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Abstract

In this study, the influence of the activator type on the physical and mechanical properties of the geopolymer mortars was analyzed.
C and F-class fly ash (FA), blast furnace slag (BFS), sodium hydroxide (NH), sodium metasilicate (NS), standard sand, and distilled
water were used in the production of mortar specimens. All specimens were cured at room temperature. C and F-class fly ash usage
ratios are 0%, 15%, and 30%. NH was used as an activator in the 1%t group of the produced geopolymer mortars, and NS with NH was
used in the 2" group. 5 series were produced and a flow-table test, ultrasonic pulse velocity test, flexural strength test, compressive
strength test, and Scanning Electron Microscope-Energy Dispersive Spectrometry (SEM-EDS) microstructure analysis were applied
to the samples. The addition of NS increased the compressive strength and the greatest increase occurred in the reference sample
by 113%. It also increased the compressive strength of FAF30 by 60% in comparison to FAC30. Following the results of the SEM
examination, when the reference samples were compared, the addition of NS inhibited the formation of cracks. According to the SEM-
EDS analysis results, an increase in the F and C-class FA ratio improved the crack formation. Compared to F-class FA, FAC30 has more

cracks due to the lower SiO, content in C-class FA. High K content and SiO, ratio, as determined by EDS analysis, boost the alkalinity

and positively impact the strength.
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1 Introduction

Cement is one of the most consumed materials in the world
after water [1], and 4.4 billion tons of cement produced
worldwide in 2021 [2]. The amount of carbon dioxide (CO,)
emitted during cement production is the material's most
significant disadvantage in terms of sustainable and envi-
ronmentally friendly production. It is estimated that the
cement industry accounts for approximately 8% of global
CO, emissions [3]. Geopolymer materials, which are an
environmentally friendly alternative to cement [4], are pro-
duced by the reaction of aluminosilicate-containing solids
(blast furnace slag, fly ash, silica fume, metakaolin, etc.)
and alkaline solutions (sodium hydroxide, sodium metasil-
icate, etc.) [5-33]. Compared to cement, geopolymer has
advantages such as reduced environmental pollution, eco-
nomic contribution through reduced natural resource con-
sumption, and advanced durability properties. In addition,
geopolymer provides a denser, compact, and homogeneous
structure [4, 6, 7].

Geopolymer properties vary according to chemical
composition, binder fineness, activator type, activator
quantity, and curing type [8, 9]. One of the most commonly
produced mixtures, slag-based systems have high strength
and durability. As alkali activators, sodium silicate (NS)
and sodium hydroxide (NH) are generally preferred in the
production of geopolymers [8, 10—14]. While these acti-
vators facilitate the dissolution of the binder material by
increasing the pH level, they can lead to issues such as
rapid setting, high drying shrinkage, and microcrack for-
mation [15, 16]. Kopecsko et al. [17] determined that the
maximum compressive strength of 7 days-mixtures cured
at room temperature was 91.7 MPa. Heat curing acceler-
ated the chemical reaction, and had a strength-enhancing
effect in all mixtures. The maximum strength achieved by
heat curing at the age of 7 days was 110.4 MPa.
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Activator type [7, 18], alkali activator/binder (Al/b) ratio
[19, 20], NH molarity [19-23], and NS/NH ratio [19, 20,
24-29] affect the physical and mechanical properties of
geopolymers.

Examining the literature reveals that NS and NH are the
most frequently used activator combinations [19, 20, 24,
25, 27, 28, 30]. NS is more effective than NH at increasing
strength, and the combination of NS and NH results in high
strength [7]. It has been reported that the use of NH+NS
solution provides greater compressive strength for FA and
FA+BFS pastes than the use of NH or NS solution alone.
For BFS paste, the presence of silicate enhanced the devel-
opment of strength, and the NS solution (173 MPa) outper-
formed the NH+NS solution (171.7 MPa) [18].

It has been reported that decreasing the activator/
binder (Al/b) ratio from 0.4 to 0.35 increases the compres-
sive strength. The amount of activator has a more signif-
icant effect on compressive strength at an early age [20].
Increasing the A1l/BFS ratio from 0.4 to 0.5 decreased the
7-day compressive strength by 17% and the 28-day com-
pressive strength by 14%. While the increase in the Al/BFS
ratio (0.4, 0.45, 0.5) increased the porosity, it decreased the
compressive strength, modulus of elasticity, and flexural
strength at 7 days [19].

The increase in NH molarity ascends the compressive
strength. The alkalinity, which causes the Ca-O, Al-O,
and Si-O bonds to break in BFS and rises the formation
of hydration products, increases the strength [21-23].
Ascending the NH molarity from 10M to 12M raised the
compressive strength by about 23% [20]. The increase in
NH molarity ascended the compressive strength, flexural
strength, modulus of elasticity, and porosity of the BFS-
based geopolymer [19].

Another factor affecting the compressive strength is the
NS/NH ratio. The increase in the NS/NH ratio increases the
compressive strength. This is associated with an increase
in NS anions. NS anions react with Ca2+ dissolved from
the BFS surface and form a C-S-H gel [26]. In a study
investigating the effect of the NS/NH ratio (1.5, 2, 2.5)
on compressive strength, it was determined that the
effect of the NS/NH ratio varies depending on early and
advanced age. While the increase in the NS/NH ratio at
an early age increased compressive strength, it decreased
it in advanced age [20]. Similar results were observed by
Deb et al. [24] and Mijarsh [27]. In a study examining
the effect of the NS/NH ratio (0.5, 1.5, 2.5) on the com-
pressive strength of silica fume (SF) and BFS-based geo-
polymer, it was determined that the increase in NS/NH

ratio increased the compressive strength and the optimum
NS/NH ratio was 2.5 [25]. The increase in the NS/NH
ratio (3.25, 2.5, 1.75) increased the compressive strength,
flexural strength, modulus of elasticity, and porosity of the
BFS-based geopolymer [19]. High NH concentration in
C-class FA-based geopolymers can reduce the compres-
sive strength unlike F-class FA-based geopolymers [29].
When the NS/NH ratio is 1 or 2, the increase in silica
modulus (SiO,/Na,O) decreases the compressive strength,
while it increases when the NS/NH ratio is 1.5 or 2.5 [28].

In terms of industrial waste disposal, the utilization of
BFS and FA in the production of geopolymers is crucial.
This circumstance will strengthen the construction indus-
try's commitment to sustainable production and contrib-
ute to the reduction of environmental issues, particularly
air pollution. The efficient use of BFS and FA is intended
to reduce the strain on natural resources, lower cement
consumption, and reduce carbon footprint. This study
investigated the effect of activator type on the physical
and mechanical properties of BFS and FA-based geopoly-
mer mortars. Utilizing various activator combinations and
pozzolans will advance geopolymer technology.

Studies examining the effects of curing types, the use
of different activator combinations, or different pozzolans
on the physical properties (electrical/thermal conductiv-
ity, impermeability, sulfate/corrosion resistance, etc.) of
geopolymers can contribute to the advancement of geo-
polymer technology. These studies are crucial for avoiding
environmental issues and fostering sustainable manufac-
turing in the construction industry.

2 Material and methods

2.1 Materials and mixing ratios

BFS by ASTM C989 [34], C-class FA, and F-class FA
by ASTM C618 [35] obtained from ISDEMIR Iron-Steel
Factory, Cayirhan Thermal Power Plant, and Sugézii
Thermal Power Plant, respectively were used as binding
materials in the production of mortar samples.

F-class FA is produced by burning anthracite or bitu-
minous coal. It has pozzolanic properties. C-class FA is
obtained as a result of burning lignite or sub-bituminous
coal. In addition to pozzolanic properties, it also has bind-
ing properties [35].

NS and NH were used as activators. The chemical and
physical properties of BFS and FA are given in Table 1
and Table 2, respectively. The specific gravity and specific
surface area of the binder materials were determined by
helium pycnometer and Blaine method, respectively.



Table 1 Chemical properties of BFS and FAs

Materials
Froperty BFS FA-F FA-C
CaO (by weight, %) 35.26 1.54 13.2
SiO, (by weight, %) 40.07 62 49.13
Al O, (by weight, %) 12.16 20.41 15.04
Fe,0, (by weight, %) 0.77 7.35 8.25
S+A+F - 89.76 72.42
SO, (by weight, %) 0.17 0.16 3.84
MgO (by weight, %) 6.73 1.78 476
; *

gs;ajv?ilgl;liflz)(NaZO +0.658*K,0) 0.8 755 306
Na,O - 1.19 2.2
CI" (ppm) 50 10 -

Table 2 Physical properties of BFS and FAs

Materials
Property
BFS FA-F FA-C
Insoluble Residue (by weight, %) 0.66 0.87 -
Loss of Ignition (by weight, %) 0.78 2.05 0.72
Specific Gravity 2.92 2.21 2.34
Specific Surface (cm?/g) 3880 2780 2100

Fig. 1 shows the F-class FA and SEM images used in the
study. The FA particles are observed to have a spherical
structure. Fig. 2 shows the BFS and SEM images used in
the study. The BFS particles are observed to have an angu-
lar structure.

CEN reference sand conforming to TS EN 196-1 [36]
was used in the production of the mortar samples. CEN
reference sand is natural sand containing a high amount
of SiO, (at least 98%) and has isometric and rounded par-
ticles [36]. The density of CEN reference sand is roughly
2.6 g/em?®. Sieve analysis of CEN reference sand is given in
Table 3. The properties of NH and NS are given in Table 4.

2.2 Methods

Thirty mortar samples (40 x 40 x 160 mm) were made for
the experiment according to the TS EN 196-1 [36]. FA was
utilized by substituting 0%, 15%, and 30% of BFS by
weight. Five mortar series were manufactured. In the first
group of each mortar series, NH was used as the activator,
while NH+NS was used in the second group. Following 28
days, tests were conducted on the samples.

900 gr binder was used in the production of the mortar
series. The sand/binder ratio is 3, the NH molarity is 10M,
and the use of plasticizer additives is 1.2% by weight of the
binder. The codes and the usage ratios of the materials are
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(b)
Fig. 1 F-class FA (a) and SEM image (b)

(@) (b)
Fig. 2 BFS (a) and SEM image (b)

Table 3 Sieve analysis of CEN reference sand

Sieve analysis of CEN reference sand

Square Mesh (mm) Cumulative Sieve Residue (%)

2 0

1.6 7+£5
1 33+5
0.5 67+5
0.16 87+5
0.08 99 +5
2 0

Table 4 Properties of NH and NS

Chemical composition of NH

Property Value
Molecular Weight 40 g/mol
Na,CO; <1
Cl <0,01
SO4 <0,01
Purity %99
Chemical and physical properties of NS
Property Value
Na,O (%) 28.1-29.5
SiO, (%) 28-29.4
Solid Content (%) 57.5
Silica Module 1.01-1.05
Weight Ratio 0.98-1.02
Density (g/cm?) 0.85-1.05
pH 12-13
Melting Temperature (°C) 72
Color White

Particle Type Granular
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given in Table 5 (NS: Sodium metasilicate; NH: Sodium
hydroxide; B: Binder; NS S: Sodium metasilicate Solution;
NH S: Sodium hydroxide Solution; NS W: Sodium meta-
silicate Water; Ref: Reference). The reference mortar series
represents 100% BFS-substituted mortar samples. Water/
binder and solution/binder ratios are 0.5 and 0.4, respec-
tively. Plasticizer usage ratio, NS S/NH S, and NS W/NS S
values were determined as a result of preliminary studies.

Flow-table test by TS EN 1015-3 [37], ultrasonic pulse
velocity test by TS EN 12504-4 [38], flexural and compres-
sive strength test by TS EN 196-1 [36] were performed on
the mortar samples.

3 Results and discussions
Fig. 3 displays the flow-table values for the mortar series.
Fresh mortar was placed in the cone by tamping 10 times
with the rod in two stages. The diameters of the fresh mor-
tar were measured after 15 falls for 60 seconds. The average
of the diameters of the spread mortar in the x and y-axis
directions was calculated.
The flow-table value of fresh mortars made with NH
ranges from 108 to 117 mm, whereas the flow-table value
of fresh mortars made with NH+NS ranges from 110 to

Table 5 Codes and experimental design

Groups Series FA (%) BFS(%) NSS/NHS NS W/NSS
Ref 0 100
FACI5 15 85
NH FAC30 30 70 - -
FAF15 15 85
FAF30 30 70
Ref 0 100 1.88 0.6
FACI5 15 85
NH+NS  FAC30 30 70
FAF15 15 85
FAF30 30 70
ONH EINH+NS
E 125
% 120
=
& 115
o B i
oot 1 e (]
% 105 B |_| o B B
w Ref FAC15S FAC30 FAF15S FAF30

125 mm. The addition of NS improved the flow-table value
(except FAC30 and FAF15). Observations revealed that the
usage ratio and type of FA did not significantly affect the
flow-table value.

Table 6 contains the test findings acquired for the mortar
series. The test results for ultrasonic pulse velocity, flexural
and compressive strength are depicted in Figs. 4, 5, and 6,

respectively.
Table 6 Test results
Flexural Compressive
Codes UpPv Strength Strength
Groups Series km/s MPa MPa
Ref 4.238 6.2 22.5
FACI5 3.943 5.1 25.5
NH FAC30 3.898 5.0 21.0
FAF15 3.942 5.8 30.1
FAF30 3.637 4.7 19.8
Ref 4.267 6.2 479
FACI15 4.150 5.5 32.8
NH+NS FAC30 4.046 5.2 25.6
FAF15 4.040 5.4 27.8
FAF30 4.030 5.0 39.7
ONH BHNHHNS
4.4
iy
‘o -
L 42 %
v B
-
&3 40
& E
Lo =33
c b
o Il‘ e
]
E 3.6 a'’|
g Ref  FAC13 FAC30 FAF15 FAF30

Fig. 4 Ultrasonic pulse velocity test results

ONH ENH+NS

— 65

1]

(s

2 60

=

Bs

[:F]

=

“i 50

el |:|TE':
% 45 2
e Ref  FACIS FAC30 FAF15 FAF20

Fig. 3 Flow-table test results

Fig. 5 Flexural strength test results
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Fig. 6 Compressive strength test results

In the use of NH, the increase in C and F-class FA
decreased the ultrasonic pulse velocity. It appears that the
rate of reduction of ultrasonic pulse velocity is higher for the
F-class FA substitution. In the use of NH+NS, the increase
in C-class FA reduced the ultrasonic pulse velocity by up
to 5%. 15% F-class FA substitution reduced the ultrasonic
pulse velocity by 5%, while more than 15% did not cause
any significant change. The addition of NS increased the
ultrasonic pulse velocity in all series. This indicates that NS
forms a denser structure by reducing porosity. The greatest
increase (10%) occurred in FAF30 (Fig. 4).

In the use of NH, the increase in C and F-class FA
reduced the flexural strength by 19% and 24%, respectively,
and by 16% and 19% in the use of NH+NS. The addition of
NS increased flexural strength (except Ref). It is known that
there is a shrinkage problem in geopolymers [39]. Drying
shrinkage played an important role in the reduction of flex-
ural strength in the Ref due to microcrack formation [40].
The shrinkage problem may have neutralized the increas-
ing trend in flexural strength caused by the addition of NS
in the Ref. In addition, the effect of shrinkage on the flex-
ural strength may have decreased as the FA was added.
The greatest increase (8%) occurred in FAC15 (Fig. 5).

15% substitution of C and F-class FA with NH increased
the compressive strength by 13% and 33%, respectively.
This can be explained by the F-class's greater pozzolanic
activity as a result of its higher SiO, content. The 30% sub-
stitution did not significantly alter the situation. The addition
of NS increased the compressive strength, and the reference
sample (BFS100) showed the greatest increase (113%). This
can be explained by the high CaO concentration of BFS,
which gives it greater hydraulic binding properties. In addi-
tion, the increase in strength owing to the inclusion of NS
is a result of the siliceous structure of NS, which increases
its pozzolanic property. Phoo-ngernkham et al. [18] dis-
covered that the compressive strength of the (NH+NS)-
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activated FA-based geopolymer (45 MPa) was 800% greater
than the compressive strength of the NH-activated FA-based
geopolymer (2.5 MPa). Substituting 15% C- and F-class FA
in NH+NS decreased the compressive strength by 31.5%
and 42%, respectively. This can be explained by the high
CaO content of C-class FA, which increases its hydraulic
binding properties. Substitution of 30% C- and F-class FA
decreased the compressive strength by 46.5% and 17%,
respectively. This can be explained by the F-class's pozzola-
nic activity as a result of its higher SiO, content. Therefore,
it is evident that hydraulic binding plays an important role
at low substitution rates, but pozzolanic activity plays an
important role at high substitution rates (Fig. 6).

When the SEM images of the geopolymerization for-
mations are examined, silica crystals, microcracks, porous
structure, geopolymer gel, N-A-S-H gel, C-A-S-H gel,
BFS, and FA are seen. FA particles have a spherical shape
while BFS particles have a sharp angular shape. While sil-
ica crystals form at the beginning of the reaction on the FA
surface, the silica crystals turn into N-A-S-H gels later on.
As a result of the reaction on the BFS surface, a C-A-S-H
gel is formed (Fig. 7).

Fig. 8 depicts SEM images of the Ref-NH and Ref-NHNS
series. As a result of its siliceous nature, the inclusion of
NS considerably reduced crack formation (Fig. 8(b)). This
also explains why the addition of NS increased the com-
pressive strength of reference samples (BFS100) by 113%.

/

Micracrack

Fig. 8 SEM images of Ref-NH (a) and Ref-NHNS (b)
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Fig. 9 shows the SEM-EDS analysis results of Ref-
NHNS, FAC30-NHNS, and FAF30-NHNS. Crack for-
mation is rarely encountered in Ref (47.9 MPa) as BFS
has hydraulic binding properties due to its high CaO
content. The high CaO content of BFS and the siliceous
structure of NS provided a denser C-A-S-H gel forma-
tion (Fig. 9(a)). Similar results were obtained by Phoo-
ngernkham et al [18]. It was determined that the NH+NS
solution geopolymer matrix was denser than the NH solu-
tion geopolymer matrix, the fracture surface had fewer
unreacted FA particles, and the increased Ca content
increased the formation of C-S-H/C-A-S-H with geopo-
lymerization [18]. However, an increase in crack forma-
tion was observed with an increase in the F and C-class
FA ratio. This is due to the decrease in the amount of
CaO. The cracks in the FAC30 (25.6 MPa) series are more
numerous than those in the FAF30 (39.7 MPa) series. This
is due to the lower SiO2 content in C-class FA compared
to F-class FA (Fig. 9(b)). Although the FAF30 series has
a high SiO, content, it contains very low CaO. Therefore,
it has a lower compressive strength of about 8 MPa than
the Ref series (Fig. 9(c)). 15% F and C-class FA sig-
nificantly affect the physical/mechanical properties.
However, when SEM images were examined, no compa-
rable difference was observed in these series.

Table 7 displays the EDS results for Ref-NHNS,
FAC30-NHNS, and FAF30-NHNS. According to the
results of EDS, a high K content and SiO2 ratio improve
the alkalinity and positively impact the strength.

Table 7 EDS results of Ref-NHNS, FAC30-NHNS, and FAF30-NHNS

Chemical component (%)

Codes

Si Ca Mg Al Na K
Ref-NHNS 13.1 309 1.2 34 49 0.9
FAC30-NHNS 16.1 18.3 39 43 5.7 0.8
FAF30-NHNS 28.4 7.1 0 9.7 1 15.8

4 Conclusions

This study investigated the effect of activator type on the
physical and mechanical properties of blast furnace slag
(BFS) and F and C-class fly ash (FA) based geopolymer
mortars.

The addition of NS increased the compressive strength
compared to the use of NH alone, with the largest increases
(113%) occurring in the control sample (BFS100). This
can be explained by the high CaO concentration of BFS,
which gives it greater hydraulic binding properties. The
rise in compressive strength is attributed to the siliceous
structure of NS, which increases its pozzolanic property.

The optimal compressive strength was reached by sub-
stituting 30% F-class FA by comparison with C-class FA
since F-class FA has greater pozzolanic activity than C-class
FA because of F-class FA's higher SiO, concentration.

Following the results of the SEM examination, when the
reference samples were compared, the addition of NS inhib-
ited the formation of cracks because the siliceous structure
of NS produced a denser C-A-S-H gel. This explains why
the addition of NS resulted in a 113% increase in compres-

sive strength in the reference samples (BFS100).

Fig. 9 SEM-EDS results of Ref-NHNS (a), FAC30-NHNS (b), and FAF30-NHNS (c)



According to the SEM-EDS analysis results, the
decrease in the amount of CaO as a result of the increase
in the F and C-class FA ratio increased the crack forma-
tion. Compared to F-class FA, FAC30 has more cracks due
to the lower SiO, content in C-class FA. Although FAF30
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