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Abstract Red clay is considered to be of significant
value to the economy in Morocco, particularly in the
Safi region, because of its abundance. This raw mate-
rial has long been known for its quality in the man-
ufacture of clay materials, but its use was limited to
traditional ceramics. The red clay raw material was
the subject of the current study with the objective
of opening new industrial applications that will give
added value to the Safi red clay. The physicochemi-
cal, mineralogical, and thermal properties of the
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Moroccan red clay were determined by X-ray fluo-
rescence (XRF), inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis, X-ray dif-
fraction (XRD), oriented aggregate, and particle-size
analyses, powder density by helium pycnometry, car-
bonate content using the Bernard method, differential
thermal analysis (TG-DTA), and the BET surface
area. The compacted dry powder particles were cal-
cined at three sintering temperatures: 900, 1000, and
1100°C for 2 h. The effect of sintering temperature on
ceramic properties, such as apparent porosity, water
adsorption, bulk density, and mechanical strength,
was examined. Dense ceramics with lower porosity
and greater mechanical resistance (~300%) were pro-
duced by increasing the sintering temperature from
900 to 1100°C. The conclusion was that the evolution
of physicochemical and thermal properties is related
to mineralogical changes, which show that anorthite
is the major phase at higher temperatures.

Keywords Ceramic - Clay - Thermal treatment -
Mineralogical transformations

Introduction

Clay is the material which has been used longest by
humankind, and it is essential in the manufacture of
objects used in daily life. Clay is undergoing a renais-
sance in the construction, industrial ceramics, artisa-
nal, pharmaceutical, and pottery sectors (Kabre et al.,
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1998; Strazzera et al., 1997). The most common
types of ceramics are made from clay-based materi-
als. They consist usually of complex natural mixtures
of minerals with highly diverse grain sizes and phys-
icochemical properties (Celik, 2010; Njoya et al.,
2012). The quality of the resulting ceramic product
depends on several parameters, related mainly to the
nature of the basic raw materials used and the behav-
ior throughout the manufacturing steps of the ceramic
products. Thus, the ceramic products can be refined
at two levels: firstly, the quality of the chosen raw
materials; and secondly, the manufacturing process
(preparation of the paste, shaping, drying techniques,
type of firing, and enameling). Most ceramic products
are obtained through sintering, generally between
900 and 1200°C. The sintering process is linked to
the composition of the raw material and it is coupled
with microstructural transformations of the initial
minerals as a function of temperature and firing time
(Djangang et al., 2008; Harech et al., 2019; Monteiro
& Vieira, 2004). These materials undergo physico-
chemical transformations that lead to both a modifica-
tion of the crystalline structure at the various stages
(dehydroxylation, amorphization, crystallization,
transformation, decarbonization, etc.) and a modifica-
tion of the microstructure of the mixture (distribution
and orientation of pores, coarsening of grains or crys-
tals, etc.). These transformations are accompanied by
changes in the mechanical properties (Jordan et al.,
2008). This parameter is essential because the usage
properties of many ceramic materials made from clay
are often linked to their mechanical resistance under
compression (bricks, sanitaryware, etc.) or bending
(tiles, wall tiles, dishes). The investigation and moni-
toring of the sintering process are essential to deter-
mine the optimal temperature to achieve the desired
degree of densification. Currently, with the increase
in the price of energy, the trend among ceramists is to
reduce the duration and temperature of the sintering
of products to a bare minimum. In Morocco, clay is
used mainly to produce traditional and modern build-
ing materials (bricks, tiles, sanitary ware) and to man-
ufacture many ceramic products. Morocco has suffi-
cient clay resources to ensure all or part of the supply
of the ceramics industry. Previous work has identified
important clay fields in Morocco; these include the
three main regions of the country, namely Safi, Salé,
and Fes-Meknes (EI Ouahabi, 2013). Safi clay forms
a vital catchment area, which forms the foundation of
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Safi city and is used to make pottery. The exploitation
of clay in the ceramics industry is generally artisanal
and semi-industrial in Morocco, and these activities
are established and managed by family-owned com-
panies and artisans. The lack of previous studies and
the resulting dearth of knowledge about the proper-
ties and behavior of the red clay accounts for many of
the problems which occur during production, includ-
ing fractures and misshapen or deformed final prod-
ucts. Such problems limit productivity significantly.
To date, no study has been reported on the thermal
behavior of Safi clay, which is frequently used as a
raw material in many studies, without focusing on its
thermal behavior. The current study aimed to evalu-
ate the effect of temperature on the thermal behavior
of Safi clay and to provide new data on its mineral-
ogical, physicochemical, thermal, and mechanical
changes due to temperature increases. These data will
help in the future manufacture of value-added ceram-
ics. Results from this study are expected to contribute
further knowledge and more in-depth characterization
of clay in Morocco and, more precisely, the red clay
of the Safi region. The specific objectives of the pre-
sent research were:

— to study the red clays of the Safi region to extend
the data which serve as a foundation for start-up
projects for the industrial use of local clay materi-
als and other research; and

— to characterize red clay as a raw material used by
artisans and ceramists and its suitability for the
production of mass-market ceramic products.

Materials and Methods
Sample Elaboration

The raw material used in this study was obtained
from Al Barrage (Morocco, Safi region, coordinates
32.324962, -9.188877). First, the clay was dried in an
electric oven at 105°C for 24 h and then milled. After
grinding, the powder was sieved to a size of <100 um.
The pellets were prepared from red clay by a dry
method. The powder was compressed axially under
a load of 1 ton to obtain pellets with a diameter of
13 mm and a thickness of 3 mm, then heated to vari-
ous temperatures. The heat treatment was carried out
in an electric furnace (LH 15/12 System, Nabertherm,
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Lilienthal, Germany) according to the following ther-
mal cycle:

Increase the temperature to the selected cooking
temperature (600, 900, 1000, or 1100°C) at a rate of
5°C/min; followed by 2 h dwell time at the selected
temperature and natural cooling with the furnace
turned off.

Analytical Techniques

An XRF analysis was performed to identify the
chemical composition and predict the mineralogy of
the analyzed sample. A Panalytical ZETIUM X-ray
fluorescence instrument (Malvern Panalytical, Mal-
vern, UK) was used to analyze for major and trace
elements. The red clay was ground finely in an agate
mortar before analysis. Then 1 g of the dried sample
was mixed with 10 g of lithium tetraborate (Sigma-
Aldrich, St Louis, Missouri, USA). The resulting
mixture was fired to 1065°C, melted in a platinum
crucible, and then molded into a glass disk. The char-
acterization of the mineral phases in the raw material
and the ceramics fired at 600, 900, 1000, and 1100°C
was carried out by XRD (Malvern Panalytical, Mal-
vern, UK) using the powder method. Samples were
milled in an agate mortar to a fine powder (<100 um).
A diffractometer from Rigaku SmartLab (Tokyo,
Japan) was used, and the data were collected over a
range of 5 to 55°20 with a step size of 0.04°20, using
CuKa radiation (A=1.5405 10\). Mineral identification
was carried out by matching the ICDD 2016 database
lines to the diffraction peaks.

Inductively coupled plasma optical emission spec-
troscopy (ICP-AES, Ultima Expert, Horiba Inc.,
Toronto, Ontario, Canada) was used for simultaneous
multi-elemental determination of major and minor
elements. Sample preparation for ICP-AES analysis
was as follows: Twenty milligrams of sample red clay
was weighed precisely in Teflon digestion vessels,
and 1 mL of a concentrated HNO; solution with 4 mL
of an HF solution (Sigma-Aldrich, St Louis, Mis-
souri, USA) was added. The samples were subjected
to microwave heating for 75 min. After cooling, the
colorless solutions were transferred quantitatively to
100 mL volumetric flasks and made up to volume
with deionized water.

The oriented aggregate was used for study by
XRD, and the<2 mm fraction was separated using
a Kubota Ks-8000 centrifuge (Tokyo, Japan). For
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the general study, an air-dried oriented aggregate
was prepared by heating at 550°C for 4 h to destroy
the kaolinite and confirm the absence of chlorite.
The measurements were collected over the range
5 to 30°20 with a step size of 0.02°20 using CuKa
(A=1.5405 A).

Density is referred to as the median spatial distri-
bution of mass in a material (Labbilta et al., 2021).
The helium pycnometer is a practical density meas-
urement tool for powders. In the helium pycnom-
eter, the volume occupied by a defined powder mass
is determined by measuring the volume of gaseous
helium displaced by the powder. The ratio of mass
to volume is the pycnometric density. The density
determination was performed using a Micromerit-
ics AccuPyc II 1345 instrument (Unterschleissheim,
Germany). The value displayed is the average of
10 measurements.

The Bernard method is good for measuring rapidly
the carbonate content percentage. The red clay was
placed in a test tube connected to a graduated cylin-
der filled with water, and 10 ml of concentrated chlo-
ridric acid (1N) were added to 5 g of the clay powder
(Sigma-Aldrich, St Louis, Missouri, USA). The CO,
formed by the reaction pushed the water out of the
graduated cylinder and was read directly on the scale.
Therefore, the volume of gas released was measured
and indicated the amount of carbonate contained in
the sample.

Thermal analysis was used to track the min-
eral evolution and weight loss due to the release
of adsorbed water, CO, (decarbonation reactions),
and OH (dehydroxylation reactions) with increas-
ing temperature. The thermal behavior was deter-
mined using a thermal analyzer (STA PT 1600,
Linseis, Selb, Germany). Results were obtained
under air from 25 to 1050°C at a heating rate of
10°C/min.

The thermal expansion and shrinkage of the com-
pacted powder samples, pressed under 1 ton of pres-
sure to obtain 13 X5 mm pellets, was measured with a
dilatometer (NETZSCH DIL 402 C, Selb, Germany)
at a heating rate of 5°C/min between room tempera-
ture and 1050°C. The particle-size distribution of red
clay was obtained using a Mastersizer 2000 laser size
analyzer (Malvern Panalytical, Malvern, UK). The
powder (~40 mg) was mixed with 40 mL of water,
and the suspension was sonicated for 1 min to break
the coarse agglomerates.
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The physical properties of the samples after fir-
ing were investigated. The Archimedes method (Nor
et al., 2008) measured the bulk density, apparent
porosity, and water adsorption values for the fired
samples. Ceramic samples were dried until the weight
was unchanged (W)). The samples were placed in a
water tank for 24 h. The suspended weights of the
samples in water were measured (W,). The sample
was then removed from the water, and the surface
water was wiped off with a paper towel and weighed
quickly (W;). The water adsorption, apparent poros-
ity, and apparent density values of the samples were
calculated using the following three equations (El
Ouahabi, 2013; Heah et al., 2013).

. W’; - Wl
Water Absorption (%) = T x 100 (1
1
A t Porosity (%) Vs = Wi s 100
arent Porosi = —
pp y (% W, —W, 2
A t Density (%) i 100
ren nsi = —
ppare ensity (% W, =W, 3)

The microstructural morphology of the sintered
ceramics was investigated using an Hitachi SC
2500 scanning electron microscope (Hitachi High-
Technologies Corporation, Tokyo, Japan), with an
acceleration voltage of 10 kV. In order to determine
the shape of the red clay particles, the powder sam-
ple was dispersed fully in distilled water, homog-
enized ultrasonically, and deposited on the sample
holder. The mechanical strength of the sintered red
clay samples was evaluated by means of the ‘Bra-
zilian Test’ (Ametek Lloyd instruments, Elancourt,
France) (Rena et al., 2004). The load-displacement
curves of the indirect tensile resistances were
acquired at a load rate of 0.1 mm min~', and the
pellet had dimensions of 13 mm X 5 mm.

Results and Discussion

Raw Material Analysis

Chemical, Elemental, and Mineralogical Analy-
sis The chemical analysis, and mineralogical com-
position of red clay (Table 1) revealed that it consists
mainly of silica (52.79%) and alumina (17.44%),
present in significant quantities (>70% of the total
mass). In contrast, oxides of iron(IIl), potassium, cal-
cium, magnesium, sodium, and phosphorus were pre-
sent in small quantities (5.85%, 4.62%, 3.94%, 2.53%,
0.42%, and 0.17%, respectively).

The theoretical SiO,/Al,O; ratio associated with
pure kaolinite is 1.18 (Heah et al., 2013; Tassongwa
et al., 2014). Closer inspection of the XRF patterns
herein showed that the SiO,/Al,O5 ratio was > 3; this
ratio indicates the relative amounts of clay minerals
and quartz. A value >1.18 suggests an increased pres-
ence of free quartz.

The relatively large Fe,O; and K,O contents in
red clay indicated that Fe and K are probably pre-
sent in secondary minerals such as illite (K 5(Al, Fe,
Mg);(Si, Al),O,4(OH),), as indicated by the XRD
pattern of the untreated clay powder (Fig. 1). Other
dominant phases were kaolinite (Al,Si,05(OH),)
and quartz (SiO,), with dolomite and calcite as car-
bonate phases. Elemental analysis of the raw mate-
rials (Table 1) revealed that red clay comprises
mainly silicon, aluminum, iron, and potassium with
small amounts of phosphorus and sodium (0.26—
1.10 mg/L). These results are consistent with XRF
analysis and mineralogical composition. An impor-
tant conclusion is derived from the results given in
Table 1, confirming that red clay is entirely free of
heavy metals and radionuclides. This makes it usa-
ble as a raw material in ceramics, with no risks to
human health. The relatively high value of loss on
ignition (up to 11%) in red clay can be related to the

Table 1 Chemical analysis and mineralogical composition of red clay

Chemical composition (%) CaO SiO, P,04 MgO Al,O5 Fe,0; K,0 Na,O LOI%
3.94 52.79 0.17 2.53 17.44 5.85 4.62 0.42 11.7
Elemental analysis (mg/L) Ca Si P Mg Al Fe K Na
8.88 98.30 0.26 3.92 33.52 17.57 14.45 1.10

Mineralogical composition Ilite—Kaolinite—Dolomite—Quartz — Calcite
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Fig. 1 XRD pattern of the raw clay powder. I: Illite, C: Calcite, K: Kaolinite, Q: Quartz, D: Dolomite, H: Hematite

significant presence of clay minerals and sometimes
carbonates (dolomite-calcite).

The spectra of oriented aggregates (Fig. 2) con-
firmed the predominance of illite and kaolinite with
no trace of any other clay mineral. The reflection of
kaolinite disappeared on heating at 530°C for 4 h,
while illite appeared throughout the heating treat-
ment. These results agree with several previous stud-
ies (Carvalho, 2017; Garcia & Camazano, 1968).

Thermal Analysis In the temperature range
25-1050°C, the variation trends in the TG curves of
red clay were divided into two degradation stages
(Fig. 3):

— The first stage was from ambient temperature
to 150°C, with a weight loss of 1.82%, which is
attributed to the removal of hygroscopic water
(Marques et al., 2006).

— The second stage showed the most relevant weight
loss (8.07%) within the range from 400 to 750°C,
which could be divided into two steps: the first
step (400-570°C) corresponds to the dehydroxyla-
tion reaction with a weight loss of 3.05%, and the
second step (570-750°C) which might be attribut-
able to the decomposition of calcite and magne-
sium carbonate, showing a weight loss of ~5.02%
(Elias & Cultrone, 2019; Harech et al., 2019).

https://doi.org/10.1007/s42860-022-00208-2 Published online by Cambridge University Press

The DTA results of red clay revealed four endo-
thermic peaks. A small endothermic peak at 95.0°C
was attributed mainly to the removal of hygroscopic
water. The stronger endothermic peak at 508°C could
be attributed to the dehydroxylation of the kaolinite
mineral following the temperature increase, which
somewhat partially masks the dolomite decomposi-
tion peak at 568°C (Marques et al., 2006). Follow-
ing the heating curve of DTA results, specifying the
temperature of the allotropic transformation of quartz,
was impossible. The cooling curve was drawn; fol-
lowing this representation, a small exothermic peak
at 607°C corresponded to the conversion of B quartz
to o quartz. Lastly, the exothermic peak observed
at 900°C corresponded to the crystallization of new
phases (anorthite-diopside). All these results are in
accordance with the literature (Harech et al., 2021;
Xie et al., 2016).

Thermal expansion must be considered when
evaluating the potential applications of any material,
especially when significant changes in dimension due
to temperature are expected. Red clay showed a slight
expansion of 0.15% between 20 and 90°C, followed
by removing adsorbed water (0.25%) below 256°C
(Fig. 4). At 700°C, the most significant expansion
was observed, which was caused by structural change,
probably by decomposition of carbonate (Pontikes
et al., 2007). Due to sintering, further heating of clay
between 800 and 940°C led to a gradual contrac-
tion of 5.2%. This finding is in accordance with clay
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Fig. 2 XRD patterns of oriented aggregates: a normal oriented aggregates and b heated at 550°C

brick ASTM standards (Pontikes et al., 2007), which
require a value of firing shrinkage of <8%. A slight
shrinkage indicated the beginning of the melting
phase with increasing temperature.

Particle-Size Distribution and Microstructure
Analysis The particle-size distribution of red clay
(Fig. 5 and Table 2) showed a bimodal distribution,
with a range between 0.3 um and 1 um, and a major
peak between 1.7 and 25.17 um. According to these
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results, the average particle size of red clay is 6.32 um,
the sand percentage is 1.03%, silt 67.26%, and clay
31.7%. Furthermore, a restricted particle-size distribu-
tion was observed, which can help to expand the pos-
sible applications of this raw material, enabling the use
of specific sizes by sieving or by the entire range of
sizes. Also, the absence of a substantial proportion of
sand makes sintering easier. This result is in line with
the thermal expansion result. All these features make
red clay a good choice for application in ceramics.
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Fig. 4 Dilatometric curve of the red clay

Scanning electron microscopy of the clay powder
revealed that it contains both spherical and irregular
particle shapes (Fig. 6). The largest grains of the pow-
der do not exceed 12 um. The dispersion of the powder
in distilled water by ultrasound prevented the agglom-
eration of the clay particles. At greater magnification,

https://doi.org/10.1007/s42860-022-00208-2 Published online by Cambridge University Press

one of the largest grains was surrounded by very small
particles, which are generally clayey phases.

Mineralogical Transformations Results from

XRD analysis for fired red clay (Fig. 7) identified
quartz, calcite, and illite as the main phases for the
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Fig. 5 Particle-size distribution of the red clay

Table 2 Particle-size distribution of red clay

Particle diameter (um) D10 1.7
D50 6.32
D90  25.17

Relative percentages of sand, silt, and clay (%) Sand 1.03
Silt 67.26
Clay 31.7

D10: the corresponding particle size when the cumulative dis-
tribution percentage reaches 10%. D50: the corresponding par-
ticle size when the cumulative distribution percentage reaches
50%. D90: the corresponding particle size when the cumula-
tive distribution percentage reaches 90%

sample fired at 600°C. The dolomite and kaolin-
ite peaks were not detected. This is in line with the
thermodynamic equilibrium system; by removing
hydroxyl groups from the silicate lattice, kaolin-
ite was decomposed into amorphous metakaolin-
ite (Al,S1,0,), while dolomite was decomposed
into calcite and magnesium carbonate. Additional
phases were probably formed but could not be deter-
mined because they were present in small quanti-
ties and their peaks on the XRD trace were unclear.
The main phases detected at 900°C (Fig. 7) were
anorthite (CaAl,S1,04) and diopside (CaMgSi,Og).
Gehlenite (Ca,Al,SiO;) appeared as an intermediate
phase, and it became unstable when quartz or other
Si0,-based minerals were present and then reacted

@ Springer

https://doi.org/10.1007/s42860-022-00208-2 Published online by Cambridge University Press

with the anorthite and wollastonite (Danner et al.,
2018). The phase changes during the sintering of red
clay between 600 and 1100°C are in good accord with
the literature (Elias & Cultrone, 2019; Harech et al.,
2022; Rathossi et al., 2004).

Density and the BET Surface Area The density
and the BET surface area of red clay powders var-
ied during heat treatment (Fig. 8). The density of
clay corresponds to the density of its constituents.
The density of clay powder increased from 2.67 to
2.92 g cm™ after thermal treatment. All of the min-
erals detected by XRD for untreated red clay have a
density between 2.61 and 2.66, except for calcite and
dolomite, which are slightly denser. The small car-
bonate content measured by the Bernard-calcimetry
method (indicating only 4% of carbonate) does not
affect the density of the powder; that depends on
the other minerals, which have density values close
to that of the clay. After heat treatment at >900°C,
diopside and anorthite were the main phases pro-
duced. The increase in density is related to the for-
mation of these phases (diopside, anorthite), which
are denser than the starting phases (Table 3). The
evolution of the surface area of red clay after ther-
mal treatment is shown in Fig. 8. With increasing
temperature, the total internal surface area decreased
from 37.80 to 27.24 m*/g. The change was related to
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Fig. 6 SEM image of the red clay
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Fig. 7 XRD analysis of red clay fired at 600, 900, and 1100°C. I: Illite, C: Calcite, H: Hematite, Q: Quartz, Di: Diopside, A: Anor-
thite, M: Magnetite, G: Gehlenite
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Fig. 8 Variation of density and the BET surface area of red clay powder
Table 3 Density of the minerals
Minerals Quarts Kaolinite Illite Dolomite Calcite Diopside Anorthite Gehlenite
Density (g/cm’) 2.65 2.61 2.66 2.86 2.71 3.27 2.74-2.76 3.03-3.38
Ref (Schulz & (Nasser & (Nasser & (Barbhuiya, (Teng, 2004) (Stockmann (Agathopoulos  (Bernardo et al.,
White, 1999) James, 2006) James, 2006) 2011) etal., 2013) et al., 2003) 2014; Kim &
Kim, 2004)

the disappearance of the clay minerals, which con-
sist of stacks of layers interspersed by interlamellar
spaces; this influences significantly the BET surface
area and the size of the grains, which increased due
to sintering.

Fired Clay Analysis

Open Porosity and Density The mechanical and
physical properties of the fired clay indicated that
the red clay samples improved their firing properties
over the temperature range 900-1100°C. The evolu-
tion of open porosity and water adsorption after firing
at low and high temperatures is illustrated in Fig. 9.
The smallest amount of water adsorbed was recorded
for red clay fired at 1100°C (12.02%), while the maxi-
mum was obtained for the sample fired at 900°C
(15.87%), showing that the open porosity decreased
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from 29.82% to 23.10% over this temperature inter-
val, due to a closure of some of the pores.

The density was practically unchanged over the
range 900—1100°C (2.76 and 2.85 g cm™, respec-
tively) (Fig. 10). This is consistent with the density
of sintered pellets at 900 and 1100°C, which could
be explained by a change in closed porosity. Densifi-
cation is a determining parameter that will affect the
strength of ceramic products; it is caused by the for-
mation of a glass phase (which fills the open poros-
ity), and by the progressive formation of anorthite and
diopside, which are phases that strengthen the mate-
rial’s mechanical properties (Dominguez-Rios et al.,
2009). The increase in temperature improved the
mechanical properties of the materials and promoted
the formation of solid phases (anorthite, diopside).
This is confirmed by the XRD trace which showed an
increase in anorthite peak reflections at 1100°C, and
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Fig. 10 Density of ceramic pellets sintered at 900, 1000, and 1100°C

by dilatometry, which showed the appearance of a materials fired at 900, 1000, and 1100°C (Fig. 11).

glassy phase above 1100°C. The SEM image at 900°C illustrates perfectly the
inhomogeneous microstructures and the presence of

Morphological Analysis The large amount of alka- pores of various sizes. The high porosity is related
lis and alkaline earths served as a flux and reduced to the dehydroxylation reaction and the carbonate
the degree of porosity in ceramic products. This decomposition, resulting in CO, release. At 1000 and
result was reinforced by the SEM images of ceramic 1100°C, the porosity decreased significantly after
@ Springer
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Fig. 11 SEM images of ceramic materials fired at: A 900, B 1000, and C 1100°C

vitrification. In accordance with the sintering process,
the specimens exhibited a denser microstructure with
poor porosity, which can be explained by the forma-
tion of the pore-filling glassy phase. In this case, the
open porosity was limited, and closed spherical pores
could be formed. The prevalence of an alkaline phase
(K;,0, Na,O) in the firing sample increased the vitri-
fication process due to the flow effect of such oxides.
The amount of amorphous silica released during the
metakaolin decomposition may also lead to the for-
mation of a glassy phase. The SEM images of the
specimens showed that the bodies generally had low
porosity, which might be explained by the small car-
bonate content.

Color Change The XRD pattern in Fig. 2 showed
the presence of small amounts of free hematite. A
study of the clay’s color change after heat treatment
was carried out to confirm this. The results indicated

@ Springer
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that the color of the clay after heat treatment became
much redder, which means that a quantity of Fe,O;
was released. The XRD patterns (Fig. 7) showed that
the intensity of Fe,0; increased at 900°C before dis-
appearing at 1100°C. This result is in good agree-
ment with the mineralogical transformations because,
after the decomposition of illite, an increase in the
formation of anorthite and diopside from the Al,O;
and SiO, of the decomposed illite was observed. The
Fe,0; from this decomposition gave the clay this red
color. At high temperatures, the pellet became dark
due to the formation of Fe;0, (Fig. 12).

Mechanical-Strength ~ Analysis The mechani-
cal strength of specimens according to the sintering
temperature (Fig. 13) showed that the lowest tensile
strength (324 N) was recorded at a sintering tempera-
ture of 900°C, while the highest value (918 N) was
recorded at 1100°C, indicating a 283% increase. In
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Fig. 12 Color changes in the pellets after thermal treatment
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Fig. 13 Effect of sintering temperature on the indirect tensile strength of ceramics
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these ceramics, the improvement of the tensile proper-
ties at the higher sintering temperature (1100°C) was
attributed to the gradual formation of a glassy phase,
which filled the tiny pores. This finding is in line with
the SEM image, which showed a large, dense surface
area with the complete absence of tiny pores. The
formation of crystalline solid phases (diopside, anor-
thite) enhanced the mechanical strength. The sam-
ples sintered at 900°C showed a linear evolution with
greater elasticity before failure, which was attributed
to their excellent elasticity. However, the tensile load-
displacement curves for the specimen sintered at
1100°C showed two different behaviors. The first was
for the weak compression, where the material showed
high plasticity, followed by a strong linear increase
until sudden failure. This critical finding proved that
the red clay material does not lose its elasticity even
after high-temperature sintering.

Conclusions

The XRD pattern revealed that crystalline kaolinite
and illite were the most abundant clay minerals in the
raw red clay. The presence of kaolinite suggests that it
could be used as a raw material in geopolymers. The
changes in density and evolution of specific surface
area are due to the mineralogical phases formed after
heat treatment. The presence of anorthite is also a sig-
nificant result, as it is widely known for its mechani-
cal resistance and high performance in the vitro-
ceramic field. The mechanical properties of ceramic
pellets were improved significantly as the sinter-
ing temperature was increased from 900 to 1100°C.
Raising the sintering temperature increased speci-
men density and mechanical strength and decreased
open porosity and water adsorption. The mechanical
strength increased by 283%, from 324 N (900°C) to
918 N (1100°C).

The physical and mechanical characteristics of
red clay were analyzed here to obtain a clear impres-
sion of the technical quality of the raw material. This
study has provided new data on the physicochemical
changes in powdered red clay following thermal treat-
ment. These data will be helpful in the manufacture
of value-added ceramics.
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