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Abstract

:

Textured kaolinite and halloysite-based materials were shaped by tape casting in order to promote the alignment of clay particles along the tape casting direction and to investigate the structure evolution of these phyllosilicates during the dehydroxylation process. The crystallinity indexes HI and R2 of the starting kaolins (KRG and KCS) were determined and appeared close to values found for the well-ordered reference kaolin KGa-1b. The halloysite clay exhibited trimodal grain size distribution and tended to be less textured than KRG and KCS according to the (002) pole figures performed on green tapes. The constant heating rate derived kinetic parameters matched the expected range. We followed the dehydroxylation of kaolinite and halloysite through in situ high-temperature X-ray diffraction measurements at the ESRF synchrotron radiation source on the D2AM beamline. The dehydroxylation of these kaolinite and halloysite occurred between 425 °C and 675 °C for KRG and KCS and from 500 °C to 650 °C for halloysite. In addition, the evolution of the basal distance of kaolinite regarding the heat treatment temperature confirmed that the dehydroxylation process occurred in three steps: delamination, dehydroxylation, and formation of metakaolinite. The calculated coefficient of thermal expansion (CTE) along the c axe values were close to 17 × 10−6 °C−1 for kaolinite (KCS and KRG) and 14 × 10−6 °C−1 for halloysite.
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1. Introduction


Kaolins and halloysite are raw materials with a high amount of added value in comparison to other clay materials, mainly composed with kaolinite and halloysite, respectively, as major components and very few secondary phases (quartz, cristobalite, titanium dioxides, smectites and/or micaceous phases, even very small iron oxides content). The major application of these raw clays ranges from domestic uses to the biomedical and energy fields. Most recent developments arise through the mastering of the related formulation and shaping/sintering processes [1,2,3,4,5,6], in line with some pharmaceutical, catalytic, and ceramic issues.



Kaolinite (Al2Si2O5(OH)4) is a TO (O represents the octahedral layer and T represents the tetrahedral layer) dioctahedric phyllosilicate characterized by platelet-like particles. Halloysite is also a TO dioctahedric clay mineral, which has the same general chemical composition as kaolinite and can exhibit a higher water content. Depending on the amount of water, the two types of halloysite are usually considered with the general formula Al2Si2O5(OH)4 nH2O: halloysite-(7 Å) and halloysite-(10 Å), regarding the (001) d-spacing, where n = 0 and n = 2, respectively [7,8]. The particle morphology of halloysite were described as a tubular or cylindrical shape [9]. Conversely, the kaolinite particles were reported as platelet-like grains. The understanding of the behavior of the kaolinite and halloysite transformations during a heat treatment enables the control of the evolution of the microstructure during the processing of the related materials regarding their final characteristics and applications [10,11,12,13].



Indeed, the use of these clay minerals for the processing of silicate ceramics may involve a dehydroxylation step prior to the structural reorganization that include the crystallization of mullite, cristobalite or other high temperature phases. Many papers were interested by the process taking place during heat treatment of kaolinite [14,15,16,17,18,19,20,21]. An important part of this study concerned the mechanism of the dehydroxylation, which can be noted for kaolinite and halloysite as follows:


    Al  2    Si  2   O 5     (  OH  )   4   →  400 ° C − 700 ° C     Al  2    Si  2   O 7  + 2  H 2  O  



Re.(1)







The basic knowledge of the dehydroxylation of kaolinite indicated that for poorly crystallized (KGa-2) and highly crystallized (KGa-1b) reference kaolins, the presence of defects enhanced the dehydroxylation. Brindley and Nakahira [22] had performed ex situ studies of the dehydroxylation of a kaolinite and concluded that, above 550 °C, only metakaolinite remained. Some papers investigated the dehydroxylation of kaolinite under mechanical stresses for long period of time [23,24,25]. Frost et al. [23] showed that the dehydroxylation started after 2 h under concentrically disk milling of kaolin at 25 °C. Indeed, the process was achieved after 10 h under these conditions. Frost et al. [26] proposed that the dehydroxylation of kaolinite occurred through a homogeneous process involving proton transfer according to the following reaction:


    OH  −    ↔  H +  +  O  2 −        and   H   +  +   OH  −  ↔  H 2  O  



Re.(2)







Ptáček et al. [14,18,20] were focused on the study of the kinetics and mechanisms of the formation of metakaolinite. These authors described three main stages governing the dehydroxylation of kaolinite regardless of its crystallinity degree—(i) the dehydroxylation (loss of structural water); (ii) the delamination of kaolinite (the destruction of kaolinite sheet structure); and (iii) the formation of metakaolinite by a re-organization process of the local environment of the silicon and aluminum cations and variations of the Si–O and Al–O bond lengths [27]. The occurrence of each of these steps depended on the heating conditions (heating rate, maximum temperature and dwelling time). Only a few papers were interested by the study of the transformation of halloysite during heat treatment [28,29]. Prodanovic et al. [29] concluded that the kinetics of halloysite dehydroxylation was similar to the dehydroxylation process of kaolinite.



According to the existing literature on the thermal transformations of kaolinite and halloysite, the present paper aimed at investigating the in situ dehydroxylation of kaolinites and halloysite. Emphasis was led on the influence of the shape index (related to the morphology) of the clay particles on the dehydroxylation process within samples shaped by tape casting. Indeed, the tape casting process favored the alignment of clay particles along the casting surface and allowed the investigation of the (00l) crystallographic planes for kaolinite and halloysite. The main texture and the coefficient of thermal expansion were characterized and discussed accordingly.




2. Materials and Methods


2.1. Materials


The raw phyllosilicate materials used in this study were two kaolins and a halloysite (NZCC halloysite), labeled KRG, KCS, and H, respectively. Imerys (Limoges, France) supplied these raw materials. The kaolins KRG and KCS were constituted with kaolinite clay mineral (≈98 to 99 mass %) and very low amount of quartz as secondary phase (<1 mass %), while the halloysite mainly contained halloysite clay mineral (≈94 mass %) together with a small amount of secondary minerals (quartz and cristobalite, <5 mass %). The main characteristics of these raw materials, resulting from the technical data sheet, are reported in the Table 1.



The formulation of appropriate slurries for the tape casting process involved the use of Dolaflux B11® (CERADEL, Limoges, France) as dispersant, Polyvinyl alcohol 22000® (VWR, Fontenay-sous-Bois, France) as binder, and Polyethylene glycol 300® (SIGMA ALDRICH, St. Quentin Fallavier, France) as plasticizer.




2.2. Processing


The tape casting process was used in such a way that the alignment of clay particles along the tape casting direction was favored. The optimized slurries (62.5 mass % solid content) were prepared following these main steps, namely:




	(i)

	
Kaolin and/or halloysite powders were mixed with deionized water and 0.2 g of dolaflux B11® (2 mL of a solution at 10 mass % of dolaflux) previously and kept to the overnight homogenization with roll-mixer;




	(ii)

	
The so-obtained mixture was ground in a planetary mill (Fritsch) for 6 h at 180 rpm prior to the addition of the required amount of binder and plasticizer. Milling/mixing operation was performed for 16 h at 100 rpm in the planetary mill;




	(iii)

	
The relevant slurry was gently set on the roll-mixer in order to remove the residual or entrapped bubbles. Before the tape casting operation, each slurry was sieved at 125 µm to eliminate the non-solubilized binder and plasticizer.









The tape casting was performed with a non-continuous equipment, whereby the casting rate (0.42 mm/min) and the casting gap that defined the thickness of the green tapes (ranging between 200 µm to 300 µm) could be precisely monitored. The green tapes were dried at room temperature for 24 h; afterward, the disk-like samples were cut with the use of round circular punches exhibiting inner diameter of 10 mm or 30 mm.




2.3. Methods


The specific surface area was determined by the BET method (Brunauer, Emmett and Teller method), using an ASAP 2020 device (Micromeritics Instrument, Norcross, GA, USA) and nitrogen gas for adsorption. The measurements were carried out after two degassing steps, first at 90 °C for 30 min, followed by a second at 250 °C for 4 h to reach a required pressure of 6.5 Pa.



The density of the clay powders was measured using an AccuPyc II 1340 Pycnometrer (Micromeritics Instrument, Norcross, GA, USA) with a sample chamber volume of 1 cm3. The samples were previously dried at 105 °C for 24 h before each measurement.



X-ray fluorescence analysis of the chemical composition of raw materials was measured with a Panalytical Zetium instrument (Malvern, Westborough, MA, USA) using a rhodium generator for X photon (60 kV, 50 mA). The measurements were performed for 40 min. The measurements were performed using transparent disk samples (glass samples). These disk-like samples were obtained by mixing 1 g of raw material (KCS, KRG or H) with 10 g of lithium tetraborate (Li2B4O7) and by heating this mixture at 1050 °C within a platinum crucible. The semi-quantitative analysis allowed us to detect chemical elements from oxygen to uranium, and the acquisition time was 40 min for each sample.



Setaram Labsys Evo (SETARAM, City, France) was used to perform the differential thermal (DTA) and thermogravimetric (TG) analyses. Prior to DTA-TG analysis, the samples were dried at 110 °C overnight. During the measurement, specimens were placed in a platinum crucible. Aliquots of 60 mg to 70 mg of powder were analyzed for each sample. The analyses were conducted under dried air, from 30 °C to 1400 °C with heating and cooling rate of 5 °C/min and 10 °C/min, respectively.



Scanning electron microscopy observations were performed using a FEI Quanta 450 FEG device (Thermo Fisher Scientific, Waltham, MA, USA). Powder samples were observed after a previous dispersion in ethanol: a drop of each prepared suspension was placed onto a sample holder and then dried. Bulk specimens were also characterized (surfaces and sections of tapes before and after heat treatment). Before observations, bulk samples were coated using a 10 nm gold-palladium layer in order to ensure sufficient electron conduction at external surface.



The nature of the crystalline phases within the manufactured samples and the crystallographic texture were determined through room temperature (RT) laboratory X-ray diffraction (XRD) experiments using a D8 Advance DaVinci diffractometer (Bruker, Madison, WI, USA), operating in Bragg–Brentano geometry with CuKα1 radiation (λ = 0.1540598 nm). The raw materials samples were deposited in a classical transparent resin sample holder and the shaped materials 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° < 2θ < 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 (PDF2, PDF4 plus), PDF4 AXIOM, and COD reference databases. The crystallographic preferential orientation after shaping of the green tapes was determined through conventional texture measurements, using Soller slits to limit the divergence of the incident X-ray beam. The poles figures were collected using steps of 2.5° between 0° and 60° for the χ angles and 5° between 0° and 355° for the ϕ angles.




2.4. In Situ High-Temperature XRD


The dehydroxylation process of kaolinite and halloysite of the selected samples was studied through in situ high-temperature XRD measurement realized on the French Collaborating Research Group (F-CRG) D2AM beamline at the ESRF (European Synchrotron Radiation Facility) in Grenoble, France [30]. The set-up includes a very high temperature furnace developed in the frame of the QMAX research program, capable of heating samples under primary vacuum, air or controlled atmosphere up to 1700 °C. The experiments were performed in pseudo-symmetric mode, i.e., XRD patterns were recorded under the incidences angles corresponding to the Bragg angle of the main (00l) reflections of the kaolinite and halloysite and the diffracted beams were collected using an XPad 2D-pixel hybrid detector. The energy of the X-ray beam was fixed to 18 keV. This configuration allowed us to simultaneously collect five of the (00l) Debye–Scherer partial rings without any angular displacement of the detector. We used a highly parallelized primary beam exhibiting a cross section of few hundred microns and taking into account of the experimental configuration (in this case, the instrumental broadening is in Q-range under consideration close to 0.04°). Each XRD map was recorded in few seconds. The thermal evolution of the samples was followed with a heating rate of 20 °C/min, and the diffraction signal was recorded every 25 °C.





3. Results and Discussion


3.1. Raw Materials


The chemical composition of raw materials was determined using X-ray fluorescence analysis. The obtained values are reported in Table 1. The weight oxide proportions are in agreement with the data sheet of products given by the supplier. Silica/alumina mass ratio is very close to the theoretical value of 1.1 calculated for a pure kaolinite accordingly to the chemical formula (1.12 and 1.11 for KRG and KCS, respectively). Concerning halloysite (H), a value of 1.28 was obtained. Some complementary physical characteristics of these raw materials are given in Table 1.



According to the XRD patterns of raw materials (Figure 1a) using CuKα1 radiation (λ = 1.540598 Å), several peaks characterizing kaolinite were detected in KRG and KCS for 2θ angle values of 12.40°, 20.38°, 24.96°, and 35°. Moreover, small peaks assigned to α-quartz appeared around 26.27°, which confirmed the high purity of these kaolins. In addition, XRD patterns of halloysite showed the presence of secondary phases such as cristobalite (2θ angles values of 21.96°, 31.5°) and quartz α (peaks detected at 20.86° and 26.27°). The peaks of halloysite were located at 2θ angles values of 12.12°, 20.08°, 24.59°, and 35°. Therefore, the slight differences observed in the XRD patterns of both kaolin and halloysite were in agreement with the purity of kaolins KRG and KCS. Moreover, their degree of crystallinity was evaluated through specific indexes.



The index of HINCHLEY (HI) [31] is defined through Equation (1) considering the ratio of the intensities of the (1  1 ¯  0) and (   1 ¯   1 ¯   1) reflections for the kaolinite.


  H I =   A + B   A t    



(1)




where A and B are respectively the height of the background of the (1  1 ¯  0) and (   1 ¯   1 ¯   1) peaks, at the total height of the (1  1 ¯  0) peaks above background.



The estimation of the index of LIETARD (R2) [31] was performed using Equation (2) with the (1  3 ¯  1) and (131) peak intensities and the counts in the valley between them.


  R 2 =    1 2   (  K 1 + K 2  )  − K    1 3   (  K 1 + K 2 + K  )     



(2)




where K1 and K2 the intensities of (131) and (1  3 ¯  1) peaks respectively, and K the counts in the valley between them.



The calculated values of HI and R2 for KCS and KRG are listed in Figure 1b, in comparison with those obtained in the literature [32,33] for the references kaolin KGa-1b and KGa-2. According to these values, KCS and KRG crystallinity indexes (HI and R2) were very close to the KGa-1b values. Therefore, the KRG and KCS appeared to likely be granted with high crystallinity kaolinites with a low amount of structure defects. In the literature, HI values appeared to vary from <0.5 (disordered) up to 1.5 (ordered) whereas reported R2 values range from <0.7 (disordered) up to 1.2 (ordered).



According to the SEM (scanning electron microscope) observations of raw materials powders shown in Figure 2a–c, KCS and KRG exhibited platelet-like particles whereas halloysite was as expected composed of particles with a tubular-like shape. The thickness of clay particles was estimated to be 120 nm for KCS, whereas it was around 40 nm for KRG. Considering the latter results, the basal surface of particles was greater for KRG (Figure 2a,b), in agreement with shape indexes provided by the supplier (close to 40 and 28 for KRG and KCS, respectively).



In order to clearly defining the in situ characterization temperature range, the kaolin and halloysite samples were previously analyzed by DTA/TGA. As shown in the Figure 3, the KRG, KCS, and H presented the same feature during heat treatment. First, a large endothermic peak between 400 °C and 700 °C was related to the transformation of kaolinite (13.7% of mass loss corresponds of 98 mass % of kaolinite) or halloysite (13% of mass loss corresponds of 93.5 mass % of halloysite) into metakaolinite according to the dehydroxylation reaction R.1. The dehydroxylation of halloysite proceeded over a small temperature range. This trend could be partially attributed to the presence of the smaller particles size. The exothermic peak at 980 °C corresponded to the structural reorganization (formation of a spinel-like or mullite phases). The exothermic shoulder located above 1200 °C for KRG, KCS, and H was related to the crystallization of secondary mullite.




3.2. Green Tapes


The different green samples prepared through tape casting were observed using SEM (Figure 2d–f) and the related images highlight the preferential alignment of clay platelets along the casting direction. XRD patterns were recorded using the laboratory diffractometer in Bragg–Brentano mode on flat plate samples of KCS100, KRG100, KCS50H50, and KRG50H50 (see Figure 4). In all the cases, only the (00l) peaks of kaolinite were observed. This observation was a clear indication of preferential orientation of the kaolinite crystals with respect to the tape casting direction. However, for sample H100, although the (00l) peaks exhibited a greater intensity than the others did, all the Bragg reflections of halloysite phase were detected. In the case of mixtures consisting of half to half kaolin and halloysite mass content, only the (00l) plans of kaolinite (even for halloysite) were detected. Therefore, it seemed obvious to consider that the kaolin particles promoted the alignment of the halloysite tubes due to mechanical interactions.



The crystallographic distributions of orientations were assessed through the construction of pole figures of the (002) reflection of these samples, previously heated at 400 °C in order to remove the organic compounds (binder and plasticizer). The obtained (002) pole figures are shown in Figure 4B. The KRG100 and KCS100 samples presented the highest multiple random density (MRD) values (close to 11) at χ = 0 (center of the circle). Note that the greater the MRD, the stronger the texture; MRD = 1 corresponded to a completely random texture [34]. The MRD values were very sensitive to the χ angle varation (the MRD value decrease with a small variation of χ angle). But in the halloysite sample, the MRD values appeared to be very low (close to 4) and its distribution within each circle was not constant. These observations attested that the KCS100, KRG100, KCS50H50, and KRG50H50 particles were preferentially oriented along (00l) plans (high texture), while the H100 (halloysite) particles were less oriented (moderate to low texture). No significant difference was noted between the MRD values of KRG100 and KCS100, indicating that the shape index of the starting kaolin (40 for KRG and 28 for KCS) did not significantly affect the initial texture when using the tape casting process.




3.3. Kinetic of the Non-Isothermal Dehydroxylation


The study of the kinetic of the dehydroxylation of kaolins and halloysite raw materials was done using the DTA results obtained at different heating rate (1, 5, 10, 15, 20 °C/min) up to the temperature of 1400 °C. The activation energy (Ea) was investigated by the Equation (3) of Johnson–Mehl–Avrami–Kolmogoroff (JMAK) [35,36,37,38,39], under non-isothermal conditions [40]:


  ( − ln    (  1 − X  (  t , T  )   )     1 n    =   k  (  T −  T 0   )   α   



(3)




where X (T,t) is the fractional amount of the considered phase at the temperature T (K), n is the Avrami exponent, α the heating rate (°K/min), T0 is the temperature at t = 0, and k is the reaction rate constant. k is a function of the temperature according to am Arrhenius-type expression (Equation (4)).


  k =  k 0  ·   exp  (  −    E a    R T    )   



(4)




where k0 is the frequency factor, Ea (kJ/mol) is the apparent activation energy and R is the ideal gas constant. Based on the Kissinger kinetic method used to analyze the DTA data [41], the following equation (Equation (5)) was applied:


  ln  (   α   T p 2     )  = −    E a    R ·  T p    + C o n s t a n t  



(5)




where Tp is the temperature at the maximum of the transformation peak and α is the DTA heating rate. A plot of   l n  (   α   T p 2     )    versus    1   T p      leads to a linear evolution, the slope of which allows us to determine the apparent activation energy for the transformation (Ea).



According to the literature, the value of the activation energy of kaolinite dehydroxylation was reported to vary from 140 kJ/mol to 300 kJ/mol [42], depending on the degree of crystallinity, particle size, etc.



The mechanism of the dehydroxylation was estimated via the magnitude of the Avrami exponent noted n (see Equation (3)). This parameter was determined from the shape of DTA peak of the transformation and is related to Tp as [43,44] written in Equation (6):


  n =   2.5   Δ T   ·   R    T p 2     E a     



(6)







Figure 5 shows the plots of   l n  (   α   T p 2     )    versus    1  T p     for H, KRG, KCS, and KRG50H50, according to the Kissinger approach. The apparent activation energies of dehydroxylation calculated from the slope of Kissinger plots are (Figure 5) 162 kJ/mol for KCS, 161 kJ/mol for KRG, 168 kJ/mol for H and 152 kJ/mol for KRG50H50 (175 kJ/mol for KGa-1b [45]). These data were in good agreement with the previously published results [20,46].



The Avrami exponent values for each material and at different heating rate are listed in Figure 5. These exponents decreased when the heating rate increased from 1 °C/min to 20 °C/min. The average values of Avrami exponent was around 1.17 for KCS, 1.28 for H, 1.02 for KRG50H50, and 0.84 for KRG. For the kaolins (platelet particles form), n < 1 for KRG and n > 1 for KCS, which suggested that the dehydroxylation of KCS was controlled by diffusion mechanism related to bulk nucleation with constant number of nuclei, while interface reaction in line with surface nucleation mechanism was predominant for the dehydroxylation of KRG (see Table 1). In the case of halloysite (needle shape of particles), the dehydroxylation seemed to be controlled by diffusion mechanism according to bulk nucleation with varying number of nuclei (see Table 2). Nevertheless, the Avrami exponent for halloysite could also agree with the occurrence of interfacial reactions in the case of bulk nucleation with constant number of nuclei and/or surface nucleation. The coexistence of different controlling mechanisms could arise due to the polydispersity of grain size distribution exhibited by the starting halloysite.



According to the literature, the dehydroxylation mechanisms may involve three main stages as described by Ptáček et al. [20]: (i) the dehydroxylation explained by the loss of structural water, (ii) the delamination of kaolinite, and (iii) the formation of metakaolinite. These authors showed that when increasing the heating rate from 0.1 °C/min to 20 °C/min, the separation between the three stages was improved, and delamination tended to occur before the dehydroxylation. Moreover, the dehydroxylation was achieved before the end of the delamination. Therefore, the metakaolinite (i.e., the Roentgen amorphous, dehydroxylated and delaminated phases) was detected when the delamination and dehydroxylation stages were achieved. The trends obtained during this study were in agreement with the influence of the heating rate on the dehydroxylation process. The further investigation using a heating rate of 20 °C/min for in situ X-ray diffraction measurements was expected to bring additional information on the dehydroxylation stages.




3.4. Study of the Dehydroxylation by In Situ XRD


Based on the DTA/TGA analyses presented in Figure 3, the in situ XRD characterization of the dehydroxylation of tape specimens containing these kaolins and halloysite was performed in the range 400 °C to 800 °C. The 2D maps recorded at room temperature (Figure 6a,b); Figure 7a,b showed that for KCS100, KRG100, and KRG50H50, only the (00l) reflections were detected, while in the H100 sample, the (00l) reflections of the halloysite phase and the peaks of secondary phases (cristobalite and α-quartz) were observed. These results were in agreement with the XRD analyses performed with the laboratory X-ray diffraction (XRD) operating in Bragg-Brentano geometry with CuKα1 radiation (λ = 1.540598 Å). Furthermore, it was noticeable that the presence of kaolinite particles promoted the alignment of halloysite tubular rollers along the plate in the casting direction as previously mentioned through the (002) pole figures analysis. Radial integration of the 2D maps allowed plotting 1D diffraction patterns. The evolution of the (002) peak as a function of the temperature between 400 °C and 800 °C is reported on Figure 6c,d and Figure 7c,d. For all the studied specimens, changes were observed concerning the intensity, the position and the shape of the (002) peak with increasing temperature. Indeed, this peak progressively vanished between 425 °C and 700 °C. This behavior may have strongly contributed in highlighting the effective dehydroxylation process for similar dioctahedral TO clay minerals. Conversely to our observations, some authors [22,48,49] assumed that during this dehydroxylation, the XRD peaks of kaolinite disappeared abruptly at 550 °C. In order to analyze quantitatively this process, the diffraction peaks were fitted using the split pseudo-Voigt function available using the peakoc software (version 1.0, IRCER, Limoges, France) [50]. We determined the evolution of both the integrated intensity and the full width at half maximum (FWHM) of the (002) peak at all the studied temperatures (see Figure 8). In all cases, the variation of the integrated intensity was report with respect to the (002) peak intensity before the kaolinite decomposition starting point.



The main difference between KRG and KCS kaolins appeared to be the shape index and the particle size distribution, but the trend observed for the beginning of the dehydroxylation appeared to follow the opposite expected behavior. When considering the endpoint of the kaolinite detection, we noted that it was 625 °C for KCS100 and 650 °C for KRG100. Therefore, the range for the dehydroxylation of KCS100 (500 °C to 625 °C) was narrower than that of KRG100 (425 °C to 650 °C). This final analysis seemed to be in line with the starting powders physical characteristics, i.e., KCS exhibited lower shape index (28) and lower mean particle size (around 5 micrometers) in comparison to KRG (see Table 1). The presence of defects could enhance the dehydroxylation of kaolinite as already pointed out in literature [51]. The FWHM changes observed in KRG100 and KCS100 (Figure 8a,b) seemed to assess the presence of significant defects within KRG100. The latter remarks may justify the earlier dehydroxylation observed in KRG100 compared to KCS100.



In the case of halloysite, the dehydroxylation started at 500 °C and is finished at 650 °C. The halloysite particles tubular shape and their polydisperse size distribution may contribute to favor a higher temperature to initiate the dehydroxylation. Nevertheless, the dehydroxylation range was close to that of KCS100. The dehydroxylation of halloysite could be considered as dependent on the roll out of the tubular particles (favored with high temperatures) [52] and the particle size distribution. Besides, the latter dehydroxylation of halloysite appeared to be in agreement with the occurrence of a diffusion-controlled mechanism (Avrami exponent) with bulk nucleation with varying number of nuclei followed by interfacial reaction while having open tubes. The corresponding FWHM exhibited a small decrease, indicating a significant occurrence of defects within the halloysite structure. The mixture of kaolin KRG and halloysite led to a shift of the dehydroxylation domain in the range of 450 °C to 625 °C with a quite stable FWHM according to the evolution of the (002) peak as shown on Figure 8d. Each TO mineral undergone decomposition without any interaction with other phases. The noticeable stability of the (002) FWHM in KRG50H50 sample was not in agreement with the behavior obtained when using KRG100 or H100. This difference could arise regarding the overlapping of the dehydroxylation mechanisms of kaolinite and halloysite regarding the occurrence of defects.



According to the dehydroxylation sequences described by Ptáček at al. [20], the as-obtained results were discussed. Considering the (002) peak evolution presented in Figure 8, the plateau that precedes the intensity decrease could be assigned to the delamination stage. Thereafter, the end of the delamination overlapped with the dehydoxylation up to the total disappearance of the (002) peak of kaolinite or halloysite. From the aforementioned assumptions, the inflexion point could be considered as the characteristic beginning of the superposition between the delamination and dehydroxylation stages. The critical temperature derived from the sigmoid fitting indicated a similar trend for both KCS100 and H100. Hence KRG100 exhibited the lowest critical temperature (Tc ≈ 525 °C). The mixture with halloysite did not significantly affect the initial Tc.



The evolution of the basal distance had been determined, and the behaviors in the range 150 °C to 650 °C are plotted on Figure 9. The corresponding coefficient of thermal expansion (CTE) along the c-axis of kaolinite, halloysite in pure and mixtures of kaolin and halloysite are reported in Figure 9. It was noted that a change in slope occurred in all samples between 475 °C and 525 °C. Therefore, the CTE was estimated in each region. Indeed, in the range temperature between 150–400 °C the CTE values for KRG100, KCS100 and H100 varied from 17.7 to 13.2 × 10−6 °C−1. A higher value of CTE, 23.2 × 10−6 °C−1, was obtained for the KRG50H50 sample. Such values were in accordance with the values provided in literature for the linear CTE in the z-direction (corresponding to the (00l) direction) which were close to 18 × 10−6 °C−1 [47,53]. Nonetheless, the volumetric CTE provided in literature for kaolinite is close to 61 × 10−6 °C−1. In the temperature range from 400 °C to 625 °C, the CTE values were decreased above 25 × 10−6 °C−1, for the sample containing KRG kaolin whereas with KCS sample, a stabilization of the CTE value close to 5 × 10−6 °C−1 was observed. The latter behavior tended to comfort the effect of the shape index and the lower particle size of this kaolin KCS compared to KRG, on the enhancement of the delamination stage while reducing its superposition with the dehydroxylation stage. Since the delamination included an expansion of the basal distance, it was likely that the higher shape index of KRG kaolin led to a wider delamination domain even above 550 °C and, therefore, a more important overlapping with the dehydroxylation stage. In the case of halloysite, the tubular shape may significantly increase the delamination range. However, thanks to its initial particle size distribution, the superposition of delamination and dehydroxylation appeared less important than for KRG100. These considerations could justify the lower CTE modification in the range 525–625 °C for H100 (12 × 10−6 °C−1).



As shown Figure 6 and Figure 7, the diffracted intensity was not uniform along each Debye–Scherer ring. This effect was a qualitative illustration of texture with respect to the χ tilt angle. The evolution of this texture as a function of the temperature is reported Figure 10 for a pure KRG sample. It seemed that the decomposition of the kaolinite occurs without significant evolution of the texture. The latter led to consider that the dehydroxylation mechanisms and the kaolinite and halloysite physical and mineralogical characteristics are controlling the in-situ dehydroxylation of the studied specimens. The suggested summarized dehydroxylation within the studied samples is presented on Figure 11.





4. Conclusions


The targets of this work were directed on the following three main points: (i) the characterization of the initial texture and the thermal transformations of kaolinite and halloysite samples shaped using the tape casting process; (ii) the analysis of the dehydroxylation mechanisms of halloysite and kaolinite samples using the Kissinger approach; and (iii) the study of the dehydroxylation of halloysite and kaolinite samples by in situ XRD during heat treatment.



The crystallinity indexes of the raw kaolins (KRG and KCS) were investigated using the index of HINCHLEY (HI) and the index of LIETARD (R2). Both kaolins appeared to contain high crystallinity kaolinites, higher crystallinity than the KGa-1b (reference kaolin), with a low amount of structure defects (stacking defects).



Besides, the XRD patterns at room temperature and the (002) poles figures for the green kaolin tapes showed that the clay particles were preferentially aligned along (00l) reflexions of kaolinite. However, the halloysite green tapes exhibited a more random orientation (less texture); this was correlated to the tubular morphology of halloysite particles. Nevertheless, the mixture of the halloysite with kaolin promoted the alignment of halloysite particles along the casting surface thanks to their physical interaction with platelet-like kaolinite particles.



The kinetic parameters of the dehydroxylation of kaolinite and halloysite samples assessed through the constant heating rate Kissinger method allowed determination of activation energy values. These values were close to 162 KJ/mol for KCS and KRG and X kJ/mol for H. Accordingly, the calculated values of Avrami exponent indicated that the dehydroxylation within KCS was controlled by “bulk nucleation with constant number of nuclei” mechanism. While for KRG, the dehydroxylation was controlled by “surface nucleation” mechanism; and in the case of halloysite, the dehydroxylation appeared controlled by “bulk nucleation with varying number of nuclei” mechanism. These differences in dehydroxylation mechanism were consistent with the reported chemical and physical characteristics of the starting materials—namely, the particle size distribution and the shape index.



In situ XRD investigation of the dehydroxylation of the studied kaolinite and halloysite samples had highlighted several behaviors



	-

	
The increasing shape index and polydispersity in kaolinite or halloysite grain size tended to favor higher temperatures to initiate the dehydroxylation, 425 °C for the KRG (monodisperse) < 475 °C for KCS (bimodal) < 500 °C for the halloysite clay (trimodal).




	-

	
The increase of the shape index tended to induce a wide dehydroxylation range due to the limiting diffusion of inner hydroxyl groups. Dehydroxylation occurred from 425 °C to 650 °C for KRG (shape index of 40) and from 450 °C to 625 °C for KCS (shape index of 28).




	-

	
During the dehydroxylation of the kaolinite sample, the initial texture appeared unchanged regardless of the differences in particle size distribution and shape index.




	-

	
The FWHM values of H100, KRG100, and KRG50H500 decrease during dehydroxylation, which means that the structure defects decrease during heat treatment.




	-

	
The coefficient of the thermal of kaolinite and halloysite clay mineral were 17 × 10−6 and 14 × 10−6 °C−1 in agreement with the literature. Indeed, the change observed on the CTE during the dehydroxylation appeared to correlate with the overlapping of the delamination and the dehydroxylation stages described in the literature. These transition temperatures comfort the influence of the shape index and the polydispersity of grain size distribution for the studied kaolinite and halloysite-based specimens.
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Figure 1. (a) X-ray diffraction (XRD) patterns of the raw materials; K: Kaolinite (JCPDS 00-005-0143); Q: Quartz (JCPDS 00-046-1045); H: Halloysite (JCPDS 29-1487); C: Cristobalite (JCPDS 04-008-7642). (b) Index of crystallinity (±0.1) of kaolins. 
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Figure 2. (a–c) SEM observations of KRG, KCS, and H powders respectively; (d–f) SEM observations of KRG100, KCS100, and H100 green body respectively. 
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Figure 3. DTA/TGA for raw materials. 
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Figure 4. (A) XRD curves of green tapes samples. Kaolinite (JCPDS 00-005-0143), Halloysite (JCPDS 29-1487). (B) Pole figures of (002) reflexion peak of: (a) KRG100, (b) KRG50H50, (c) H100, (d) KCS50H50, and (e) KCS100 at 400 °C. 
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Figure 5. Kissinger plot values and the Avrami exponent, n for H, KCS, KRG, and KRG50H50. 
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Figure 6. (a,b) Debye–Scherrer diffraction rings recorded at room temperature under an incidence angle equal to the (002) planes Bragg angle, for H100 and KRG100 respectively. (c,d) One-dimensional XRD patterns of (002) of H100 and KRG100, respectively, during dehydroxylation. 
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Figure 7. (a,b) Debye–Scherrer diffraction rings recorded at room temperature under an incidence angle equal to the (002) planes Bragg angle, for KCS100 and KRG50H50, respectively. (c,d) One-dimensional XRD patterns of (002) of KCS100 and KRG50H50, respectively, during dehydroxylation. 
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Figure 8. The variation of the intensity and FWHW of (002) peak, versus the temperature for (a) KCS100, (b) KRG100, (c) H100, (d) KRG50H50, and (e) FIT parameters. 
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Figure 9. The variation of the basal spacing (002) and calculated coefficient of the thermal expansion of KCS100, KRG100, H100, and KRG50H50 during dehydroxylation. 
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Figure 10. The evolution of intensity as function of chi angle and temperature during the dehydroxylation of Krg100. 
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Figure 11. Suggested summarized dehydroxylation for the studied kaolinites and halloysite. 
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Table 1. Chemical and physical characteristics of raw materials (Tr.: < 0.2 mass %).
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Oxides

	
KCS

	
KRG

	
H




	
Technical Data Sheet (mass %)

	
XRF Data (±0.01 mass %)

	
Technical Data Sheet (mass %)

	
XRF Data (±0.01 mass %)

	
Technical Data Sheet (mass %)

	
XRF Data (±0.01 mass %)






	
Al2O3

	
38.8

	
39.5

	

	
40.0

	
35.5

	
37.2




	
SiO2

	
45.8

	
44.1

	

	
44.8

	
49.5

	
47.5




	
P2O5

	

	
0.05

	

	
0.03

	

	
0.15




	
Fe2O3

	
0.57

	
0.63

	

	
0.62

	
0.39

	
0.39




	
ZrO2

	

	
0.02

	

	
0.03

	

	
0.02




	
K2O

	
Tr.

	
0.04

	

	
0.05

	
0.01

	
-




	
TiO2

	
0.55

	
0.58

	

	
0.41

	
0.09

	
-




	
MgO

	
Tr.

	

	

	

	
0.29

	




	
Na2O

	
Tr.

	
0.18

	

	
-

	
0.04

	




	
CaO

	
Tr.

	

	

	

	
0.02

	




	
Loss on Ignition at 1050 °C (%)

	

	
14.8

	

	
14

	
13.8

	
14.8




	
Shape index

	
28

	

	
40

	

	

	




	

	
KCS

	
KRG

	
H




	
BET specific area (m2/g)

	
9.3

	
6.6

	
26.3




	
ρ (g/cm3)

	
2.61

	
2.59

	
2.54




	
Grain size (µm)

	

	

	




	
d10

	
2

	
6

	
0.3




	
d50

	
5

	
9

	
2




	
d90

	
8

	
13

	
12




	
Particle size distribution

	
Polydisperse

Modes

(0.4 and 5 µm)

	
Monodisperse

(10 µm)

	
Polydisperse

Modes

(0.5, 5 and 10 µm)




	
Natural pH value

	
6.9

	
5.7

	
4.5
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Table 2. Values of n for various transformations mechanisms [47].
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Transformations Mechanisms

	
N




	
Two-Dimensional

(Plates)

	
One-Dimensional

(Needles)






	
Bulk nucleation with varying number of nuclei

Interface reaction

Diffusion

	
4

2.5

	
2

1.5




	
Bulk nucleation with constant number of nuclei

Interface reaction

Diffusion

	
3

1.5

	
1

0.5




	
Surface nucleation

Interface reaction

Diffusion

	
1

0.5

	
1

0.5
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