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Abstract

This paper investigates the use of bauxite widely available in northern Cameroon as an additive in the optimization of
some properties of metakaolin-based geopolymer. To do this, several geopolymer mixtures were prepared by substituting
metakaolin (MK) by bauxite (BA) (from 0 to 50%) and partially kept at room temperature (28 °C), while others were sintered
at 200, 800 and 1200 °C. The raw materials and resulting products were characterized using X-ray fluorescence spectrom-
etry (XRF), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), densification parameters, mechanical
properties as well as microstructural morphologies. The results revealed that the setting time of the geopolymer pastes
increased with the bauxite content due to its low dissolution in alkaline medium at room temperature. The mechanical
strength of samples decreased from 35.20 to 11.10 MPa at room temperature. At 1200 °C, the higher strengths (50, 98 and
70 MPa) were achieved in MKBA10, MKBA20 and MKBA30, respectively. These samples also exhibited dense and compact
microstructure partially due to packing particles effect and the nature of bauxite known as refractory material. Thermal
shrinkage and relatively high mass losses reflected the decomposition of chemical compounds within the system. Thus,
the synthesized materials heated at 1200 °C could be used as a potential candidate for refractory applications.
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1 Introduction

Geopolymer binders are new cementitious materials that
are formed from a mixture of an aluminosilicate with
alkaline or acid solution cured at room temperature. Their
structure consists of repeating units of Si-O-Al bindings
[1]. Compared to Portland cement, geopolymer is more
ecological friendly as they require less energy for their
synthesis [2]. It is produced from natural aluminosilicates
such as kaolin and volcanic ash [3, 4] or industrial waste
products like fly ash and slag [5, 6]. Owing to their high

mechanical strength, geopolymer materials can be applied
in the civil engineering, construction and off-shore sectors,
as they are highly resistant to most chemical aggressions
that are real plagues to conventional concretes [7-12]. In
literature, metakaolin is widely used as a solid precursor
for geopolymer binder. Several authors investigated the
thermal behaviour of metakaolin-based geopolymer for
high-temperature applications [13-16]. In addition, it has
been demonstrated that the thermal behaviour of metaka-
olin blends with silica or alumina improves the mechanical
strength. For example, Kamseu et al. [17] showed that the
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addition of quartz or fine alumina to metakaolin improved
the thermal stability of the resulting products for high-
temperature applications (1200 °C). Rashad and Ouda [18]
partially substituted metakaolin with nanosilica (at ratios
of 0.5 to 4%) and heated the 28-day resulting products
up to 1200 °C. They found that the incorporation of 0.5%
of nanosilica enhanced the mechanical strength and fire
resistance of metakaolin-based geopolymer. Martin et al.
[19] in their work replaced fly ash by 15% of bauxite. After
heating between 200 and 1000 °C, the sample contain-
ing bauxite additive presented a better heat resistance
compared to that used as a reference. Those authors con-
cluded that the characteristics of the thermal behaviour of
geopolymer-based binders depend on physical and min-
eralogical compositions of solid precursors as well as the
hardeners used. However, the final characteristics of geo-
polymer binder exposed to high temperatures remained
high compared with ordinary Portland cement. The cur-
rent alumina source used to improve the stability of geo-
polymer at high temperatures up to now in the literature
was red mud from Bayer process [20-22]. Recently, Tiffo
et al. [23] investigated the thermal properties of metaka-
olin-based geopolymer altered by 0-30 wt% of two types
of aluminium sources (amorphous aluminium hydroxide
(Al(OH);) and semi-crystalline aluminium oxy-hydroxide
(y-AIO(OH)). The authors reported that the partial replace-
ment of amorphous aluminium hydroxide or aluminium
oxy-hydroxide in the synthesis of kaolin-based geopoly-
mers allows improvement in both compressive strength
and thermal stability of heated specimens.

This project deals with the use of alumina source from
bauxite as an additive in MK-geopolymer synthesis and
performance evaluation of the end products. The use of
alumina from bauxite would be expected to improve the
stability of the synthesized products at high temperatures.
Therefore, highly pure grade alumina contained in the
bauxite during the heating process would directly influ-
ence the thermal expansion, the phase composition and
the morphology of the geopolymer products.

Bauxite widely available in Minim Martap (Cameroon)
would be used to produce alumina source. Metakaolin was
partially replaced by 10, 20, 30, 40 and 50 wt% by mass.
Part of resulting products were kept at room temperature
(25 °C), and other specimens were sintered at 200 °C, 800
and 1200 °C in order to investigate the fire resistance.
This research paper could provide a basis for the design
of refractory geopolymer materials based on metakao-
lin-bauxite blends, and it is of great significance for its
popularization and application. The heated and unheated
products were studied by means of setting time, com-
pressive strength, water absorption, thermal shrinkage,
porosity and density. The microstructure and structure
were evaluated using the scanning electron microscopy
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(SEM), Fourier transform infrared (FTIR) and X-ray diffrac-
tion (XRD) analyses.

2 Experimental procedures
2.1 Materials

The kaolin clay used in this study was collected from Mvan
neighbourhood in Yaoundé town (Cameroon). Bauxite
used as alumina source was collected from Mini Martap
locality situated in the north region of Cameroon. The
chemical composition of both raw materials is reported
in Table 1. After harvesting, both materials were dried,
milled and sieved using a mesh of 80 um. The resulting
fine kaolin powder obtained after sieving was heated at
700 °C to produce metakaolin as a main solid precursor
for the present work. This temperature was mainly used in
the literature as the best calcination temperature for the
dehydroxylation of clayey materials [13].

The alkaline solution was a mixture of an aqueous solu-
tion of sodium hydroxide (10 M) mixed with commercial
sodium silicate in a ratio of 2, to obtain a modulus silicate
(Ms=SiO,/Na,0) of 1.5 and H,0/Na,0 ratio of 10 and then
stored at room temperature for 24 h (h) before using. The
sodium silicate solution used in this study was supplied
by Ingessil s.r.l. Verona (ltaly), and its chemical composi-
tion was 14.37 wt% Na,0, 29.54 wt% SiO,, 56.09 wt% H,0.
Sodium hydroxide solution (10 M) was prepared by dis-
solving NaOH pellets (Sigma-Aldrich, Italy, purity = 98%)
in distilled water.

2.2 Metakaolin—-bauxite-based geopolymer
processing

To prepare the MK-bauxite geopolymer binders, metakao-
lin was firstly hand-mixed with bauxite in the range of 10,
20, 30, 40 and 50 wt% for 5 min. Secondly, the alkaline
solution was added to the mixture in a constant ratio of 0.8
for each formulation. The viscous pastes were poured into

Table 1 Chemical composition of raw materials

Oxide Metakaolin (MK) Bauxite (BA)
Sio, 40 315

Fe,0, 3.44 6.52

AlLO, 48.10 57.4

Tio, 1.00 3.50

Cao 0.90 0.85

K,0 0.72 /

Na,O 0.44 /

LOI 54 0.23
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cylindrical moulds and covered with thin plastic film to
avoid carbonatation. After 24 h, the resulting samples were
demoulded and divided into two series. The first samples
aged 28 days were kept at room temperature (28 °C) until
the mechanical test was carried out at 28 days. The sec-
ond series was thermally heated at high temperatures of
200, 800 and 1200 °C after 28 days. The geopolymer speci-
mens were labelled MKBO, MKB10, MKB20, MKB30, MKB40
and MKB50, where 0, 10, 20, 30, 40 and 50 represent the
amount of bauxite in the whole system.

2.3 Characterization methods

The chemical composition of kaolin clay and bauxite was
carried out using X-ray Fluorescence Spectrometer Bruker
S8 Tiger. Prior to the analysis, each sample powder was
mixed with lithium borated salt and vitrified within a Pt
crucible at 1060 °C. The loss on ignition at 1050 °C was
considered to perform the calculation of the final chemi-
cal compositions.

X-ray diffraction (XRD) analysis is known as a technique
used to define the mineralogical composition of a material.
The mineralogical composition of the bauxite, metakao-
lin and different geopolymer samples was identified using
X-ray diffraction (XRD) with a reflection Brucker AXS D8
Advance Debye-Scherrer-type diffractometer. Measure-
ments were performed on powders resulting from start-
ing materials and consolidated products, using a step scan
mode in the range 5.02° < 26 < 80°, with a counting time of
10.1 s per 0.02° step (26). Crystalline phases were identi-
fied by comparison the peaks with Powder Diffraction Files
(PDF standards) from the International Center for Crystal-
lography Data (ICCD). In all cases, the Ka1 wavelength of
copper (A=1.5418 A) was used.

Attenuated total reflectance and Fourier transform
infrared spectroscopy (ATR-FTIR) technique was used to
determine the main characteristic chemical groups in the
raw, calcined and consolidated materials. For this study, a
Nicolet 6700 apparatus from Thermo Scientific has been
used. For the measurements, each sample was placed
over a reflective crystal medium where light was passed
through. The reaction cell was then fixed onto the dia-
mond ATR crystal, and FTIR spectra data were recorded
over the range of 4000 to 400 cm™' at a resolution of
2 cm™" with 32 scans.

Simultaneous differential thermal analysis and thermo-
gravimetric analysis (DSC/TG) was performed on the two
samples, using a Netzsch STA 429 CD unit in an air atmos-
phere. The analysis was carried out on ground powders at
a heating rate of 20 K/min in platinum rhodium crucibles
using calcined alumina as a reference.

The compressive strength of the samples was meas-
ured with an Instron 1195 Compression machine with a

displacement of 5 mm/min. The results shown are an aver-
age of four replicate specimens following Eq. 1:

5_4><1000><F

xXDXD M

where § is the compressive strength (MPa), F the force (kN)
and D the diameter (m).

The initial and final setting times were measured on the
fresh pastes of metakaolin—bauxite geopolymers using the
Vicat apparatus. The initial setting was verified at 10 min
just after the preparation of the paste and every min-
ute when the first resistance to Vicat was detected. This
was done in the laboratory with 54% of relative humid-
ity and temperature of 21 +£2 °C. The test was performed
according to the EN 196-3 Standard. The needle used was
1.00+0.005 mm in diameter.

Pieces from the mechanical testing were polished, gold-
coated and dried for microstructural observations using a
JEOL IT300LV Scanning Electron Microscope (SEM) cou-
pled with energy-dispersive X-ray spectroscopy (EDX) with
an acceleration voltage of 10.0 kV.

The water absorption analysis was carried out by
immersing the specimen with and without bauxite cured
at room temperature and those heated at high tempera-
tures in water at ambient temperature for 24 h and com-
paring the humid weight (mh) to the dry weight (md)
according to Eq. 2:

_ (mh —md)

Wa
md

x 100 (2)

Measurements of thermal linear shrinkage were made
with a calliper that was used to determine the length vari-
ations of 28-day-old and processed specimens at 1200 °C.
For each series, the length before and after heating was
determined. By designating, respectively, with RLc the
linear thermal shrinkage, Li the initial length and by Lf the
final length of the specimens before and after the heat
treatment, the linear shrinkage of the firing is therefore
given by the following relationship (3):

RLc = [(Li —Lf)/Li] x 100 (3)

3 Results and discussion
3.1 Raw materials

Figure 1a displays the mineralogical phases of bauxite
such as gibbsite (G) (Al(OH);, PDF cards #33-180) quartz
(Q) (SiO,, PDF cards #46-1045), corundum (Cn) (-a-Al,05
PDF cards #10-173), boehmite (Bo) (-y-AlIO(OH), PDF cards
#21-1307), haematite (He) (-a-Fe,O;, PDF cards #13-534),
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Fig. 1 XRD analysis of raw materials: a bauxite and b metakaolin

diaspore (Di) (-B-AlO(OH), PDF cards #5-355) and goethite
(Go) (-a-FeO(OH), PDF cards #29-713). Major phases such
as gibbsite, boehmite, diaspore, quartz and haematite
were also reported by the findings of Cardenia et al. [24],
Peng et al. [25] as well as Hertel et al. [26, 27]. The major
phases contained in metakaolin are quartz (Q) (SiO,, PDF
cards #46-1045) muscovite (Mu) (KAI,(AlSi;0,,)(F,OH), PDF
cards #06-263) and haematite (He) (-a-Fe,O;, PDF cards
#13-534) (Fig. 1b).

Figure 2 presents the performed differential thermal
analysis (DTA) and thermogravimetric analysis (TG) of vari-
ous raw materials used in the study. As shown in Fig. 23,
there were two endothermic peaks (142 and 565 °C). At
565 °C, this phenomenon was accompanied by a signifi-
cant weight loss of 10%. The latter corresponds to loss of
chemical water molecules including kaolinite dihydroxy-
lation and the formation of the metakaolin [12]. With the
increase in sintering temperature, a sharp exothermic peak
appeared around 998 °C. This is linked to both spinel crys-
tallization and the acicular mullite crystals into the sam-
ples [28, 29].
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Fig.2 Differential thermal analysis (DTA) and thermogravimetric
(TG) of raw materials: a kaolin and b bauxite

The total mass loss of the bauxite sample is about 27%.
Three endothermic peaks were clearly observed in the DTA
curves (Fig. 2b). The first event occurred at 125 °C, linked
to the loss of absorbed humidity in the raw materials. At
340° C, there were sharp endothermic peaks combined
with a significant mass loss of 25%, thus considering the
decomposition of gibbsite. The third event was at 545 °C,
due to the transformation of boehmite to alpha-alumina
[29]

The FTIR spectra of metakaolin and bauxite used as solid
precursors are depicted in Fig. 3a, b, respectively. The band
appearing at 1632 cm™' in metakaolin spectra (Fig. 3a) is
related to the bending vibration of O-H bond belonging to
physico-absorbed water molecules. The second band with
high intensity located at 1077 cm™ is attributed to the
vibration modes of Si-O-Al bonds. The absorption band
around 871 cm™' is attributed to the stretching vibration of
AI(VI)-OH and Al(VI)-O bonds. The last absorption bands
situated at 790 and 690 cm™' are assigned to stretching
and bending vibrations of Si-O-Al(IV) and Si-O-Al(VI)
bonds [3, 30], while the FTIR spectra of bauxite (Fig. 3b)
exhibited the absorption bands at 3368, 3442, 3523 and
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Fig.3 FT-IR spectra of solid precursor: a metakaolin and b bauxite

3617 cm™ that are linked to the stretching frequencies of
O-H bonds of gibbsite which is the main mineral of baux-
ite confirmed by XRD and TG analyses. However, the bands
located between 913 and 1014 cm™' correspond to vibra-
tion modes of O-H groups of water molecules [31]. The
last bands 731,651 and 447 cm™" are linked to the bending
vibrations of O-H bonds of gibbsite [32].

3.2 Setting times

The results of setting time of metakaolin—bauxite geo-
polymer binders are reported in Table 2. From this, it is
noticed that the setting time increased with the addition
of bauxite from 0 to 50 wt%. The values of setting time
were 2 h 30 min, 2 h 52 min, 3 h 00 min, 3 h 07 min, 3 h
28 min and 4 h 00, respectively, for MKBO, MKB10, MKB20,
MKB30, MKB40 and MKB50. The significant increase in
setting time from MKB10 to MKB50 sample could be due
to the low dissolution of bauxite in alkaline medium at
room temperature. Adding raw bauxite in geopolymer
matrix does not allow the availability of aluminium spe-
cies required to polymerize with silica ones leading to long

Table 2 Setting time behaviour

of the metakaolin-bauxite SGaer:glc:zlmer Setting times

geopolymer binders
MkBO 2h30
MKB10 2h52
MKB20 3h00
MKB30 3h07
MKB40 3h28
MKB50 4h

setting times recorded in different specimens. Thus, this
could affect the alumina content consequently delaying
the geopolymer process by increasing the setting time.
This trend is in line with the findings of Duxson et al. [33]
on metakaolin-based geopolymer synthesis which shows
that the Si/Al ratio less than 2 induces a long setting time.
From the findings of Djobo et al. [34], they used raw baux-
ite as an additive (0-30 wt%) in the volcanic ash-based
geopolymer and they noticed reduction in setting times
from 415 to 275 min. In their work, the use of bauxite
improved the alumina content in volcanic ash, whereas
in the given work metakaolin is richer in alumina species
compared to volcanic ash (less than 20%).

3.3 Phases evolution
3.3.1 FTIR

The FTIR spectra of geopolymer MKBAO, MKBA10, MKBA20
and MKBA50 samples (cured at room temperature)
describing the structural network are plotted in Fig. 4. The
broad absorption bands located at intervals 3386-3395
and 1650-1653 cm™' are attributed to O-H stretching
and O-H bending of water molecules, while the bands
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Fig.4 FT-IR spectra of the geopolymer specimens
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between 1403-1417 cm™! correspond to stretching vibra-
tion of C-0O provided by the reaction of unreactive Na*
ions with CO, from atmosphere [35]. This band rises with
an increase in bauxite from 10 to 50 wt% indicating the
lower dissolution of bauxite in alkaline medium at room
temperature; this is related to the important amount of
unfixed Na* ions into geopolymer network leading to
efflorescence phenomenon. The broad band observed on
spectra of MK at 1077 cm™! shifted to 989 cm™ after alka-
line activation. This displacement is due to the formation of
geopolymer network binder [35]. The main bands related
to geopolymer footprint formation situated between 989
and 993 cm™ are assigned to Si-O-Al stretching vibrations
[36-38]. This band becomes broader with the incorpora-
tion of bauxite (from 0 to 40 wt%), suggesting the possible
insertion of additional aluminium cations resulting in high
extension of geopolymer network. The absorption bands
located around 879 cm™' correspond to distorted Al (V1)
sites or to Al sites with different coordination [12]. The last
bands that appeared in the ranges of 678-680 cm™' and

579-589 cm™! are attributed to symmetrical stretching
vibrations of Si-O-Si, Si-O-Al and Si-O, respectively [39].

3.3.2 XRD analysis

The X-ray patterns of geopolymer mixed with/without
bauxite are presented in Fig. 5a-d. It is observed that some
crystalline phases (muscovite, quartz and haematite) exist-
ing in metakaolin diffractogram used as a starting mate-
rial are still present after geopolymerization process on
sample without additive (bauxite). The presence of these
phases indicates the non-purity of raw material used for
the synthesis. Similar observations were found by some
researchers on investigation of geopolymer properties
where metakaolin was obtained from calcined kaolin
[38, 40, 41]. These authors stated that the unreacted min-
eral phases during geopolymerization reaction seem to
behave as aggregates or fillers, suggesting the reinforce-
ment of geopolymer matrix. However, with the addition
of 10 and 20 wt% of bauxite (Fig. 5b, c, respectively),
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the hump located between 20° and 40° (2theta range)
observed on the diffractograms of MKBA10 and MKBA20
geopolymer samples is more pronounced compared to
that of MKBAO (Fig. 5a). This trend might suggest the weak
partial dissolution or participation of bauxite during the
geopolymerization reaction and thus slightly contributed
to the extension of amorphous phase. Nevertheless, this
hump was completely destroyed with the addition of 50
wt% of bauxite (Fig. 5d). To confirm this results, further
analysis using Rietveld refinement method is prospected
to exactly quantify the amorphous content of each of the
end products.

3.4 Mechanical properties

The compressive strengths of metakaolin-based geopoly-
mers containing 0, 10, 20, 30, 40 and 50% of bauxite (addi-
tive) cured at room temperature (28 °C without exposure)
and those exposed at higher temperatures (200, 800 and
1200 °C) are depicted in Fig. 6. From Fig. 6, it is noticed
that at room temperature the compressive strength signifi-
cantly decreased from 35.20 to 11.10 MPa (Fig. 6), with an
increasing bauxite addition (from 0 to 50 wt%). This could
be due to the low dissolution of bauxite in alkaline solu-
tion affecting the polysialate geopolymer binder phase,
resulting in low strength. In addition, the substitution of
metakaolin as a main solid precursor by bauxite from 0 to
50 wt% altered the amount of reactive amorphous phase
coming from metakaolin although the resulting products
appeared amorphous according to XRD and SEM analy-
ses. When the thermal treatment was applied, the reverse
effect was observed between 200 and 1200 °C. In samples
containing 10 and 20 wt% of bauxite with the evolution
of thermal treatment temperature from 200 to 800 °C,

1004 | 28°C
[ 200°C
[ |so0c
go-| | 1200°C |
-
@
=
g
W o~
o g
2
@
=
£
=]
o

MKBAO MKBA10 MKBA20 MKBA30 MKBA40 MKBASO

Geopolymer samples

Fig. 6 Compressive strength behaviour of the geopolymer samples

boehmite and gibbsite as main mineral phases contained
in bauxite at elevated temperatures would allow the for-
mation of aluminates contributing to densify the geo-
polymer network, justifying the high strength achieved.
This increase could be due to the packing particles effect
within the geopolymer matrix. The high strengths (50, 98
and 70 MPa) achieved on MKBA10, MKBA20 and MKBA30
samples at 1200 °C are likely due to the presence of some
mullite crystals leading to strengthening agent. Similar
trend was observed by Tiffo et al. [23] at 1200 °C. They
declared that the improvement in compactness of refrac-
tory geopolymer specimens was related to the formation
of stable crystalline phases. Comparable tendency focused
on thermal treatment of metakaolin-containing nanosilica
was also obtained by Rashaad et al. [18].

3.5 Microstructure

Figures 7 and 8 present the micrographs of MKBAO and
MKBA20 specimens cured at room temperature (28 °C)
and their counterparts heated at 1200 °C. The SEM
images exhibited the morphologic changes that occurred
within geopolymer structure before and after exposure
to 1200 °C. The micrographs of MKBAO (Fig. 7a) cured at
room temperature appeared homogeneous, compact
and dense, justifying the highest strength achieved. The
MKBA20 sample (containing 20 wt% of bauxite) at same
temperature exhibited almost homogeneous microstruc-
ture, with some cracks across its surface (Fig. 7b). The
cracks observed on MKBA20 could be due to the release
of water molecules occupying the cavities which became
empty, creating open voids and cracks [31]. The micro-
graphs of samples heated at 1200 °C are reported in Fig. 8.
One can observe that the geopolymer MKBAO (Fig. 8a)
without additive appears more porous with a sponge-
like structure as compared to that of MKBA20 which is
still compact and dense (Fig. 8b). The difference observed
could be due to the transformation of unreacted alumina
in bauxite to mullite which contributed to the densifica-
tion of geopolymer matrix. The appearance of voids and
pores observed on different samples is related to the
departure of water molecules belonging to geopolymer
network (sodium aluminosilicate hydrate N-A-S-H) result-
ing in decreasing compressive strength. The presence of
these voids on micrographs of heated samples is in accord-
ance with the trend of mechanical performances observed
on samples heated at 1200 °C. It is also noticed that some
unreacted particles observed on both samples cured at
room temperature disappeared after being exposed at
1200 °C indicating the formation of denser amorphous alu-
minosilicate binder phase with a homogeneous surface.
The characteristics of strength achieved in samples heated
at 1200 °C in the study are in agreement with previous
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Fig. 7 Micrographs of the geopolymer samples cured at room temperature, 25 °C: a MKBAO and b MKBA20

works in the literature, where the authors improved the
thermal performances of fly ash geopolymer by adding
microsilica at higher temperatures [18].

3.6 EDS analysis

The EDS spectrum (Fig. 9) was obtained from MKBAO
and MKBA20 samples heated at 1200 °C. From Fig. 9, it is
noticed that the geopolymer matrices comprise the Si, Al,
Fe, Na, Kand O as major elements with the trace of Ti. The
major elements above-mentioned confirm the formation
of sodium aluminosilicate binder phase (N-A-S-H) respon-
sible for the strength development gained in this project.

3.7 Water absorption

The water absorption values of metakaolin-based geo-
polymer products are presented in Fig. 10. The trend
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of water absorption is in line with the observation of
mechanical properties. For the samples cured at room
temperature containing 0, 10 and 20 wt% of additive
(bauxite), it is noted that a decrease in water absorption
from 12.30 to 8.50% suggests the filling of pore network
or packing particles effect during the geopolymeriza-
tion by bauxite. However, with above 20 wt% of baux-
ite added, a slight increase in water absorption from 9
to 15% was observed. This could be due to the reten-
tion of important amount of water by the free bauxite
which was not involved in the geopolymerization reac-
tion when the samples are immersed. Similar trend
was observed on samples exposed at higher tempera-
tures. The values were 15-18%, 16-19% and 9.3-12%,
respectively, for MKBA30, MKBA40 and MKBA50. On the
other hand, the increase in water absorption in all geo-
polymer formulations with an increase in heating tem-
perature from 25 to 800 °C is due to the appearance of
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Fig.8 Micrographs of the geopolymer samples sintered at 1200 °C: a MKBAO and b MKBA20

pores and cracks resulting in microstructural degrada-
tion leading to the water departure out of geopolymer
network, which allowed the retention of water. These
values were 12-17%, 10-15%, 9-13%, 9-14%, 12-17%
and 14-19%, respectively, for MKBAO, MKBA10, MKBA20,
MKBA30, MKBA40 and MKBA50 specimens. The low val-
ues of water absorption (9.3,7.1, 6.0, 6.3,9.2 and 11.30%,
respectively, of MKBAO, MKBA10, MKBA20, MKBA30,
MKBA40 and MKBA50) recorded on samples heated at
1200 °C are likely due to the formation of vitreous phase
from quartz and bauxite in the whole system contribut-
ing to reinforce or densify the microstructure. So, at this
temperature the formation of mullite from bauxite could
be expected. Similar observations were reported by the
findings of Deutou et al. [28], where the authors used
kyanite to improve the crystallization and densification
of the high-strength mullite matrix.

3.8 Thermal shrinkage

Figure 11 shows the variations in thermal shrinkage of
geopolymer samples sintered at 1200 °C. From this fig-
ure, the maximum shrinkage limits (15, 20 and 21.5%) are
obtained for the MKBAO, MKB10 and MKB20 formulations,
respectively. The lowest thermal shrinkage values (10.75
and 11.25) are obtained from MKB30 and MKB50 samples.
The withdrawal reflects the physico-chemical transforma-
tions that occurred within the material subjected to heat
treatment. Thus, during the heat treatment of geopoly-
mers, water removal (hygroscopic and structural) or fusion
of species was observed within the matrix. The decrease
in thermal shrinkage is related to the bauxite content
(0-50%). In fact, at this sintering temperature (1200 °C),
a liquid phase resulting from earlier transformation of
metakaolin reacted with the alumina coming from bauxite
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Fig.9 SEM-EDS of the metakaolin—bauxite geopolymer binders sintered at 1200 °C: a MKBAO and b MKBA20

to produce the additional mullite crystals in the matrices.
Those transformation favoured the densification process
in the specimens and consequently in line with the trend
of water absorption rate (Fig. 10). The elaborated geopoly-
mers behave like ceramics with regard to their shrinkage
which stands at relatively high sintering temperatures as
compared to the literature [20].

4 Conclusion

This study aimed to design geopolymer from metakaolin
altered by 0, 10, 20, 30, 40 and 50% of bauxite. The setting
time was evaluated on fresh pastes. Compressive strength,
thermal shrinkage, water absorption and microstructure
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of unheated and heated samples were well investigated.
The following conclusions can be summarized.

1. The increase of bauxite from 0 to 50% allowed the
long setting time, justified by their lower dissolution
at room temperature;

2. At room temperature, the addition of bauxite above
20 wt% negatively affected the mechanical strength
evolution, whereas the reverse trend was observed on
samples heated at 1200 °C due to the possible forma-
tion of some crystals of mullite;

3. The well-densified matrices of samples MKBA10,
MKBA20 and MKBA30 observed could be due to the
transformation of unreacted alumina in bauxite to
mullite which contributed to the densification of geo-
polymer matrix;
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11 Variation of the thermal shrinkage of the geopolymer sam-

ples sintered at 1200 °C

4,

The thermal shrinkage was related to the physico-
chemical transformations that occurred within the
material subjected to heat treatment. Thus, during
the heat treatment of geopolymers, water removal
(hygroscopic and structural) or fusion of species was
observed within the matrix.

Regarding the above-mentioned results, the obtained

geopolymer products could be suitable for the techno-
logical or refractory applications.
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