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Abstract: Halloysite and kaolinite are dioctahedral TO phyllosilicates that drive the interest of scien-
tists for formulating environmentally friendly materials, and consequently in the field of ceramics.
The main scope of this study was the understanding of the texture evolution upon the dehydroxyla-
tion reaction and the influence of the presence of halloysite. In situ synchrotron (002) and (111) poles
figures were recorded on the Diff Abs beamline at SOLEIL Synchrotron, from room temperature to
1000 °C, on kaolinite and/or halloysite-rich samples shaped by tape casting. Commercial kaolins
and halloysite provided by Imerys company were used. The samples were labeled KRG100, KCS100,
H100, KRG50H50 and KRG59H50 in relation with the wt. % of kaolin (KRG, KCS) or halloysite (H)
clays. In samples KCS100 and KRG100, a strong texture was observed until in situ annealing at
700 °C, with respect to the c-axis of kaolinite. On the contrary, the texture with respect to the c-axis of
halloysite for the sample H100 was weak whatever the temperature was. Moreover, this weak texture
disappeared before the complete dehydroxylation of halloysite. This is due to the opening of some
halloysite tubes. When considering the samples KRG50H50 and KCS50H50, a significant texture was
observed with the c-axis preferentially oriented perpendicular to the sample surface. The presence
of kaolinite platelets predominated onto the alignment of halloysites tubes. Furthermore, it was
noted that the halloysite influenced the (002) diffracted intensity into the temperature range 20 °C
to 400 °C. Above 400 °C, the behavior obtained for the (002) reflection in samples KRG50H50 and
KCS50H50 was similar to the behavior noticed for pure kaolins KRG100 and KCS100, respectively.
The dehydroxylation temperature range appeared to be relevant with combined effect of kaolinite
and halloysite transformations arising from KRG100 or KCS100 and H100 samples. Therefore, the
onset point of dehydroxylation is 550 °C £ 25 °C for KRG100, KCS100, KRG50H50 and KCS50H50.
For the pure halloysite H100 sample, the dehydroxylation starts at the lower temperature 475 °C.
It was also noted that during the dehydroxylation of kaolinite, the characteristic portion of ring
related to the diffracted intensity of the (111) reflection located at x = 45° tended to disappear above
550 °C and led to the formation of a new transitory phase with a (111) reflection with perpendicular
alignment to the c-axis. Indeed, an epitaxial relationship with the (111) kaolinite reflection could be
assumed. Further X-ray scattering experiments allowed highlighting the effective offset temperature
of the dehydroxylation, which was identified as close to 720 °C. The metakaolinite achieved structural
transformation to another transitory phase at 1000 °C.

Keywords: kaolinite; halloysite; in situ X-ray diffraction; poles figures; textured clay materials;
dehydroxylation

1. Introduction

Kaolinite and halloysite are clay minerals that are frequently used to formulate a large
variety of materials ranging from low-added to high-added values products [1-3]. Raw
clays containing kaolinite and halloysite are used for applications ranging from domestic
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uses through the biomedical and energy fields [1-3]. The advantage of these clay minerals
is their availability and environmentally friendly impact. In addition, some drawbacks
are related to the occurrence of secondary phases in their main deposits, which lead to the
requirement of different physical and chemical treatments in order to control the purity of
their respective raw materials [3-6]. Both kaolinite and halloysite are TO dioctahedric phyl-
losilicate, but kaolinite is characterized by platelet-like particles while halloysite exhibits a
tubular and/or cylindrical shape [7]. Halloysite has the same general chemical composition
as kaolinite with additional water content. Two types of halloysite are usually considered,
according to the general formula Al;Si;O5(OH)4-nH,O, where the (001) d-spacing is equal
to 7 A or 10 A when n = 0 and 2, respectively [8,9]. Consequently, the two types of hal-
loysite are labelled “halloysite 7 A” and “halloysite 10 A”. These differences in shape and
water content may influence the microstructure and thermal transformations behavior of
materials containing these halloysite and/or kaolinite. In the case of ceramics, the shaping
process can enhance the initial texture, and during the sintering, the clay minerals are sig-
nificantly modified [10-14], thus leading to the evolution of final structure and properties.
For kaolinite and halloysite, the literature indicates that upon heating [5-14], these clay
minerals will undergo dehydration, dehydroxylation and recrystallization transformations.
It has also been shown that these transformations are influenced by the initial crystallinity
degree, the particle size and the number of local defects of the kaolinite and halloysite
raw materials. Following former studies that were performed regarding the correlation
between the formulation and sintering behavior of some ceramics [14-19], the present study
aims at characterizing the texture evolutions of kaolinite and halloysite-based samples
from room temperature until complete dehydroxylation. The in situ poles figures of the
appropriate (hkl) reflections were recorded from 25 up to 1000 °C on the DiffAbs beamline
at SOLEIL Synchrotron.

2. Materials and Methods
2.1. Clay Materials and Sample Preparation

The raw materials used in this study were two kaolins and a halloysite (NZCC hal-
loysite), to which we assigned the labels KRG, KCS and H, respectively. All these raw
materials were supplied by Imerys Limoges, France. Their main characteristics were al-
ready presented in a former paper [20] and are listed in Tables 1-3. Their silica to alumina
mass ratios are close to the expected chemical formula, 1.1. Also, the densities are in
the range 2.55 to 2.65 g/cm? as expected for such clay materials. Kaolins KRG and KCS
contained kaolinite clay mineral (99%), while the halloysite (noted H) mainly included
halloysite clay mineral and a few secondary minerals (quartz and cristobalite).

Shaping of samples was performed using the tape casting method in order to promote
the preferential alignment of clay particles along the casting support. Optimized amounts
of dolaflusB11® (CERADEL, Limoges France), Polyvinyl alcohol 22000® (VMR, Fontenay-
sous-Bois, France) and Polyethylene glycol 300® (ALDRICH, St. Quentin Fallavier, France)
were derived from preliminary studies [14,20]. They were used as dispersant, binder and
plasticizer, respectively, in the kaolinite and halloysite-based slurries. The slurry prepara-
tion started with the mixture of kaolinite and or halloysite-rich clays (52.5 wt. % of sold
content) with deionized water containing 0.2 g of dolaflux B11. After the homogenization
of the previous mixture overnight onto a roll-mixer, a first grinding step was conducted in a
planetary mill (Fritsch, France) for 6 h at 180 rpm. Then the optimized binder and plasticizer
content was added (binder to plasticizer ratio = 1) prior to the second milling/mixing step
for 16 h at 100 rpm in the planetary miller. Finally, the as-obtained slurry was set on the
roll-mixer in order to remove the entrapped bubbles and sieved at 125 um before the tape
casting operation to eliminate the non-solubilized binder and plasticizer. Five slurries were
formulated using each clay material and then a mixture of equivalent mass ratio of kaolin
and halloysite. The related samples were named: KRG100, KCS100, H100, KRG50H50 and
KCS50H50 according to the relative mass content of the clay material.
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Table 1. Chemical and physical characteristics of raw materials halloysite H, kaolins KCS and KRG
(Tr.: <0.2 mass %) [20].

H KCS KRG
ALO; 37.15 39.54 39.98
SiO; 47.47 44.06 44.77
P,0s5 0.15 0.05 0.03
SO3 0.04 0.11 0.06
Oxides (mass %) Fe,0; 0.39 0.63 0.62
ZrO, 0.02 0.02 0.03
K,O 0.04 0.05

TiO, 0.58 0.41

Na,O 0.18

Si0, / Al, O3 (mass ratio) 1.28 1.11 1.12

Loss on ignition at 1050 °C (mass %) 14.76 14.78 14

Table 2. Density, particle size distribution and specific surface area of starting clay powders [20].

H KCS KRG
Density (g/cm®) 2.54 2.61 2.59
D10 0.30 2.36 5.66
Grain size (um) D50 2.00 473 8.57
D90 12.54 8.09 12.80

Type of distribution trimodal bimodal monomodal
Specific BET surface area (m?/ g) 26.28 9.29 6.61

Table 3. Crystallinity indexes HI, R2 (0.1) and L of kaolins KCS and KRG compared to reference
kaolins [20-23].

KGa-1b [21-23] KGa-2 [21-23] KCS KRG
HI 1.03 0.37 1.28 1.22
R2 1.00 0.50 1.09 1.13
L 127 40 70 73

All slurries were cast with non-continuous equipment, using a casting rate of 0.42 mm/min
and the casting gap that defined the thickness of the green tapes (ranging between 200 um and
300 pm) could be precisely monitored. The green tapes were air-dried at room temperature
for 24 h before collecting disk-like (10 and 30 mm in diameter) and square-like samples for
the in situ experiments.

2.2. Methods

The structural evolution of the samples as a function of the temperature, namely
the texture within samples containing different amounts of halloysite and kaolinite and
shaped by tape casting, was studied by X-ray diffraction at the DiffAbs beamline located in
SOLEIL Synchrotron. In addition, the typical dehydroxylation onset and offset tempera-
tures were determined as well as the earlier structural reorganization. Poles figures were
derived upon in situ measurements performed up to 800 °C. Furthermore, the furnace
allowed heating samples up to 1100 °C and using a peculiar configuration to extract pair
distribution functions. We used the DHS 1100 furnace supplied by Anton Paar Company.
The confinement of the atmosphere around the sample is realized using a hemispherical
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PEEK (PolyEther Ether Ketone) dome. The measurements were done using the Kappa
diffractometer available on the beamline and an XPAD 5140 hybrid pixel detector [24]
located on the 26 arm. All the poles figures were extracted according to the methodology
described in [25].

X-ray diffraction (XRD) patterns were recorded on dried samples shaped by tape
casting. The samples were previously cut into small squares of 5 mm in edge, and then
fixed onto silicon wafers using metallic grafting. According to the energy of the X-ray
beam that was fixed at 17.9 keV, the incident angle was fixed at 5.54° in order to match the
reflection conditions of the (002) planes of kaolinite and halloysite. The heating rate was
fixed at 20 °C/min with an acquisition every 25 °C. These conditions were defined during
previous measurements at the ESRF D2AM beamline [20]. The recording duration was a
couple of minutes for each poles figure.

The laboratory X-ray diffraction (XRD) experiments were also conducted on the raw
tapes, using a D8 Advance DaVinci diffractometer (Bruker, Madison, WI, USA), operating
in Bragg—Brentano geometry with CuK«; radiation (A = 0.1540598 nm). The raw materials
samples were deposited in a classical transparent resin sample holder and the shaped mate-
rials were glued on the same type of specimen holder. The nature of the crystalline phases
present in the raw materials was determined on powdered samples through qualitative
analysis of XRD patterns (DIFFRAC.SUITE EVA software, Bruker Company, Madison, WI,
USA) collected in a range of 2° < 20 < 60° with a step of 0.02°, integration time of 0.54 s/step,
and width of the slits of 15 mm. The DIFFRAC.SUITE EVA software was granted with the
ICDD (PDE2, PDF4 plus), PDF4 AXIOM and COD reference databases [20].

The scanning electron microscopy (SEM) observation of the shaped samples was
performed using a FEI Quanta 450 FEG device (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with EDS detector. Dry tapes were carefully split into two parts in order to
observe the cross-section and flat surface (parallel to the casting plate). A thin coating of
Pd-Au (10 nm) was deposited onto each specimen prior to SEM observation to ensure a
good electron conductivity of the external surfaces.

3. Results and Discussion
3.1. Texture Characterization Using (002) and (111) Reflections Poles Figures

The materials texture plays a significant role on their final properties such as me-
chanical resistance, thermal conductivity and electrical resistance, etc. Since in the case of
phyllosilicate-based ceramics, the layered structure of clay minerals may induce prefer-
ential orientation, it is of great interest to understand how the texture can be influenced
by such particles alignment. Moreover, the structural changes like dehydroxylation could
be highlighted in relation with the starting phyllosilicate(s). In the present study, tape
casting, which is a liquid route shaping process, could favor the texture within samples
containing layered silicates. SEM images of the starting sample are presented in Figure 1.
These images show that for the kaolin sample (KRG100 and KCS100), the kaolinite platelets
tended to be parallel to the casting plate. In the case of the halloysite sample (H100), the
tubular-like particles of halloysite are randomly distributed. This trend reflects the effects
of particle shape on the control of microstructure of tape-cast samples.

The (002) and (111) crystallographic planes were considered for kaolinite and hal-
loysite in order to point out the initial texture and the differences occurring due to the
phyllosilicates’ characteristics and the heat treatment in the range 300 to 800 °C. In a first set
of experiments, samples constituted with only one type of raw clay were analyzed: H100,
KCS100 and KRG100. Thereafter, mixtures having 50% halloysite and 50% kaolin were
analyzed, namely: KCS50H50 and KRG50H50. The XRD patterns of the studied samples
are provided in Figure 2. It is obvious that for most samples, the shaping through tape
casting enhanced the intensity of the (00¢) reflections due to in-plane alignment of platelets.
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Figure 2. XRD patterns of the studied samples after shaping by tape casting and drying. The main
reflections correspond to kaolinite (JCPDS 00-005-0143) and/or halloysite (JCPDS 29-1487); while Q
and C are, respectively, for quartz (JCPDS 00-046-1045) and cristobalite ((JCPDS 04-008-7642)).

3.1.1. Texture Characterization of the Kaolin and Halloysite Samples

The influence of the temperature on the crystal preferential orientation was investi-
gated through in situ high temperature measurements on samples KRG100, KCS100 and
H100 until the end of the dehydroxylation of kaolinite and halloysite (1). Figure 3 shows
the evolution of the diffracted intensity of the (002) kaolinite reflection as a function of the
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x tilt angle and the temperature. The local arrangement of the hydroxyl groups that will be
removed during the dehydroxylation reaction is illustrated in Figure 4.

A1281205(OH)4 — A128i207 + 2H20 (1)

— 25°C
— 200°C
— 300°C
—400°C
Increasing temperature ——425°C
— 450°C
— 475°C
— 525°C
— 550°C
— 575°C
—— 600°C
—— 625°C
—— 650°C
—— 675°C
— 700°C
-725°C
— 750°C

0 20 40 60 80 100

4
Figure 3. Evolution of the diffracted intensity of the kaolinite (002) reflection with respect to the x tilt
angle and the temperature.

Octahedral sheet

OH
3.13A 3 A

Tetrahedral sheet

Figure 4. Illustration of hydrogen bonding and localization of hydroxyl groups within the structure
of kaolinite.

KRG100

The main trend observed for the distribution of (002) and (111) diffracted intensities
with respect to tilt angle x during the in situ heat treatment of KGR100 is presented in
Figure 5. From room temperature to 550 °C, the intensity of the (002) and (111) reflections
remains quite constant. Above 575 °C, the intensity of (002) reflection decreases progres-
sively and finally vanishes close to 750 °C. In the case of (111) reflection, no intensity was
collected above 575 °C. These behaviors for the (002) and (111) reflections are in line with a
strong texture of kaolinite platelets along the c-axis, and the preservation of this preferred
orientation until the complete transformation of kaolinite into metakaolinite.
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Figure 5. Variation of the diffracted intensity regarding the temperature and the tilt angle x for
sample KRG100; (a) (002) and (b) (111) reflections.

In order to highlight the differences between the two reflections (002) and (111), the
poles figures were represented for specific temperatures, as shown in Figures 6 and 7. For
both the azimuthal (¢) and tilt (x) angles, the range selected was between 0° and 90°. As
expected, a centered and intense maximum appeared in the range 0 to 20° of angle x onto
the poles figures related to (002) reflection (Figure 6). A maximum of intensity is noted in
the temperature range [25-575 °C], followed by a continuous decrease until 725 °C. The
(111) reflection (Figure 7) exhibited a ring-like intensity distribution located around x = 50°
onto the poles figures in the temperature range [25-575 °C]. Above this temperature, the
ring-like intensity vanishes while a point (higher intensity region) appeared close to the
center of the poles figures (x = 0°) for the (111) reflection (Figure 8). It is noted that the ring
intensity is not uniform. This is due to the wiggling of the flat sample/foil (edges lifting
from the flat surface) with the temperature, most likely creating shadows.

Considering the aforementioned results, three main points can be cited:

e  The studied samples exhibited a fiber-type texture with the c-axis aligned preferentially
perpendicular to the sample surface;
The dehydroxylation of kaolinite started around 575 °C for sample KRG100;
The initial preferred alignment along the c-axis is kept unchanged until the total
dehydroxylation of kaolinite observed at 725 °C within KRG100, in agreement with
the disappearance of the reflections (002) and (111);

e A transitory phase seemed to occur during the dehydroxylation, since a new intensity
is detected in the center of the poles figure, meaning that this transitory phase had
a lattice parameter corresponding to the (111) reflection. Indeed, it is oriented such
that these crystalline planes are//surface, which makes intensity appear at chi = 0 and
possibly perpendicular to the c-axis.
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Figure 6. Evolution of in situ poles figures for the (002) reflection of kaolinite within sample KRG100
for different temperatures.

In our previous study performed on the D2AM beamline at the ESRF Grenoble [14],
we noted that the dehydroxylation for the KRG sample occurred in the range 425 to 650 °C.
Indeed, we considered the change in slope from the intensity ratio. While considering
the FWHM change, we noted a good correlation with the change in texture regarding the
results obtained using poles figures measurements. This trend is likely that before the
effective detachment of the hydroxyl groups. Moreover, the delamination concept [14]
could be assumed in this very early step. Since the shape index and the particle size values
are higher for kaolin KRG compared to kaolin KCS, a higher and larger dehydroxylation
temperature range is expected for KRG100 samples.
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Figure 7. Evolution of in situ poles figures for the (111) reflection of kaolinite within sample KRG100

g0 o0 90 0

for different temperatures.

KCS100

In the case of sample KCS100, the distribution of (002) and (111) diffracted intensities
with respect to tilt angle x during the in situ heat treatment is presented in Figure 8. It
appears that the intensities of both reflections are constant up to 525 °C. Above this tempera-
ture, the (111) reflection disappeared, while the (002) reflection intensity tended to decrease
progressively before disappearing at 625 °C. The intensity profile seemed unchanged until
total dehydroxylation of the kaolinite within the KCS100 sample. Consequently, it can
be concluded that the KCS100 sample exhibited a strong texture along the c-axis as for
sample KRG100. Moreover, in both samples, the crystals orientation is not modified during
the dehydroxylation process. It was noted that the effect of dehydroxylation on the tex-
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ture occurred at a higher temperature for CS kaolin regarding the dehydroxylation range
determined during former experiments at the ESRF. The same comment regarding the
occurrence of several mechanisms could explain this trend. Indeed, the FWHM of the
kaolinite reflection (002) in KCS samples clearly indicate a change in slope around 525 °C.

This may lead to the conclusion that, as in the case of KRG100 samples, a relaxation seemed

to predominate prior to the effective detachment of the first hydroxyl groups. Since the

particle size and the shape index values for kaolin KCS are lower compared to those of

kaolin KRG, the determined dehydroxylation temperature range for the KCS5100 sample
is lower.

Increasing

temperature

. ) 212 b e 2 7

—TyTy Ry e 200 °C
. 300 °C e 300 °C
e 400 °C Increasing 400 °C
e 4.5 °C — 450 "C
e 500 °C temperature — 500 °C
e 5,25, °C — 5257
550 °C —550°C
e 5,75 ° i — 5757

T T T T T T T T T T T
-100 -80 -60 -40 -20 0 20 40 60 80 100 20 30 40 50 60 70 80

L x

Figure 8. Variation of the diffracted intensity regarding the temperature and the tilt angle x for
sample KCS100; (a) (002) and (b) (111) reflections.

Figures 9 and 10 present the (002) and (111) poles figures obtained for sample KCS100
at different temperatures. The same trend observed for KRG100 is observed since the
(002) diffraction intensity is located close to the center, while the (111) diffraction signal
appeared as a ring portion located at x = 50° onto the poles figures. The sample KC5100
exhibited a fiber-type texture along the c- axis. Furthermore, the disappearance of the
(111) diffraction signal at 550 °C led to the occurrence of a transitory phase during the
kaolinite dehydroxylation (same situation as for KRG100) related to a centered point on the
corresponding poles figures. According to our previous work on these samples, we have
demonstrated that the dehydroxylation mechanisms involved a delamination stage [14]
in the range 475-525 °C. Consequently, the observed transitory phase could be related to
this phenomenon, leading to a partial modification of the initial kaolinite structure while
maintaining the (00l) reflections unchanged. Indeed, some authors [26-28] assumed that
during this dehydroxylation, the XRD peaks of kaolinite disappeared abruptly at 550 °C,
and this is much in agreement with the behavior that we observed for the (111) reflection.
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Figure 9. Evolution of in situ poles figures for the (002) reflection of kaolinite within sample KCS100
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for different temperatures.

H100

Since the particles of the H100 sample are tubular, they may show a different trend
compared to samples KRG100 and KCS100. Figure 11 illustrates the in situ evolution of the
intensities of (002) reflections of halloysite regarding the tilt angle x. Due to the rolling of
the TO layers, the diffracted intensity of the (111) reflection is quasi-independent of the x
angle and it is not provided. It means that no texture effect is observed with respect to this
reflection. The diffracted intensity of the (002) reflection of halloysite (Figure 11) tended to
increase in the temperature range [20-450 °C], and then it decreased and disappeared at
550 °C. The preferred alignment is less significant within the H100 sample compared to
the KRG1000 and KCS100 samples. In addition, the heat treatment up to 450 °C tended to
increase the texture within the H100 sample, due to the roll out of some halloysite tubes [29].
Above 450 °C, no significant texture is noted.
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Figure 10. Evolution of in situ poles figures for the (111) reflection of kaolinite within sample KCS100
for different temperatures.

The (002) halloysite reflection poles figures presented in Figure 12 confirm the lack
of preferential orientation at room temperature, followed by a slight texture occurrence
when temperature is increased up to 450 °C for the H100 sample. The observed texture
disappeared before the complete dehydroxylation of halloysite. The (111) halloysite re-
flection poles figures were not of great importance since it was already clearly assessed
that no texture was associated with this reflection (Figure 11. Due to the polydispersity
particle size distribution of halloysite powder, the dehydroxylation of sample H100 tended
to start 100 °C lower than in the case of the studied kaolins. Therefore, an overlapping may
occur between the staking defects relaxation and the submicron-sized halloysite particles
dehydroxylation. The current measurement mode allowed the accurate detection of these
concomitant mechanisms within sample H100.
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Figure 11. Variation of the diffracted intensity regarding the temperature and the tilt angle x for
sample H100; (002) reflections.

3.1.2. Texture Behavior for the Kaolin-Halloysite Mixtures

The mixtures containing 50 mass% of kaolin and 50 mass% of halloysite in each case
were submitted to in situ analyses. The diffracted intensity of (002) and (111) reflections
of kaolinite are presented in Figure 13, as a function of the tilt angle x for different tem-
peratures for samples KRG50H50 and KCS50H50. A very significant texture is noted for
both samples despite the presence of a great amount of halloysite. The (002) kaolinite
reflection, which is much closed to the (002) reflection of halloysite, undergoes a slight
intensity increase while the temperature increases from 20 to 400 °C. This trend is in agree-
ment with the roll out of halloysite tubes, which interfered with the neighboring kaolinites
crystallites signal. The intensity of the (002) reflection was stable in the temperature range
400-525 °C, then progressively decreased and disappeared around 675 °C. The (111) reflec-
tion exhibited a constant intensity in the range 25-550 °C for the KCS50H50 sample, and
then it disappeared above 550 °C. For the KCS50H50 sample, the (111) reflection exhibited
a constant intensity in the range 25-575 °C, but a shift of the maximum of the intensity
distribution is observed (5° in x) before its disappearance after 575 °C. This specific trend
suggested a significant change in the crystals orientation with respect to the sample surface
(supplemental tilting). The (111) reflection vanished when the diffracted intensity of the
(002) reflection started to decrease in both samples, which confirmed the onset of dehy-
droxylation of kaolinite and halloysite, as already indicated in the case of the KC5100 and
KRG100 samples. The (002) and (111) poles figures were determined (not shown here) and
were in agreement with the major trends described above. It arises that each TO mineral
undergoes decomposition with less interaction with other phases.
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Figure 12. Evolution of in situ poles figures for the (002) reflection of halloysite within sample H100
for different temperatures.
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3.2. Exploring the Dehydroxylation end Point Using X-ray Scattering for Samples KRG100,
KCS100 and H100

During the dehydroxylation of kaolinite-based samples, we were able to clearly
achieve the temperature range of kaolinite dehydroxylation and the changes in texture.
Nevertheless, it was quite difficult to achieve such analysis with the halloysite-based
sample due to its weak texture. In addition, the presence of the scattering signal coming
from the PEEK dome did not allow obtaining interesting responses on the occurrence of
a transitory spinel-like phase upon dehydroxylation during the in situ X-ray diffraction
experiments. Furthermore, we intended to clarify the end-temperature of dehydroxylation
without focusing on the classical (002) reflection. Therefore, we performed the in situ wide
angle X-ray scattering measurements, using the curved two-dimensional detector CirPAD
(angular span in 26~135°) [24]. The operating conditions consisted in a heating rate of
20 °C/min from room temperature to 1100 °C, with data recording every 10 s.
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Figure 13. Variation of the diffracted intensity regarding the temperature and the tilt angle x
for: (a,b) (002) and (111) reflections of KRG50H50 sample; (c,d) (002) and (111) reflections of
KCS50H50 samples.

Figure 14 shows the evolution of the X-ray scattering patterns collected for the studied
samples (KCS100, KRG100 and H100) in the temperature range [25-1100 °C]. The patterns
are plotted as a function of the norm of the Q-vector, i.e., Q = 4msinf/A. Three main
temperature ranges with specific behaviors were identified:

o 25-725°C, where the characteristic peaks of kaolinite are observed, namely: (001), (002)
and (003) located at 9 nm~!,17.59 nm~! and 25.59 nm ! in Q, respectively. These
reflections disappeared around 720 °C, indicating the end of kaolinite dehydroxylation
(complete transformation into amorphous metakaolinite);



Minerals 2023, 13, 1418

16 of 19

c)

b)

Temperature (°C) Temperature (°C)

Temperature (°C)

25
535
745

950
1100

e  725-1000 °C, with a homogeneous intensity within the whole angular range, and no
significant peak. This may be considered as the stability domain of metakaolinite, the
amorphous phase;

e 1000-1100 °C, where the background intensity undergoes a significant change. This
trend seems consistent with a specific structural change in the studied samples.
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Figure 14. Results of in situ X-ray diffusion analyses for samples (a) KCS100, (b) H100 and (c) KRG100.

From the literature, the kaolinite or halloysite transformation into metakaolinite, called
dehydroxylation, consisted in the removal of hydroxyl groups located in the octahedral
sheets, which combined and released as water vapor. Due to these reactions, the octahedral
sheets exhibit a significant deformation that lead to the distortion of the global kaolinite or
halloysite structure. Cheng et al. [30] pointed out the existence of three types of hydroxyl
groups in kaolinites during the flash calcination of kaolins at 800-1300 °C, E-type (~50%,
easy), D-type (~40%, difficult) and U-type (~10%, unable), which were identified according
to the removal difficulty. They suggested that the removal of E-type hydroxyl groups
resulted in the conversion of a part of VI-coordinated Al in kaolinite to V-coordinated Al
and the production of meta-kaolinite. When the temperature rose up to 1200 °C, mullite was
produced and a part of V-coordinated Al converted to IV-coordinated Al and VI-coordinated
Al In the present study, the heating rate is significant and the removal of hydroxyl groups
is achieved at lower temperatures. At the end of the process, the long-range order is lost
and the amorphous phase obtained; metakaolinite [31] will then gradually transform above
a specific temperature (between 950 and 1100 °C) to a new crystalline phase (Al-Si spinel
or mullite) [26,29-33].
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Accordingly, to our results, the new crystalline phase occurred at 1000 °C. Nevertheless,
we are not able to provide the effective nature of this phase yet. We can summarize a
simplified representation of the sequence based on the kaolinite samples, as illustrated in
Figure 15.

—

D ‘ [001]x L [111]s
[010), // <110>¢

RT-550°C B .,  Spinelle
+ transitory tilting? . gog
=550 720 °C From 1000 °C?

Figure 15. Simplified illustration of the transformation sequence of kaolinite up to 1000 °C.

4. Conclusions

The present study aimed at understanding the texture changes in kaolinite and hal-
loysite materials shaped by tape casting. The evolution of the texture as a function of the
temperature was followed by in situ high temperature X-ray diffraction measurements
and determination of the poles figure evolutions. In kaolinite-based samples KCS100
and KRG100, a strong texture was observed with respect to the kaolinite c-axis (which
is preferentially oriented along the sample surface normal). This was maintained until
the total dehydroxylation of kaolinite, which transforms to metakaolinite. In the case of
the halloysite-based sample H100, a weak texture along the c-axis was developed upon
heating from room temperature to 400 °C, thanks to the opening of some halloysite tubes.
Nevertheless, this texture disappeared before the complete dehydroxylation of halloysite.

The dehydroxylation temperature range was determined for all the materials of in-
terest: 575-725 °C for KRG100; 525 and 625 °C for KCS100. Therefore, the onset point of
dehydroxylation is 550 °C £ 25 °C for these kaolinites. The main differences observed
for these kaolins may be related to the variation of the stacking faults density, the higher
shape index (25 for KCS100 and 40 for KRG100) and the grain size distribution of kaolinite
platelets in the KRG100 sample in comparison to the KCS100 sample. It was also noted
that during the dehydroxylation of kaolinite, the characteristic portion of ring related to
the diffracted intensity of its (111) reflection located at x = 45° tended to disappear above
550 °C and led to the formation of a new transitory phase with the appearance of a central
peak (chi = 0) for the (111) poles figures. Indeed, this reflection is parallel to the sample
flat surface (a direction perpendicular to the kaolinite c-axis). For the H100 sample, the
dehydroxylation starts at the lower temperature 475 °C, but it was difficult to assess the
end of dehydroxylation due to the loss of texture.

When considering the kaolinite-halloysite mixtures, samples KRG50H50 and KCS50H50,
a significant texture was observed along the c-axis. Indeed, the presence of kaolinite
platelets predominated onto the alignment of halloysites tubes. Furthermore, it was noted
that the halloysite influenced the (002) diffracted intensity into the temperature range
20 °C to 400 °C. Above 400 °C, the behavior obtained for the (002) reflection in samples
KRG50H50 and KCS50H50 was similar to the behavior noticed for pure kaolins KRG100
and KCS100, respectively. Again, the onset dehydroxylation temperature is identified as
550 °C =£ 25 °C. The same trend observed for the (111) kaolinite reflection for samples
KRG100 and KCS100 was noted in the samples KRG50H50 and KCS50HS50. This transitory
phase required further analysis to highlight its structural characteristics.
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Further X-ray scattering experiments allowed highlighting the effective offset temper-
ature of the dehydroxylation, which was identified as close to 720 °C. The metakaolinite
obtained underwent structural transformation to another transitory phase at 1000 °C. The
latter phase identification through pair distribution functions analysis may bring new clues
for the understanding of the metakaolinite to mullite transition sequence, which is out of
the scope of the present study.
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