy phase formation, however Fe was not detected in the glassy phase
area from the elemental mapping.

A semi-quantitative elemental evaluation provided by EDX in a
selected local area in the clay matrix area (Fig. 9(a)) showed a high
content (atomic proportion >10 %at) of O, Si and Al, a lower content
(atomic proportion <1 %eat) of Fe, K, and Mg. This local analysis showed
the presence of the elements constituting anhydrous illite and quartz
identified by EDX. In addition, the relative proportions between ele-
ments (Si, Al, O and K) correlate with these two crystalline phases
identified for the clay matrix. On the hand, a strong presence (atomic
proportion >10 %at) of O and Si, a moderate content (atomic propor-
tion: 2-9 %eat) of Al and K, and a small content (atomic proportion <1 %
at) of Fe and Mg were detected in the glassy phase area (Fig. 9(b)). This
result showed that the viscous glassy phase is mainly composed of ox-
ygen, silicon, aluminum and potassium. There appears an increase of the
potassium content in this area, thus confirming the enrichment of the
viscous phase in K and the preponderant role of potassium in the for-
mation of the viscous glassy phase formation and on the densification.
Furthermore, the contribution of Mg and Fe in the formation of the
viscous glassy phase is not significant. This result is consistent with the
one from the elemental mapping.
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Fig. 6. Room temperature SEM micrographs of ClayMix3 after firing
at 1000 °C.

3.2.5. Elastic properties during firing

Evolutions of the Young modulus of ClayMix1, ClayMix2, and
ClayMix3 during firing are shown in Fig. 10. After drying at 30 °C, the
three mixtures are characterized by the Young modulus of 5 GPa, 6 GPa,
and 7 GPa, respectively. No significant deviation was observed.

The evaporation of the residual free water up to 150 °C leads to
Young’s modulus increases of 19.6%, 29.2%, and 19.7% for ClayMix1,
ClayMix2, and ClayMix3. The dehydroxylation of clay-based minerals,
overlapped with the crystal change of the quartz from 450 °C to 600 °C,
does not bring out to a significant change in Young modulus. However, a
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Fig. 8. STEM-EDX elemental mapping of ClayMix3 after firing at 1000 °C. The arrows indicate the glassy phase and the dotted circle presents an illustration of the
wetting of the clay matrix by the viscous glassy and the closing of the porosity by capillary effects.

slight decrease is observed during @ — p quartz inversion for all mix-
tures. Decarbonation, identified by TGA-MS, does not significantly
change Young’s modulus too. Then Young modulus starts to increase at
915 °C, 930 °C and 925 °C for ClayMix1, ClayMix2, and ClayMix3 up to
1050 °C, the maximum temperature of the thermal cycle for acoustic
resonance measurements. This increase is induced by the densification

and the crystallization of the metakaolin to an Al/Si spinel phase, which
is not detected in XRD, in this study, based on the work in Refs. [22,40].
Young modulus is more important for ClayMix3 at the end of the
isothermal dwell at 1050 °C; this is explained by the earliest formation
of the viscous glassy phase in this clay mixture inducing the densifica-
tion, which is consistent with the shrinkage. According to the study by
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Fig. 9. Semi-quantitative elemental evaluation provided by STEM-EDX in a selected local area of ClayMix3 sample.
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Fig. 10. Young modulus of ClayMix1, ClayMix2, and ClayMix3 during firing.

Pialy et al. (2009) on the effects of the densification on the evolution of
the elastic properties of clay-based material during firing, the evolution
of Young modulus (above 800 °C) should occur simultaneously with a
decrease in porosity due to the development of viscous and liquid glassy

phases.

Nevertheless, the first part of the cooling step (in the 1050 to 850 °C
temperature range) is marked by a low and continuous increase of
Young modulus due to the creation of glassy phases resulting from the
solidification of the viscous glassy phase and the viscous flow. Then the
Young modulus is quite constant in the 850 to 600 °C temperature range.
From 600 °C to 30 °C, Young modulus decreases significantly for all the
clay-based materials by 47% up to 63%. This behavior is associated with
the crystal change f — o quartz inversion at 573 °C, causing a diffuse
microcracking mainly by debonding at clay matrix/quartz interfaces
(example in Fig. 11). Moreover, no liquid was observed on the interfaces
of clay matrix-quartz and clay matrix-agglomerate at this temperature.
Hence, ClayMix1, ClayMix2, and ClayMix3 showed Young’s modulus of
16 GPa, 17 GPa, and 23 GPa respectively after cooling. However,
ClayMix3 showed the highest Young modulus after the first firing cycle,
which indicates that all the properties and mechanisms of this clay-
based mixture could not be explained by a mixing law model.

4. Conclusions and perspectives

This work was focused on the investigation of the thermal behavior
of clay-based mixtures using a combination of dynamic characterization
techniques. Results revealed that combining dynamic characterization
techniques has been suitable to identify and depict mechanisms occur-
ring during firing compared to conventional techniques such as XDR and
TGA-DTA. Accordingly, particular attention has been focused on the
high-temperature range (800-1120 °C). For the first time, the use of the
damping signal in clay-based mixtures revealed the formation of viscous
and liquid glassy phases, which led to the acceleration of densification.
This has been identified using dynamic observations in hot plate on
SEM. However, the results revealed that the presence of potassium in
raw materials, mainly derived from muscovite/illite, induced viscous
glassy phase formation at a lower temperature, which led to the accel-
eration of the densification. The STEM-EDX measurements of the Clay-
Mix3 sample confirmed the assumption that the presence of potassium
in the raw material promote the densification by a formation of a viscous
glassy phase, which was mainly composed by oxygen, silicon, aluminum
and potassium. Furthermore, the results also revealed that the behavior
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Fig. 11. Room temperature SEM micrographs of clay matrix-quartz interfaces and of clay matrix-aggregate interfaces for ClayMix3 after firing at 1000 °C.

of a binary mixture containing different clay-based mixtures could not
always be described with a mixing law model. In fact, such a model
could be used to describe decomposition mechanisms, while other
mechanisms depend on the chemical and mineralogical composition, as
well as on the physical properties of the raw materials.

The results of this study suggest that a combination of physico-
chemical and thermo-mechanical analyses using characterization tech-
niques under dynamic conditions is essential to accurately identify and
describe the mechanisms and the temperature at which the phase de-
velopments take place during the firing of clay-based materials. This
original approach can be used to predict the desired final microstructure
and promote a decrease in the firing temperature of clay-based materials
in which various additives could have been added.
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