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a  b  s  t  r  a  c  t

The present study is a contribution to the valorization of halloysite clay from North Eastern

Rif  (Nador, Morocco) in the field of Silica-alumina refractory. For this purpose, six mix-

tures (M1–M6) were tested using marl, diatomite and silica sand aggregates in order to

enhance halloysite performances, and to develop high temperature ceramic up to 1300 ◦C

(silico-aluminous refractory “S-Al-R”). Among all the mixtures tested, the mixture M6 pro-

vides  good technical quality: Porosity (P) = 21.75%; density (d) = 1.94 g/cm3; thermal shrinkage

(R)  = 2.7% and flexural strength (Rf) = 29.05 MPa. Addition to the mixture (M6) of 25% of the

recycled alumina “Rec-Al”, obtained from silico-aluminous refractory bricks waste, has

substantially strengthened the mechanical performance of the silico-aluminous refractory

(Rf  = 45.08 MPa).

© 2019 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Halloysita  y  alúmina  reciclada  para  un  alto  rendimiento  mecánico
refractario

alabras clave:

r  e  s  u  m  e  n

El presente estudio es una contribución a la valorización de la halloysita del noreste del Rif

alloysita n el campo de los refractarios de sílice-alúmina. Para este propósito
(Nador, Marruecos) e
Please cite this article in press as: A. El Haddar, et al., Elaboration of a high mechanical performance refractory from halloysite and recycled
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.2019.08.002

efractario de sílice-alúmina

gregados de cerámicas

endimiento mecánico

oreste del Rif (Marruecos)

se  experimentaron seis mezclas (M1 a M6) usando agregados de arena de marga, diatomita

y  sílice para mejorar el rendimiento de las instalaciones y desarrollar cerámicas de alta

temperatura hasta 1300 ◦C (refractarios sillico-aluminosos «S-Al-R»). Entre todas las mez-

clas experimentadas, la mezcla M6 proporciona una buena calidad técnica: porosidad
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(P) = 21.75%; densidad (d) = 1.94 g/cm3; contracción térmica (R) = 2.7% y resistencia a la flex-

ión (Rf) = 29.05 MPa. La adición a la mezcla (M6) del 25% de la alúmina reciclada «Rec-Al»,

obtenida a partir de residuos de ladrillos refractarios sillico-aluminosos, ha fortalecido sus-

tancialmente el rendimiento mecánico del producto refractario «M6» (Rf = 45.08 MPa).

©  2019 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

cia C
la  licen

Introduction

Faced with the growing developments and numerous inno-
vations that are appearing in ceramic industry, in particular
refractory retains the largest shares of ceramics market
worldwide. The strategic importance of these materials is con-
siderable, they respond to a real demand of four important
economic sectors [1]: (1) traditional materials of high temper-
ature, such as metallurgy, glass and ceramics. Notably, iron
and steel alone represent about 60% of the used materials; (2)
environment sector, principally in the field of waste recycling
and energy recovery; (3) petrochemistry and emerging biofuels
sector of 2nd generation through thermo-chemical processes;
(4) clean energy and electricity production, such as hydrogen
production or new generation of nuclear power plants (EPR
generation IV).

In recent decades, several works have been done on refrac-
tory materials and their applications [2–19]. Based on their
chemical and mineralogical nature, refractories are divided
into three categories: (1) silico-aluminous refractories, which
range from pure silica to pure alumina, in order of increase
alumina and decrease silica contents; (2) basic refractories,
consisting of simple or combined basic oxides (magnesia, lime,
chromium oxide, dolomite and forsterite); (3) special refrac-
tories that correspond to particular uses (e.g. construction
of crucible, some parts of furnaces).They include materials
like pure alumina, sialons (Si Al O N), thoria (ThO2), beryllia
(BeO), zirconia, boron nitride, carbon, carbides and spinel.

In this work we  are interested in the acid refractories
(silico-aluminous system). In Morocco, and more  particularly
in the North-Eastern Rif (Fig. 1), a wide range of geomate-
rials deposits are available (e.g. volcanic, metamorphic, and
sedimentary). Among them, we  selected and characterized
essentially mineral substances having a high silico-aluminous
amount (Fig. 1) favorable for refractory ceramic. Clayey raw
material consists of halloysite, which is the most frequently
used for refractory manufacture, due to its high alumina con-
tent. Moreover, this raw halloysite has shown a relatively high
shrinkage of around 7.5% and a crack development at 1100 ◦C
[20]. The reason why appropriates formulations must be made
in order to avoid any manufacturing defects. It is recognized
that the performance of a refractory material is directly related
to its texture and richness in refractory minerals such as mul-
lite, corundum, periclase, spinel and alumina [21–26]. Marl,
diatomite and silica sand, have been successfully used as
aggregates to improve technical quality of ceramic products
[18,27–29].
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.

The silico-aluminous refractories are based on synthesis
of mullite, by the reaction of silica and alumina oxides at
temperature higher than 1200 ◦C. In the absence of natural
C BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

alumina-rich mineral substances (bauxites) in Morocco [7],
we have tried to enhance strangeness of halloysite by recy-
cled alumina (Rec-Al) from former aluminous refractory. The
reuse of waste from silico-aluminous refractory brick permit to
eliminate some waste by recycling and help to solve problems
related to the lack of aluminous raw materials.

The objective of this work is to develop refractory bricks
based on raw halloysite mixed with silico-aluminous min-
eral aggregates and improved with the addition of recycled
alumina (Rec-Al).

Materials  and  experimental  procedures

Materials

Halloysite
The halloysite deposit is located in the southern part of the
Neogene basin of Melilla (NE Morocco), at the foot of
the Gourougou volcano, in the Maaza valley (x: 35◦16′43.751′′

y: 3◦01′20.865′′) (Fig. 1). White layer of halloysite, of 25–130 cm
thick (Fig. 2a), occurred in wedge-shaped form in contact with
lower reef limestone and upper volcanic sand, associated
with a gray-colored alunite [20,34].

Marl
The raw marl is originating from the Molay Rachid basin, sit-
uated at 30 km SE from the city of Nador (x: 35◦16′43.751′′ y:
3◦01′20.865′′)(Fig. 1). This marl corresponds to marine deposit
of late Miocene age. The sediment is very fine grain, gray and
friable, which changes to a, yellowish or greenish color toward
the upper level. This material is currently exploited locally for
brick manufacture (Fig. 2b).

Diatomite
Diatomite deposit is located in the north-western part of
the Neogene Boudinar basin (Morocco, North-East Rif) (x:
35◦11′22.20′′N; y: 03◦37′52.74O), at the foot of the Ras Tarf vol-
cano (Figs. 1 and 2c) in the area of Sidi Haj Youssef (SHY).
According to Hilali et al. [34], this diatomite outcrop extends
over 2 km2, surrounded by a large W–E  fault on West and East,
and the Tighza River on South-East. The diatomite is present
in foliated layers, white, brownish or grayish, light and fine
grained. The deposit consists of six layers of diatomite, sep-
arated by grayish-blue argillites, with a slight dip toward the
SE.
gh mechanical performance refractory from halloysite and recycled
2019.08.002

Silica  sand
The silica sand material is from an artisanal quarry situated
3 km SE of the Mechraa Hammadi Dam (x: 34◦42′56.94′′N; y:
02◦47′14.27O) (Figs. 1 and 2d). The deposit shows a pink-white
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Temsamane units with possible internal origin

North Temsamane units

South Temsamane units

Ketama units

External Rif nappes

Rifan foreland

Beni malek serpentinites

Post-nappe sediments

Volcanic rocks

Sampling area and Geomaterials collected:

1 : Had Beni Chiker.....Halloysite

2 : Molay Rachid basin.....Marl

3 : Ras Tarf.....Diatomite

4 : Machraa Hammadi.....Silica sand

Fig. 1 – Geological context of the study area, based on a synthesis of geological maps of the north-eastern Rif [30–33].
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Fig. 2 – Outcrops of the studied deposits facies. (a) White halloysite deposit of the Neogene Melilla basin, (b) Gray yellow
marly clay deposit of the Miocene Molay Rachid basin, (c) white, brownish or grayish diatomite deposit of the Neogene
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Silico-aluminous refractory brick waste (Rec-Al) used as coat-
ings in furnaces of ceramic or steel industry is reused in this
oudinar basin, (d) pink-white silica sand deposit of Mechra

acies of up to 200 m-thick and belongs to the Beni Snassen
assif [35]. The exploitable sand is found in shallow layers

ntercalated with marl levels of late Jurassic age. The sand is
oarse (0.1–0.4 mm),  composed of limpid quartz with smooth
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.2

urface [7,36].
mmadi.

Recycled  refractory  brick  waste
gh mechanical performance refractory from halloysite and recycled
019.08.002

study as an additive to enhance technological properties of
raw halloysite. These bricks served as coatings in furnaces for

https://doi.org/10.1016/j.bsecv.2019.08.002
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a short period of 3 years and thus present low level of con-
tamination. The waste of refractory brick is finely grounded
(<100 �m)  and added in the mixture as supplement of alumina.

Experimental  procedures

Mineralogical  and  chemical  analysis
The mineralogical composition was identified by X-ray diffrac-
tion (XRD) using a powder Brucker D8-Advance diffractometer
(University of Liege, Belgium) operating at 40 kV and 25 mA
using Cu-K�1 radiation (� = 1.5406 Å). For the analysis of the
total disoriented powder 1 g of the sample was sieved to
250 �m and placed on a sample holder and then gently
compacted in order to limit any preferential orientation of
minerals. The relative abundance of minerals has been esti-
mated semi-quantitatively (± 5%) from the height of the main
peak multiplied by correction factors [37,38]. The clay min-
eralogy was determined on oriented mounts [39] prepared
from the < 2 mm fractions obtained by dispersion in distilled
water of 1 g of the bulk sample. The suspension was first
sieved at 63 �m to limit particle settling during decantation
and to reduce the amount of impurities in the clay aggre-
gates. The <2 �m fraction was taken from the suspension
according to Stoke’s law, placed on a glass slide. The oriented
aggregates were subjected to three successive treatments, air
drying, ethylene glycol (EG) solvation and heating at 500 ◦C
for 4 h, to identify the minerals of the clay-size fraction.
Qualitative identification was performed by referring to the
interlayer space [40] and the values of the intensity of the main
reflections between the three X-ray patterns, characteristic
of each mineral. Semi-quantitative estimation of clay min-
erals is based on the height of specific reflections measured
in general in the Ethylene glycol runs, multiplied by corrective
factors [41]. The carbonate (CaCO3) content in the samples was
measured using a Bernard calcimeter, on the basis of the vol-
umetric analysis of the CO2 liberated during hydrochloric acid
leaching. The chemical composition of major elements was
determined by X-Ray Fluorescence spectroscopy (XRF) with a
Panalytical Axios spectrometer equipped with Rh-tube, using
argon-methane gas. Data handling was performed with the
IQ + software (University of Liege, Belgium).

Ceramic  properties
Preparation  and  mix  proportioning.  The materials studied were
dried at 100 ◦C in the oven. Then, they were finely ground
(mean grain size < 100 �m)  using a planetary ball mill (PM100,
Retsch, Germany). Samples were placed on a tungsten car-
bide jar with a holding capacity of 250 mL  containing seven
tungsten carbide balls (d = 15 mm)  at a speed of 350 rpm. Six
mixtures were performed (M1–M6) according the proportions
reported in Table 3. It is noted that each mixture contained
a considerable quantity of material ∼100 g, enough to manu-
facture ceramic bodies in the form of a rectangular briquettes
with 10 cm × 5 cm × 1 cm of average size. The mixtures pre-
pared were wetted at 7 wt.% and then homogenized and sieved
with a 100 �m mesh. The powdered mixtures were uniaxially
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.

compacted using hydraulic press under a pressure of 30 MPa.
The bodies obtained were dried in the open air for 24 h and
afterward in the oven at 110 ◦C for 24 h. Then, they were fired in
an electric furnace (Thermolyne 46200) in an oxidizing atmo-
e r á m i c a y v i d r i o x x x (2 0 1 9) xxx–xxx

sphere following two  different temperatures steps: from room
temperature up to 600 ◦C with heating rate of 3 ◦C/min during
30 min. From 600 ◦C to 1300 ◦C with heating rate of 3 ◦C/min for
30 min. After firing at 1300 ◦C, the furnace was cooled down  to
room temperature with cooling rate of 5 ◦C/min. The process
was repeated for sintering at 1500 ◦C using the same proce-
dure. Three replicate bricks were tested for each mixture and
the average values were taken.

Technological  test
Fired products were characterized to determine their mechan-
ical properties like flexural strengths with three-point
bending. This test was carried out at ambient temperature.
The loading procedure consisted of applying a preliminary
load (0.05 kN) at a rate of 0.5 mm/min  to eliminate position-
ing defects of the specimens. The distance between bottom
supports was 80 mm.

The determination of the value of shrinkage was done
by the measurement of the variation of the average lengths
of the lines recorded on briquettes between drying at
110 ◦C and firing at 1300 and 1500 ◦C. The following for-
mula allows the calculation of the firing shrinkage: Shrinkage
(%) = (L110 − Lt/L110) × 100, where Lt is the length after fir-
ing, and L110 the length after drying at 110 ◦C. The water
absorption, bulk density and apparent porosity were mea-
sured according to ASTM norm [42].

As the major properties of the refractory materials are
intimately connected to their mineralogical composition, the
samples were finely crushed and analyzed by X-ray diffraction.
The different phases formed after firing at 1300 and 1500 ◦C
were identified using the X’PertHighScore Plus software. The
samples microstructure was evaluated using scanning elec-
tron (SEM) and polarized microscope (using both natural light
“AL” and polarized light “APL”). For this latter, we  started
by making thin slices approximately 30 �m thick in brick
fragments fired at 1500 ◦C. These thin sections have been
observed under a microscope Olympus BX 51TF (Scientific
Institute, Rabat). Scanning electron microscopy (SEM) images
were obtained on the refractory product with a Philips XL30
SEM (University of Liege, Belgium). Phase identification of the
ceramic refractory was also performed by dispersive X-ray
spectroscopy (EDX). The images were obtained with a sec-
ondary electron detector at 10 kV. The <250 mm fraction was
dispersed over a sample holder and gold-sputtered for (EDX)
analysis.

Results  and  discussion

Mineralogical  and  chemical  analysis

Mineralogical composition (XRD) and carbonate contents of
the raw materials (halloysite, diatomite, marl, sand silica and
recycled alumina (Rec-Al) are showed in Table 1.

The halloysite consists mainly of 7 Å non-hydrated hal-
loysite (68% of metahalloysite) and traces of smectite and illite.
gh mechanical performance refractory from halloysite and recycled
2019.08.002

It occurs in association with gibbsite, alunite, K-feldspar and
other minor phases (tridymite, fluorite and halite). The marl is
characterized by predominance of kaolinite (21%), illite (20%),
quartz (18%), calcite (18%), and small amounts of feldspar,

https://doi.org/10.1016/j.bsecv.2019.08.002
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Table 1 – Quantitative mineralogical composition (XRD) of crystalline and amorphous phases, and carbonate content
(Bernard Calcimeter) of studied raw materials.

Halloysite (%) Marl (%) Diatomite (%) Silica sand (%) Rec-Al (%)

Amorphous phase 18 8 63 – 19
Crystalline phase 82 92 37 100 81
Quartz – 18 24 93 –
K-Feldspar 10 2 – – –
Plagioclase – 6 6 – –
Calcite – 18 26 – –
Dolomite – 7 12 – –
Mullite – – – – 85
Diopside 2 – – – –
Gibbsite 3 – – – –
Hematite – 3 – 4 –
Cristobalite – – – – 15
Tridymite 6 – – – –
Alunite 1 – – – –
Fluorite 4 – – – –
Halite 1 – – – –
Magnetite – – – 1 –
Anatase – – – 2 –
Kaolinite 21 1 – –
Halloysite 68 – – – –
Illite 4 20 9 – –
Chlorite – 5 – – –
Smectite 1 – 22 – –
CaCO3 – 16 23.5 – –
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ties of fired samples are reported in Table 4. The results show
significant fluctuations which confirm the close relation-
Fig. 3 – XRD spectra of silicas a

olomite, hematite and chlorite. The diatomite mostly con-
ains calcite (26%), quartz (24%), smectite (22%) and dolomite
12%), with small amount of illite and feldspar. For the silica
and, quartz is the major mineral (93%) as shown in Fig. 3.

hereas, the recycled alumina (Rec-Al) is mainly composed of
ullite (71%, Fig. 4). Contents of carbonate (CaCO3) are mod-

rate in marl (16%) and high in diatomite (23%).
The chemical compositions of raw materials, performed

y X-Ray Fluorescence (XRF), are reported in Table 2. The
ost abundant oxide is SiO2, which is the highest in sand

ilica (96.1%) and diatomite (71.5%). The highest value of
l2O3 is recorded for recycled brick (65.13%) and halloysite
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.2

37.4%). Marl is characterized by relatively high contents of
ron (Fe2O3 = 10.71%).
om Mechraa Hammadi quarry.

Ceramic  properties  of  silico-aluminous  refractory“S-Al-R”

In this study, refractoriness corresponds to melting point. Hal-
loysite has good properties for refractory ceramic. However,
correction with other components is required for avoiding
cracks development during firing, and also to minimize its
shrinkage during sintering [20]. For this reason, six mixtures
(M1–M6, Table 3) were used to manufacture ceramic bodies
well stabilized and resisting to high temperature at 1300 ◦C
(silico-aluminous refractory “S.Al.R”). Technological proper-
gh mechanical performance refractory from halloysite and recycled
019.08.002

ship between the composition of the raw materials and the
quality of the finished ceramic product.The sintered bodies

https://doi.org/10.1016/j.bsecv.2019.08.002
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Fig. 4 – XRD spectra of waste recycled refractory used in this study (Rec-Al).

Table 2 – Chemical compositions (XRF) of the
geomaterials used in this study (wt.%).

Halloysite Marl Diatomite Silica sand Rec-Al

SiO2 37.0 43.44 71.5 96.06 28.25
Al2O3 37.4 13.07 5.28 2.22 65.13
TiO2 0.1 0.67 0.12 0.15 1.02
Fe2O3 0.5 10.71 2.05 0.51 2.04
CaO 0.6 8.68 9.21 0.09 0.98
MgO 1.0 2.66 1.23 0.17 –
K2O 0.5 1.43 0.57 0.20 1.83
Na2O 1.9 1.89 1.34 0.06 –
SO3 1.6 0.36 0.03 – –
MnO2 – 0.40 – – –
P2O5 – 0.28 0.04 0.02 –
L.O.I 18 17.31 8.61 0.49 0.24

Table 3 – Composition of different mixtures of halloysite
with marl, diatomiteand silica sand.

Mixtures Halloysite (%) Marl (%) Diatomite (%) Silica sand (%)

M1 65 – – 35
M2 80 – 20 –
M3 80 20 – –
M4 50 – 25 25
M5 50 25 – 25
M6 50 25 5 20
Total 98.6 99.99 99.98 99.97 99.49

M3  and M6  significantly have a greater flexural strength
compared with others (M1, M2  and M4). The low values of
firing shrinkage were observed for M1  (2%), M6 (2.7%) and M5
(3.8%), and more  important values are showed for M4 (5%),
M3  (6.92%) and M2  (9.85%). This relatively high shrinkage
can be explained by the presence of a high amount of clay
mineral, low amount of degreaser (sand) and the presence of
alkaline and alkaline earths elements in raw materials. Kaolin
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.

clay (halloysite) and marl are known for their high plasticity,
while, the diatomite material (SiO2 > 70%) contributes to the
glassy phase formation during sintering. The consequence of

Table 4 – Technological properties of the fired specimens at 130

Shrinkage (%) Flexural strength (MPa) 

M1 2 18.88 

M2 9.85 25.78 

M3 6.92 29.96 

M4 5 21.38 

M5 3.8 25.22 

M6 2.7 29.05 

Max 9.85 29.96 

Min 2 18.88 

Average 5.05 25.05 
glassy phase formation is the increase in firing shrinkage. The
addition of 20–25% of sand fraction in the mixtures M4, M5
and M6 decreases the firing shrinkage to 5%, 3.8% and 2.7%
respectively. The large values of water absorption (13.07% and
13.51%), and porosity (27.96% and 28.02%) were observed for
M1 and M4 respectively. The increase in these parameters is
due to the presence of a large amount of quartz. In addition,
CaCO3 present in diatomite and marl, begins to decompose
to CaO at 700 ◦C, this decomposition during firing is often
accompanied by the release of CO2 outside the fired samples
tending to create porous structure.

According to the results, the mixture M6  (50% hal-
loysite + 25% marl + 5% diatomite + 20% silica) is the most
optimal silico-aluminous refractory (“S-Al-R”), resisting to fir-

◦
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ing temperature that exceeds 1300 C. This mixture (M6) has
a lower linear shrinkage firing (2.7%) and a flexural strength

0 ◦C/30 min.

Porosity (%) Absorption (%) Density (g/cm3)

27.96 13.07 1.84
22.94 9.27 1.93
20.66 7.74 1.97
28.02 13.51 1.81
22.59 9.14 1.92
21.75 8.22 1.94
28.02 13.51 1.97
20.66 7.74 1.81
23.99 10.16 1.90

https://doi.org/10.1016/j.bsecv.2019.08.002
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Fig. 5 – Macroscopic aspect of the briquette ceramic
obtained from mixture M6  with 25% of Rec-Al, fired
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Table 5 – Optimal technological results obtained for the
fired specimen M6with Rec-Al at 1500 ◦C.

Physical properties M6 + 25% Rec-Al

Shrinkage (%) [45] 2.1
Flexural strength (MPa) [44] 45.08
Apparent porosity (%) [42] 22.85
Water absorption (%) [42] 11.53
Bulk density (g/cm3) [42] 1.98

Table 6 – Quantitative mineralogical composition %
(XRD) of M6  fired at 1300 ◦C and M6  + 25% Rec-Al fired
at 1500 ◦C.

Mineral phases (%) M6(1300 ◦C) M6 + 25% Rec-Al
(1500 ◦C)

Mullite 27 32
Cristobalite 10 12
Quartz 32 19

F
(

t 1500 ◦C.

qual to 29.05 MPa.  Furthermore, it shows a straight edge with-
ut shape defects (e.g. cracks, distortion).

ffect  of  recycled  refractory  brick  waste  “Rec-Al”

n this study and by reference of a previous research [7], we
ave added 25% of Rec-Al in silico-aluminous refractory (M6).
hus, we  have noted a very interesting improving the quality
f the refractory obtained. This incorporation of alumina brick
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.2

aste allows increasing the flexural strength to 45.08 MPa.
hese properties are essentially due to the high amount of
ullite contained in the refractory brick waste (Fig. 4). The

intered bodies at 1500 ◦C, are of good quality, without any

ig. 6 – Micrography of the fired refractory specimenM6 mixed  w
b) Polarized microscopy light (APL). P: Porosity, Q: Quartz, V: Vitr
Anorthite 5 –
Amorphous 26 37

cracks and surface damage, no deformation and especially a
very small shrinkage 2.1% is showed (Fig. 5, Table 5).

The observations on the polarized microscope of the fired
specimen at 1500 ◦C (Fig. 6) show that the studied mate-
rial appears heterogeneous with some anisotropic crystals of
quartz, amorphous zones and porosity. Quartz crystals are
xenomorphic and show recognizable by their hue of polariza-
tion and their gradual extinction.

SEM images and associated EDX spectra (Fig. 7) show the
presence of mullite (rich in alumina) in the form of entan-
gled needles and bounded by a large amount of amorphous
phase (37%, Table 6), supporting the refractory character of
the mixture. This morphology and disposition of the mullite
grains are advantageous to enhance mechanical strength. It
is observed that the obtained refractory contains significant
pores which have irregular shapes and sizes and randomly dis-
tributed throughout the mass of the material. This is caused
by the shaping operation, the release of moisture, decomposi-
tion of CaCO3, presence of inert materials (quartz and Rec-Al)
inside the structure and binder structure water during firing.

The X-ray diffraction pattern (Fig. 8b) evidences the
presence of mullite, quartz, small amount of cristobalite
and vitreous phase (large background between 2� = 15◦ and

◦
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2� = 30 ).
The increasing firing temperature from 1300 ◦C to 1500 ◦C

(Fig. 8) is marked by a decrease in the intensity of the quartz
peak and the disappearance of anorthite. This is explained

ith 25% of Rec-Al at 1500 ◦C. () Natural microscopy light (AL).
eous phase.

https://doi.org/10.1016/j.bsecv.2019.08.002
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Fig. 7 – SEM images of the fired specimen of sample M6  mixed  with 25% of Rec-Al at 1500 ◦C a and associated EDS  spectra.
P: Porosity, V: Vitreous phase, M:  Mullite.
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ing between the composition of raw materials and the quality
Fig. 8 – XRD spectra of sample M6  fired at 1300 ◦C (a), an

by partial dissolution of amorphous phase content, which
become diffuse (bending). The considerable development of
mullite crystals is expressed by the increase in its peaks inten-
sities (Fig. 8, Table 6). Pores still occur with irregular shapes
and sizes due mainly to CO release from the decomposition
Please cite this article in press as: A. El Haddar, et al., Elaboration of a hi
alumina, Bol. Soc. Esp. Cerám. Vidr. (2019), https://doi.org/10.1016/j.bsecv.

2

of plagioclase (anorthite). The free CaO would react with the
silico-aluminous matrix.
mple M6  mixed  with 25% of Rec-Al fired at 1500 ◦C (b).

Conclusion

The results of this study confirm the close relationship exist-
gh mechanical performance refractory from halloysite and recycled
2019.08.002

of the ceramic products. The use of well selected mineral
aggregates, contributes to enhance halloysite properties and
leads to a marked improvement in the quality of the ceramic

https://doi.org/10.1016/j.bsecv.2019.08.002
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b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d

roduct, through a reduction on their firing shrinkage and
n increase of flexural strength. The use of marl, diatomite
nd silica sand as mineral adjuvants with halloysite with
ell-defined proportion give ceramic of good quality. Thus,

he formula of mixture M6  (50% halloysite + 25% marl + 5%
iatomite + 20% silica sand), gives already a good ceramic:
esisting to a temperature exceeding 1300 ◦C, has low linear
hrinkage firing (2.7%), no cracks were observed on the faces,
he edges remained straight, the flexural strength is equal to
9.05 MPa and is rich in mullite. Technological characteristics
f these ceramic are very interesting to justify the use of this
ormula as silico-aluminous refractory (S-Al-R).

Addition of 25% of Rec-Al powder to S-Al-R gives a new
omposition very improved. Firing shrinkage decreased from
.7 to 2.1%. The flexural strength has increased from 29.05 to
5.08 MPa,  as well as firing temperature increased from 1300 to
500 ◦C. The result of this study corroborates previous work on
ilico-aluminous refractory by Sadik et al., 2013 [43] and shows
hat the addition of aluminous refractory waste, rich in mul-
ite, allows both to obtain a high mechanical high performance
efractory while solving a problem of solid waste storage.
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