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Abstract

Commercial MK is widely used in the synthesis of geopolymer binders because of its high kaolinite content and reactivity.
However, the possibility of producing geopolymers with low reactive MK is not sufficiently experienced and deserves to
be verified. The present study deals with the potential use of a low reactive traditionally elaborated metakaolin (MK) and
a local ground-granulated blast-furnace slag (GGBFES) as precursors for geopolymer synthesis. The precursor composition
(MK/GGBFS: 100/0, 80/20 and 50/50 wt%) and the activator properties (Si0,/Na,O molar ratio (MR): 2; 1.5 and density:
1.4; 1.3 g/cm?) are the variables used to formulate twelve geopolymer mixes. Furthermore, various curing conditions (tem-
peratures of 60, 80 and 100 °C and durations of 6, 24 and 48 h) were chosen for the hardening of geopolymer pastes. An
optimization approach has been used in the attempt to deduce the optimal formulation and curing conditions allowing the
synthesis of geopolymer with good performances. Tests of setting times and compressive strength were performed on geo-
polymer pastes in order to assess the effects of different MK/GGBFS contents, activator properties and curing conditions
on the performances of geopolymer pastes. The hardened samples were analyzed by scanning electron microscopy (SEM).
It has been demonstrated that the used MK, despite its low reactivity, may lead to geopolymer of good performances. The
best formulation was 80/20 of MK/GGBFS activated with a sodium silicate solution, the MR and the density of which were
1.5 was 1.4 g/cm?, respectively. On the other hand, the suitable curing temperature was often 60 °C, especially for curing
duration of 48 h.

Keywords Metakaolin - Ground-granulated blast-furnace slag (GGBFS) - Activator properties - Curing conditions -
Geopolymer binder

Introduction blast-furnace slag (GGBFS) and certain clay wastes are the

most common aluminosilicates used as precursors in geo-

Geopolymer binders have received considerable attention
over the last few decades; they are widely studied as poten-
tial alternatives to the conventional cements. Basically, geo-
polymer binders are synthesized by the reaction of active
aluminosilicate powder with a highly concentrated alkaline
solution. Metakaolin (MK), fly ash (FA), ground-granulated
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polymer binders [1, 2], while sodium silicate (Na,SiO5),
potassium silicate (K,SiO;), sodium hydroxide (NaOH), and
potassium hydroxide (KOH) are the main chemicals used as
alkali activators [2—4]. The reaction between the alumino-
silicate precursor and the alkaline activator triggers a com-
plex chemical process, called geopolymerization. It begins
with the dissolution of the reactive silicate and aluminate
tetrahedra from the precursor in the alkaline solution, and
the released SiO, and AlO, tetrahedrons combine to form
monomers and then oligomers by sharing one oxygen atom.
The condensation reaction of oligomers occurs to form a
small network structure (gelation), and the matrix will sub-
sequently reach its hardened state (polycondensation) to
form 3D geopolymer system [3, 5].

Due to lower environmental impact of the aluminosili-
cate precursors, whether natural or treated clays, wastes or
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by-products, geopolymers promise high ecological benefit
comparatively to ordinary Portland cement. Moreover, sev-
eral technical benefits have been commonly reported; these
benefits are strongly dependent on the type of the synthe-
sized geopolymer. It has been reported that geopolymer-
based materials exhibited higher tensile, flexural and com-
pressive strengths, higher modulus of elasticity, better fire,
frost and freeze—thaw cycles resistance, better resistance to
chemical attacks, carbonation and corrosion, lower drying
shrinkage, sorptivity and thermal conductivity, lower poros-
ity, water absorption and permeability compared to cement
mortars and concretes [2, 5, 6].

According to various published researches, the perfor-
mance of geopolymers is affected by many parameters that
can be grouped into four types such as precursor, activator,
mixture and curing conditions. The main criteria required
for the aluminosilicate precursor are: appropriate chemical
and mineralogical compositions, high content of amor-
phous phases, sufficient fineness and low water demand
[4]. Ren et al. [3] added that particle size and the Si/Al
molar ratio are crucial factors in determining the precursor
reactivity. It is well known that the mechanical properties
and microstructure of geopolymer are strongly influenced
by the Si/Al ratio. In most of the cases, optimum perfor-
mances have been reported for mixtures with Si/Al ratio
ranged from 3 to 3.8 [4, 7]. In turn, type, concentration
and density of the alkaline solution remain the principal
parameters affecting the final characteristics of resulted
geopolymer [4, 8]. However, geopolymerization reaction
is mainly related to the activator’s alkalinity (M,0/H,0)
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and its silica modulus (SiO,/M,0), where M represents the
alkali metal [9]. In the mixture design, a wide range of fac-
tors and ratios are involved in defining criteria and proper-
ties of the geopolymer product, namely mixture propor-
tions, mixing regime, ratios of liquid to solid, aggregate to
binder, Si0,/Na,O, use of additives and superplasticizer
[1-3, 9]. Finally, it has been widely shown that geopolym-
erization process is strongly dependent on the parameters
of curing regime, such as mode, temperature and duration
[1, 8, 10] (Fig. 1).

Kaolin clay is very abundant in many countries around
the globe, and flash calcination is the most reliable method
allowing converting kaolin into highly reactive MK. Several
prior studies investigated the use of solely MK or mixture
of MK and GGBFS as suitable precursors for geopolymers
binders. The existing literature demonstrates that in addi-
tion to its kaolinite content and purity level, the efficiency
of MK is primarily proportional to the content of reactive
silica and alumina, which in turn depends on the effective-
ness of kaolin to MK conversion process. However, the pos-
sibility of producing geopolymers with low reactive MK is
not sufficiently experienced and deserves to be verified. The
main objective of this investigation is to synthesize geopoly-
mer materials based on traditionally elaborated MK with
moderate reactivity and GGBFS. As there is no a standard
mix design method, the synthesis was performed using an
optimization approach in which, setting time and compres-
sive strength were examined as functions of various factors
including MK/GGBFS proportion; concentration and den-
sity of the alkaline solution and curing conditions.
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Materials and experimental methods
Materials

GGBFS with a glass content of about 97% utilized in this
study was recovered from the unit of El-Hadjar in the north-
east of Algeria. The raw kaolin (KT2) was obtained from
the deposit of Tamazert in the east of Algeria; its kaolinite
content is only 58%. Both materials were dried to constant
weight at 105 °C in an electrical oven and then were milled
in steel ball mill to fine powders. KT2 was converted into
reactive metakaolin named MKT?2 after suitable thermal
treatment, the details of which were described in a previous
study [11]. Chemical compositions of GGBFS and MKT?2,
determined by X-ray fluorescence analysis (XRF), are given
in Table 1. The materials were also characterized by laser
granulometry and X-ray diffraction (XRD); the results are
depicted in Figs. 2 and 3, respectively.

According to results of Table 1, the basicity coefficient
((CaO +MgO)/(SiO, + Al,0,)) of GGBFS is 0.97 (< 1),
while its hydraulicity index ((CaO+MgO)/(SiO,)) is 1.18
(< 1.4) indicating its acidic character and moderate reactiv-
ity [12, 13]. MKT2 is mostly composed of SiO, and Al,O;,

while it contains less than 1% by weight, of carbonates. In
the previous work [11], it has been found that the strength
activity index (SAI) of MKT2 was 1.06, whereas its lime
consumption was only 843 mg/g which reflects its moderate
pozzolanic reactivity compared to commercial MK. Particle
size distributions of GGBFS and MKT?2 are presented in
Fig. 2. Both materials display similar distribution profiles,
and the median size values D50 of GGBFS and MKT?2 are
11.48 pm and 8.07 um, respectively. However, their Blaine
values are 4155 and 7000 cm*/g, indicating that MKT2 is
finer than GGBFS. According to Fig. 3, the hump peak in
the interval 20 between 25° and 35° indicates that GGBFS is
mainly composed of an amorphous phase; however, calcite
is the unique detected crystallized mineral. The XRD dia-
gram of MKT?2 does not present any kaolinite peak, which
proves that the thermal treatment has successfully converted
the raw kaolin into metakaolin.

Two chemicals were used in preparing the alkali activa-
tors, such as sodium silicate solution and sodium hydroxide
pellets. The sodium silicate solution (SS) was purchased
from a local laboratory with chemical composition of 29.8%
SiO,, 14.43% Na,O and 55.77% H,0, and it has a molar ratio
(MR =Si0,/Na,0 of 2.06) and a density at 20 °C of 1.53 g/

Table 1 Chemical analysis

(wt%) and physical properties of Si0, AlLLO; Fe,0; CaO MgO SO; K,0 Na,O LOI aBr?;?(zcsrﬂgge p (g/em?)
KT2, MKT2 and GGBFS
KT2 56.63 26.15 3.70 033 066 007 351 040 9.26 7040 2.7
MKT2 533 365 395 029 062 007 392 024 1.1 7000 2.65
GGBFS 3534 752 6.75 3850 328 043 059 02 1.03 4155 2.9

4Surface area determined with the Blaine permeability apparatus,

according to NF EN 196-6
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Fig.3 X-ray diffraction of
GGBFS and MKT2

Intensity

Calcite

Glass

Q: Quartz
M: Mica

Table 2 Composition of alkaline activators

Activator MR  Density Composition (g)
(g/em?’) —
SS NaOH  Distilled water
A2(1.4) 2 14 1000 12.1 92.78
A2(1.3) 2 1.3 1000 12.1 173.78
A1.5(1.4) 1.5 14 1000 78.2 92.87
A1.5(1.3) 1.5 1.3 1000 78.2 176.91

cm?’. The sodium hydroxide (NaOH), with 99% of purity,
was added to SS until achieving the fixed molar ratios.

Geopolymer mixtures and sample testing

Four alkali activators having two molar ratios (2 and 1.5) and
two densities (1.4 and 1.3 g/cm?) were prepared by mixing
SS solution, solid NaOH pellets and distilled water (Table 2).
The mixtures were manually stirred during 5 min for homog-
enization and then cooled to room temperature for 24 h. Pre-
cursors of three different MKT2/GGBFES proportions (50/50,
80/20 and 100/0 by wt%), dry mixing beforehand for 5 min,
were mixed with the previous alkali activators in a labora-
tory blender during 5 min. Twelve geopolymer pastes were
synthesized by adding gradually to 500 g of precursor, the
quantity of alkali activator necessary to achieve a standard
consistency as described in NF EN 196-3. The detailed mix
designs can be seen in Table 3. The labeling system of geo-
polymer pastes (GP) includes indications of the three variable
parameters. Each variant is named according to the contents
of MKT?2 and GGBES in the precursor, the molar ratio and the

@ Springer
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density of the activator. For example, GP80/20:2(1.4) means
geopolymer paste of which the precursor contains 80 wt% of
MKT?2 and 20 wt% of GGBFS; however, MR and density of
the activator are 2 and 1.4, respectively. At the fresh state, tests
of setting times using the Vicat apparatus test were performed
as described in the NF EN 196-3 standard. The mixtures so
prepared were introduced into 25 x 25 x 25 mm? steel molds,
vibrated for 2 min to eliminate the entrapped air bubbles, and
then placed in the oven to be heated at 60, 80 and 100 °C. The
heating periods were 6, 24 and 48 h. The reference geopolymer
pastes were prepared in the same manner. They were then cov-
ered with plastic film and stored at 20 °C. After 24 h, samples
were demolded and cured at ambient room temperature until
testing. At the hardened state, the compressive strength was
evaluated using a 250 kN Matest compression testing machine,
with a loading speed of 0.1 MPa/s. The reported results are
the average of six tests. Scanning electron microscopy with
energy-dispersive X-ray analysis (SEM-EDX) was imple-
mented to examine the morphology and the microstructure
of the hardened geopolymer pastes. The observations were
performed at 20 kV using a Microscope Tescan Vega 3. Small
samples were previously dried up and metalized with nickel to
provide a conductive surface.

Results and discussion

Setting time of geopolymer pastes

The results of the setting time tests, conducted on geopoly-
mer pastes having a standard consistency, are presented in
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Table 3 Mixture proportions of

Precursor (g) Ratio Si/Al Activator (g) Liquid/
geopolymer pastes D e binder

ratio
GP100/0:2(1.4) 500 0 2.48 295 0.59
GP80/20:2(1.4) 400 100 2.75 282 0.56
GP50/50:2(1.4) 250 250 3.42 260 0.52
GP100/0:2(1.3) 500 0 2.48 285 0.57
GP80/20:2(1.3) 400 100 2.75 275 0.55
GP50/50:2(1.3) 250 250 3.42 255 0.51
GP100/0:1.5(1.4) 500 0 2.48 275 0.55
GP80/20:1.5(1.4) 400 100 2.75 263 0.53
GP50/50:1.5(1.4) 250 250 3.42 250 0.50
GP100/0:1.5(1.3) 500 0 2.48 270 0.54
GP80/20:1.5(1.3) 400 100 2.75 255 0.51
GP50/50:1.5(1.3) 250 250 342 247 0.49

Table 4. It can be seen that whatever the activator molar
ratio and density, the setting times of mixtures made with
100% MKT?2 are the highest. However, when MKT2 was
partially substituted by GGBFS, both initial and final setting
times significantly decrease. Compared to the plain MKT?2
pastes, the initial setting times of mixes containing 20% of
GGBFS decrease between 40.63 and 56.25%, while at 50%
replacement, the decrease is at around 83%. A similar trend
is observed in final setting time results, where the decrease
ranges from 32 to 49% when the GGBFS content is 20%
and from 73 to 79% when the GGBFS content is 50%. It
should be noted that the difference between initial and final
setting times decreases with the increase of the GGBFS
level in pastes. Two factors may have to be the prominent
causes for the accelerated setting such as GGBFS content

Table 4 Setting time and compressive strength of geopolymer pastes

and MKT2 content. It is well known that the inclusion of
GGBEFS in geopolymer systems accelerates the geopolym-
erization reaction and thereby the setting process [10, 14].
First of all, from results shown in Table 1 it can be seen that
GGBFS contains more CaO than MKT?2, thus the higher is
the GGBFS proportion the higher is the CaO content. As
reported by several authors [14—17], in alkaline medium,
cations of Ca** combine easily with reactive silica and alu-
mina which advantageously promotes the rapid formation of
C-S-H and C-A-S-H gels and subsequently accelerates the
hardening process and shortens the setting time. Secondly,
and according to Table 3, the increase in GGBFS content
increases the Si/Al ratio, and consequently, the setting times
decrease. Kuri et al. [18] reported that the increase of Si/Al
ratio accelerated the polycondensation process by producing

Setting time (min) Compressive strength (MPa)

Cured at 60 °C Cured at 80 °C Cured at 100 °C 20 °C

Initial Final 6h 24h 48 h 6h 24 h 48 h 6h 24 h 48 h 180d

GP100/0:2(1.4) 160 295 9.21 21.88 29.27 22.08 31.10 26.70 9.09 26.25 28.24 48.36
GP80/20:2(1.4) 70 150 30.16 53.62 59.23 39.28 60.68 60.79 38.52 48.78 59.51 67.22
GP50/50:2(1.4) 25 75 49.39 50.58 54.13 37.71 46.08 53.95 47.49 48.39 49.73 78.37
GP100/0:2(1.3) 170 295 27.73 29.73 28.97 11.59 15.19 20.70 19.51 19.83 25.78 25.00
GP80/20:2(1.3) 80 165 41.22 47.59 53.89 37.38 41.00 36.63 27.09 44.64 45.15 56.27
GP50/50:2(1.3) 30 80 20.64 36.05 66.22 39.25 57.75 59.91 17.90 31.54 71.85 64.27
GP100/0:1.5(1.4) 170 295 38.37 54.80 65.26 30.86 34.05 39.46 33.66 69.13 51.27 65.93
GP80/20:1.5(1.4) 85 190 55.66 69.26 69.03 44.81 70.19 71.54 52.17 75.60 82.16 79.75
GP50/50:1.5(1.4) 28 65 30.77 63.47 66.01 55.21 47.35 65.05 39.46 53.70 70.87 74.61
GP100/0:1.5(1.3) 160 290 17.39 43.83 53.95 18.60 30.55 40.53 20.72 34.57 39.58 20.62
GP80/20:1.5(1.3) 95 195 51.89 70.24 72.79 20.63 42.50 54.56 46.32 60.40 60.75 60.38
GP50/50:1.5(1.3) 25 60 30.17 50.28 55.28 34.16 39.05 50.12 29.79 53.67 68.10 60.98
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more alkaline aluminosilicate gel which may reduce the set-
ting times. The effect of GGBFS content on setting time is
presented in Fig. 4.

Conversely, both initial and final setting times increase
with the increase of MKT2 content in geopolymer pastes.
From Table 3, it can be seen that the activator quantity
increases with the increase of MKT2 content whatever the
activator molar ratio and density. As the activator contains
the dry extract of SS solution, NaOH pellets and distilled
water, it is believed that the most important in increasing
its quantity is the increase in the liquid part rather than the
dry extracts. Metakaolin is known to have a high water
demand [10, 19], which is why mixtures elaborated with
100% MKT?2 required more liquid to achieve the same con-
sistency as other mixtures. Many researchers have reported
that the increase in liquid content should lead to delayed
setting times [14, 15, 20]. Nath and Sarker [20] reported
that increasing the alkaline liquid content caused abundance
of liquid in the mixture, which eventually slowed the con-
densation process for geopolymer formation and affected
the setting time. While decreasing the alkaline liquid con-
tent caused according to Yaseri et al. [21], an accelerated
dehydration of water accelerated and geopolymerization,
which led to a faster setting. On the other hand, MKT?2 is
significantly finer than GGBFS according to Table 1 and
Fig. 2. Increasing the MKT?2 content improves the fineness
of the precursor, which prolongs the setting time of geopoly-
mer pastes. This observation is supported by the findings of
Huseien et al. [22], where the setting time increased with the
partial replacement of GGBFS (60% of particles finer than
10 um) by MK (75% of particles finer 10 um). The authors
established that MK is greatly effective to decelerate the
setting time of GGBFS/MK-based geopolymer.

It should be highlighted that for mixtures having the same
MKT?2/GGBFEFS proportions, the variation of molar ratio and

Fig. 4 Effect of the GGBFS 350

density of the activator seems to be without significant effect
on setting time. For example, when RM decreases from 2 to
1.5, both initial and final setting times of GP80/20:1.5(1.4)
increase compared to those of GP80/20:2(1.4); however,
the setting times of GP50/50:1.5(1.3) decrease com-
pared to those of GP50/50:2(1.3). Similarly, when the
activator's density decreases from 1.4 to 1.3, both initial
and final setting times of GP80/20:2(1.3) increase com-
pared to those of GP80/20:2(1.4); however, the setting
times of GP50/50:1.5(1.3) decrease compared to those of
GP50/50:1.5(1.4).

Compressive strength of geopolymer pastes

Compressive strengths of hardened geopolymer pastes were
determined after 6, 24 and 48 h of heat curing regimes at 60,
80 and 100 °C and then compared to those of the reference
pastes obtained after 180 days of ambient curing. The results
are presented in Table 4.

Effect of GGBFS content

The testing results of compressive strength are significantly
influenced by the contents of MKT2 and GGBFS in the pre-
cursor (Fig. 5). It is easily seen that the geopolymer pastes
made with 100% MKT?2 exhibit overall the lowest strengths,
whatever the activator properties and the curing conditions
(temperature and duration). Strengths of only 9 MPa are
recorded after 6 h of curing at 60 and 100 °C. Despite its
greater fineness compared to GGBFS, MKT2 could not
achieve better strengths. These findings should be linked
to the moderate reactivity of MKT2 [11], its low Ca”* con-
tent [15] and the high liquid/binder ratios of plain MKT2
pastes (Table 3), as the excess of liquid hinders the diffu-
sion of dissolved species, decreases the polycondensation
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Fig.5 Effect of MK/GGBFS proportions, curing temperature and curing duration on compressive strength of geopolymer pastes of different

activator properties

rate [23], and increases the number of pores in the hardened
pastes [24] which leads to lower strengths. The compres-
sive strength is remarkably enhanced with the inclusion of
GGBFS independently of the activator properties and the
curing conditions. The highest enhancement (436.26%)
is recorded when GGBFS was incorporated at 50% in the
paste GP2(1.4) cured for 6 h at 60 °C; however, the lowest
one (1.15%) is obtained when GGBFS was used at 50% in
the paste GP1.5(1.4) cured for 48 h at 60 °C. The greatest
strength (82.16 MPa) is recorded for the GP80/20:1.5(1.4)
paste after 48 h of curing at 100 °C; moreover, the best
results are often obtained when the GGBFS content was
20%. It should be remembered that these mixes have a molar
ratio Si/Al of 2.75, which reflects the availability of a suf-
ficient amount of Si and Al and, thus, can be considered as
the optimum ratio; however, it is difficult to identify the ideal
liquid to binder ratio due to its variation with the activa-
tor properties. The adequate GGBFS content and therefore
the optimum Si/Al ratio, enhances the formation of silicate
oligomers and effectively involves Al leading to improved
strengths [18]. It is well known that the strength develop-
ment is mainly related to the formation of geopolymeriza-
tion products, namely C-S-H, C-A-S-H and N-A-S-H. Since

GGBFS promotes the formation of further C-S-H and/or
C-S-H gels [10, 25], thus, its inclusion may have been the
prominent reason for increased compressive strength. On the
other hand, increasing the Si/Al ratio by incorporating 50%
of GGBFS leads to an excess in Si content and a lack in Al
content, which probably promoted the formation of Si-rich
gels leading to highly amorphous geopolymer pastes with
lower strengths [26]. Moreover, pastes with 50% of GGBFS
recorded the fastest setting (Fig. 4), which seems unfavora-
ble for the bonding maturity of geopolymer pastes.

Effect of curing conditions

From results of Fig. 5 and irrespective to the curing tem-
perature, it can be seen that in most cases, compressive
strength increases with the increase in curing duration. For
example, compressive strength of GP50/50:2(1.3) cured
at 100 °C increases by 76.2% and 301.4% after 24 h and
48 h, respectively, compared to its value after 6 h of curing.
Although the heat curing enhances the dissolution of Si and
Al species and facilitates the polycondensation process [1],
it can be observed that longer curing duration has also a
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significant effect in enhancing and accelerating the compres-
sive strength, as reported by many authors [7, 25, 27].

When examining the trend between compressive strength
development relative to curing temperature for the same
curing time, GGBFS content and activator properties, a
strong correlation is not obvious. In 52.78% of cases, the
best strength is obtained when geopolymer pastes were
cured at the lowest temperature (60 °C), followed by the
curing at 80 °C in 25% of cases, although the highest com-
pressive strength (82.16 MPa) is recorded after curing
GP80/20:1.5(1.4) at 100 °C. Meanwhile, the heat curing
results are, in 58.33% of cases, significantly higher than
those obtained after 180 days of curing at ambient room
temperature. The beneficial effect of heat curing consists in
improving the dissolution of aluminosilicate particles which
enhances and accelerates the geopolymerization process
[28]. Moreover, the additional geopolymerization products
fill in the pores resulting from the evaporated water, lead-
ing to a denser matrix and improved strengths [18, 28]. The
slight decrease in compressive strength observed after curing
at 100 °C is attributed to an insufficient dissolution of the
aluminosilicate particles and a faster geopolymerization as
stated Muraleedharan and Nadir [9].

Effect of the activator properties

As it can be seen from Table 4 and Fig. 5, the compressive
strength strongly depends on the molar ratio MR of the acti-
vator. For the same MKT2/GGBFS proportions and curing
conditions, the MR of 1.5 allows obtaining, in most cases,
the highest compressive strengths, whatever the activator
density. It is believed that lowering MR from 2 to 1.5 means
that more NaOH is available in the alkaline solution; there-
fore, a supplementary sodium aluminosilicate gel (N-A-S-H)
is formed. According to Kuri et al. [18], a higher Na,O con-
tent improves the binding mechanism of geopolymer which
may lead to higher compressive strength. It should be noted
that MR of 1.5 agrees well with the values of 1.4 [24] and
1.7 [29] stated as optimum MR in the case of MK/GGBFS-
based geopolymers, and values of 1.27 and 2 in the case
of geopolymers based on plain MK [30] and plain GGBFS
[31], respectively.

On the other hand, the high activator density appears to
have positive impact on compressive strength of geopolymer
pastes, independently of its MR. The lower density of activa-
tor leads to a decrease in compressive strengths in 66.67%
and 88.89% of cases, when MR was 2 and 1.5, respectively.
For example, the compressive strength of GP50/50:2(1.4)
obtained after 6 h of curing at 100 °C decreases by 62.31%,
when lowering the activator density to 1.3. Since the low
density is obtained by adding water to the alkaline solu-
tion rather than silicate and sodium, the dissolution of
precursor constituents is consequently affected, and less
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geopolymerization products are formed, which is the main
reason for the recorded low strengths. On the basis of the
above analysis, it can be concluded that the best activator
properties are: MR of 1.5 and density of 1.4.

SEM analysis

SEM analysis was carried out on the samples which
resulted in the highest compressive strengths at the same
activator properties (MR of 1.5 and density of 1.4). The
effects of GGBFS content, curing time and curing tem-
perature were examined. Figure 6 shows the SEM images
of the plain MKT2 sample and those containing 20%
and 50% of GGBFS. As it can be seen, the micrograph
of GP100/0 reveals a densified microstructure, although
the morphology of its surface appears irregular and less
homogenous. The presence of micropores, micro-cracks,
air bubbles and many unreacted MKT2 particles may be
associated with the low strength achieved by this mixture
compared to those containing GGBFS. However, images
of GP80/20 and GP50/50 samples show that the inclu-
sion of GGBFS leads to a denser and more homogenous
microstructure, almost without micro-cracks. Although
many agglomerations of MKT?2 particles are still vis-
ible, particularly in GP80/20, some angular-shaped par-
ticles of GGBFS are observed in the GP50/50 sample.
In both MKT2/GGBFS-based geopolymer samples, the
geopolymer gel seems to be denser owing to the higher
polymerization of these mixtures, which agrees with
their higher compressive strengths. According to the EDS
analysis, the elemental composition of the geopolymer
gel of GP100/00 is dominated by Si, Al and Na, which
indicates that the main hydration product is N-A-S-H gel
with ratios Si/Al and Na/Al of 1.71 and 0.55, respectively.
Concerning the MKT2/GGBFS-based geopolymers sam-
ples, the EDS results indicate that the geopolymer gels
are composed mainly by Si, Al and Na; however, the Ca
content increases with increasing GGBFS content in the
mix. Burciaga-Diaz et al. [32] evidenced the localized for-
mation of products of different natures, such as N-A-S-H
gel around the MK particles and C-A-S-H gel, possibly
intermixed with other products, around GGBFS parti-
cles. On the other hand, Xiang et al. [16] reported that by
increasing the Si/Al ratio, more Si—O-Si bands should be
formed, which improved the compressive strength. The
Si/Al ratios of GP80/20 and GP50/50 are 1.98 and 1.28,
respectively, which explains the strength results shown in
Table 4. The effect of curing time on the microstructure
of GP80/20:1.5(1.4) cured at 100 °C is shown in Fig. 7.
The three images reveal a densified and packed structure;
the geopolymer gel has been clearly precipitated on the
surface due to the geopolymerization reactions. However,
significant morphological differences can be observed
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Fig.6 SEM images of GP1.5(1.4) cured at 100 °C for 48 h and having MKT2/GGBFS proportions of: a 100/0, b 80/20 and ¢ 50/50

after 48 h of curing, where the micropores have completely
disappeared and an integrally homogeneous binder occu-
pies the upper surface of the sample. A heavy presence of
unreacted GGBFS and MKT?2 particles is obvious at 6 h of
curing; however, the agglomerations of unreacted particles
decrease significantly after 48 h of curing. This means that
increasing the curing period enhances the dissolution of
precursors and increases the polycondensation rate, which
leads to higher compressive strengths as shown in Fig. 5.
The effect of curing temperature on the microstructure of
GP80/20:1.5(1.4) cured during 48 h at 60 °C, 80 °C and
100 °C in comparison with the reference geopolymer paste
cured at 20 °C for 180 days is shown in Fig. 8. Although
few agglomerations of unreacted particles are obvious, the
SEM images reveal that a large area of geopolymer gel is
visible in all samples, indicating that the selected tem-
peratures are sufficient to enhance the geopolymerization
reactions. Moreover, by increasing the curing temperature,
the microstructure becomes denser, less porous and con-
tains less micro-cracks, especially in the sample cured at
100 °C, which explains its higher compressive strength

compared to those cured at 60 °C and 80 °C. However,
and despite its high compressive strength (79.75 MPa), the
GP80/20:1.5(1.4) cured at 20 °C during 180 days seems to
be undensified, uncompacted and contains more micropo-
res, compared to that one cured for 48 h at 100 °C.

Conclusions and recommendations

The possibility of using low reactive MK in the synthesis
of MK/GGBFS-based geopolymer was investigated. The
effects of MK/GGBFS contents, activator properties and
curing conditions on setting times and compressive strength
were examined. On the basis of obtained results, the follow-
ing findings are drawn:

e The geopolymer based entirely on MKT2 recorded
the longest setting times and the lowest compressive
strengths. This result is due to the low MKT2’s reactivity,
CaO content and Si/Al ratio and the high water content
in these mixes.
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Fig.7 SEM images of GP80/20:1.5(1.4) cured at 100 °C for: a6 h,b24 hand c48 h

Inclusion of GGBFS as a partial substitution of MKT?2
decreased the setting times of geopolymer paste whatever
the activator molar ratio and density; however, the prop-
erties of the activator did not present a significant effect
on setting times.

The compressive strengths of geopolymer pastes were
remarkably enhanced with the inclusion of GGBFS,
independently of the activator properties and curing con-
ditions, but the higher enhancements were often recorded
for the GGBFS content of 20%.

The compressive strength of geopolymer pastes increased
with the increase in curing duration, while the trend
between compressive strength and curing temperature
was not obvious. In most cases, highest strengths were
obtained for curing at 60 °C, although the best strength
(82.16 MPa) was obtained for the paste cured at 100 °C.
Despite its low reactivity, MKT2 may be used in the syn-
thesis of MK/GGBFS-based geopolymer. Overall, setting
time and compressive strength of the synthesized geo-
polymer paste were positively affected by the decrease of
the activator MR and density and the increase in curing
duration; however, the effect of increasing curing tem-
perature was not obvious.

@ Springer

The microstructure of the GP80/20:1.5(1.4) cured at
100 °C for 48 h is dense and compact with large area of
the geopolymer gel on the upper surface of the sample.
The variation in GGBFS content, curing time and cur-
ing temperature affects negatively the microstructure of
geopolymer pastes.

The best performances of this MK/GGBFS-based geo-
polymer were obtained when the density of the activator
was 1.4 and its MR was 1.5 with a GGBFS content of
20%.

The present study was carried out on a laboratory scale;
the best performances of the synthesized geopolymer
were obtained using heat curing. It should be highlighted
that in real-scale applications, several sources of energy,
non-renewable (fossil fuels, electrical energy, etc.) and
renewable (solar energy) can be exploited in producing
the curing temperatures.

Due to the encouraging obtained results and the abun-

dance of KT and GGBFS in Algeria, the developed MK/
GGBFS-based geopolymer deserves to be valued as an alter-
native binder for mortar and concrete. Compared to ordinary
Portland cement, this binder with low environmental impact
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and energy consumption allows to get rid of GGBFS wastes,
while ensuring high early age compressive strength. How-
ever, the optimal performances of this geopolymer binder
must be investigated for other fineness and proportions
of MK and GGBFS, types and properties of activator and
design methods. Moreover, the use of resulting binder in
producing geopolymer concrete is strongly recommended,
the fresh and hardened properties of which need to be inves-
tigated thoroughly.
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