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Keywords Abstract
Silica fume In this study, F class fly ash-based geopolymer mortar samples with 8%, 10%, and 12%
Fly ash NaOH concentrations were created by replacing 1%, 2%, 3%, 4% and 5% silica fume.
Mechanical and durability Geopolymer mortar samples were thermally cured at 65, 75, and 85 ° C for 24, 48, and
properties 72 hours. Geopolymer mortar samples were subjected to tests for workability,
Curing time compressive strength, flexural strength, resistance to high temperatures, and abrasion.
Temperature Geopolymer mortar samples were subjected to a high temperature compressive strength
Sodium ratio testat 200,400, 600,800, and 1000 °C. Mechanical and durability tests conducted on the
samples of thermally cured geopolymer mortar indicate that a specific amount of silica
Research Article fume substitution increases the strength. Additionally, it is observed that the addition of
Received:17.10.2024 silica fume contributes positively to the machinability. At all concentration ratios, the
Revised:19.10.2024 mortar sample containing 4% silica fume and subjected to thermal curing at 85°C for 72
Accepted:05.12.2024 hours had the highest compressive and flexural strength values. The maximum
Published:30.12.2024 compressive strength values achieved at high temperature were also obtained in the
sample with 4% silica fume substitution. After testing the produced mortar samples, it
@ check:for has been concluded that 4% silica fume substitution based on Class F fly ash is the
updates optimal value.

1. Introduction

In addition to requiring a substantial amount of energy during production, Portland cement emits carbon
dioxide [1]. Approximately 8% of the carbon dioxide (CO2z) released into the environment is attributable to the
usage of cement in the concrete industry [2]. Carbon emissions released into the environment during cement
production are known to cause environmental problems such as the greenhouse effect and add to the
environmental burden [3]. Consequently, an environmentally acceptable alternative is needed to reduce carbon
emissions from the production of Portland cement. Due to its high strength and durability, alkaline activator-
activated geopolymer of aluminosilicate wastes can be considered as an alternative binder material [4].

Geopolymer was first discovered by Joseph Davidovits in 1979. The inorganic geopolymer contains Si-O-Si and
Si-0-Al bonds. The three-dimensional mesh and aluminum silicate structure endow the geopolymer with
exceptional properties, including great strength and durability [5]. Geopolymers are environmentally friendly due
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to their low carbon emissions [6], use of industrial wastes as a binder material [7], medium-high density in terms
of physical properties [8], high compressive strength with mechanical properties [9], and low permeability in
terms of durability, acid and alkali corrosion resistance[10] and fire resistance [11].

In the production of geopolymers with multiple properties, silica- or silica-alumina-rich pozzolans with binding
properties are utilized [13]. This enables the use of fly ash [14], rice husk ash [15], and silica fume [16] in the
production of geopolymer concrete, which reduces greenhouse gas emissions by decreasing Portland cement
production.

Silica fume (SF), also referred to as micro silica, is a byproduct of melting silicon [17]. Due to its high pozzolanic
activity, it is utilized as a cement substitute or as an additive to concrete [18]. With its high SiO2 content and 0.1-
0.5 mm fine structure, it has the potential to be employed as a filler in porous structures to enhance their
mechanical and durability features [19]. Additionally, silica fume causes a reaction with calcium compounds of fly
ash during the creation of geopolymer reactions. According to [24], the reaction permits the creation of C-S-H gels,
which are responsible for the development of the strength and durability features of geopolymer concrete. A
limited number of studies have explored the consequences of silica fume exposure, as evidenced by the literature
review. Mijasrh et al. [20] investigated the use of silica fume as a mineral additive in the geopolymer produced
with palm oil ash in limited studies. In their research, Wang and Zhao [21-22] examined the characteristics of silica
fume-doped geopolymers under the effect of flame. According to Duan et al. [23], the mechanical characteristics
and microstructure analyses of the fly ash-based silica fume additive were tested using heating-cooling cycles at
varying temperatures to which geopolymers are subjected. Some researchers examined the effect of silica fume
addition with other minerals [24-28], while others examined the resistance and durability of geopolymers
produced with silica fume additive against aggressive waters (acid-sulphate-salt) [29,15,30].

Ca(OH)2 dihydroxylation occurs at temperatures between 400 and 500 °C in concretes made with standard
Portland cement. Thermal expansion and contraction at the transition region, known as the interface, cause
stresses to emerge. The ensuing strains create cracks and a loss in the strength of the concrete. With the production
of severe strength losses and fragmentation in Portland cement, the significance of alternative building materials
with great resistance to high temperatures has increased. Geopolymer structure degradation at high temperatures,
such as 700-800 °C, is more resistant than Portland cement-based concrete [31]. In contrast to Portland cement
concretes, the effect of segregation on geopolymer concrete is stable under high temperatures. Pore pressure
development is one of the leading causes of segregation and fragmentation in concrete [32]. Table 1 presents
various research from the scientific literature that examine the behavior of geopolymer concretes under the
influence of high temperatures.

Table 1.Some of the studies in the literature on geopolymers exposed to high temperatures

Reference Raw material Alkaline Exposed Testing
activator temperatures (<C)
Guerrieri et slag Na2SiO3 100, 200, 300, 400, 500, compressive strength,
al. [33] Ca(OH)2 600,700,800 and 1200  weight loss, visual
inspection
Sudarshan fly ash Na2SiO3 150, 200, 300 and 400 physical observations,
and NaOH compressive  strength
Ranganath test, rapid chloride
[34] permeability test
Abdulkareem fly ash Na2SiO3 100, 200, 400, 500, 600, compressive strength,
etal. [35] NaOH 700 and 800 thermal expansion,
microstructure analysis
Park et al fly ash and slag NazSi03 200, 400, 600 and 800 compressive  strength,
[36] NaOH microstructure analysis
Saavedra and fly ash and slag NazSiO3 300, 500, 700, 900 and compressive strength,
de Guti'errez NaOH 1100 visual inspection,
[37] microstructure
Zhang et al. fly ash NazSiO3 100, 200, 400, 600, 800 compressive strength,
[38] NaOH and 1000 mass loss, visual
inspection,
microstructure analysis
Sevinc  and Non-standart fly NazSiO3 85 Fresh and hardened unit
Durgun ash, waste glass powder NaOH weights, UPV,
[39] and silica fume compressive strengths,
splitting tensile
strengths, XRD andSEM
Zhao et al fly ash and slag NazSiO3 100, 200, 400, 500, 600, compressive strength,
[40] NaOH 700 and 800 flexural strength, mass
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loss, microstructure
analysis

Ibraheem et fly ash, slag and quarry NazSiOs NaOH 400 and 800 compressive  strength,

al. [41] rock dust weight loss,
microstructure analysis

Topal et al. slag NazSiO3 100, 200, 400, 600 and compressive  strength,

[42] NaOH 800 ultrasonic pulse velocity,
weight loss, sorption,
water absorption, visual
inspection,
microstructure analysis

Tayeh et al. flyashand slag NazSiO+ 200,400, 600 and 800 compressive strength

[43] NaOH

Kantarci et al.  volcanic tuff NaOH 100, 300, 500 and 700 compressive  strength,

[44] visual appearance, water
absorption, weight loss,
microstructure analysis

Huang et al. slag, silica fume and K2COs3 200, 400, 600 and 800 compressive  strength,

[45] quartz powder NazSi03 visual inspection

Memis, and slag, ceramic dust and NazSiO3 300, 450 and 600 compressive  strength,

Bilal [46] rice husk ash NaOH mass loss

Turkey et al. Fly ash and glass KOH 200, 400, 550 and 800 mass loss, cracking,

[47] powder water absorption, and
microstructure

Bayrak et al. Slag-based prepacked 150°C, 300°C, and compressive strength,

[48] aggregate geopolymer, 600 °C mass loss

silica fume and rice
husk ash
Gultekin and pumice-, perlite-, fly Na2SiO3 450, 600, 750 and 900 XRD ve SEM,
Ramyar [49] ash- and burnt clay NaOH compressive strength

The novelty of this study is to investigate the effects of different ratios of silica fume substitution, activator with
different Na concentration, different curing time and different curing temperatures on mechanical and durability
properties of fly ash based geopolymer mortar. Within the scope of this research, many parameters were
investigated and it was tried to determine the optimum values suitable for waste utilization and geopolymer
production. There is a limited number of studies investigating many different parameters together and the effects
of these parameters on the strength and durability of geopolymer mortar. In order to contribute to the literature,
the effect of high temperature on the behavior of silica fume (SF) substituted fly ash based geopolymer mortars
was investigated.

2. Material and Method

2.1. Materials

The fly ash used in this study was obtained from the Adana Ceyhan Sugozu thermal power plant in Turkey.
According to the TSE EN 450-1[50] standard, it is categorized as F class (low lime) fly ash since the
SiO2+Al203+Fe203 content is greater than 70% and the CaO content is less than 10%. The silica fume used in the
research in accordance with TS EN 13263-1+A1 [51] was obtained from a private laboratory named Dost Kimya
in Istanbul (Turkey). Table 2 lists the chemical composition and physical parameters of the fly ash and silica fume
utilized in the investigation. Rilem Cembureau Standard sand conforming to TS EN 196-1 [52] was obtained from
Limak Set Cement Inc. in Ankara (Turkey). Table 3 displays the granulometry of standard Rilem sand. The specific
gravity and water absorption rate of Rilem sand were found to be 2.61 g/cm?3 and 1.275%, respectively. In the
manufacturing of geopolymer, 97% pure NaOH was used as an activator, and tap water was added to the mixture
to create a solution. Table 4 contains the chemical constituents of NaOH.

2.2. Mixture preparation, casting and curing
Table 5 lists the mixing ratios utilized in the production of geopolymer mortar samples. Samples of mortar

were made from fly ash with 1%, 2%, 3%, 4%, and 5% silica fume substitution. Mortar samples made with five
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distinct silica substitution rates and three distinct sodium ratios (8%, 10%, 12%), and, were kept at three distinct
curing temperatures (65°C, 75°C, 85 °C) and for three different curing times (24h, 48h, 72h).

2.3. Experimental program

Geopolymer samples with and without silica fume were tested for flexural strength, compressive strength,
abrasion resistance, and high temperature testing and SEM analyses were conducted. Every experiment was
carried out on a group of three samples and the average of the measured quantity was presented in the manuscript.
Figure 1 depicts the preparation and curing of geopolymer samples, as well as the used test system. 40x40x160
mm samples of geopolymer mortar were tested for their flexural strength in line with TS EN 1015-11 [53]. After
testing for the flexural strength, the broken halves were used to test for the compressive strength 40x40 mm size.
Using a Bohme abrasion device and in line with the TS 2824 EN 1338 [54] standard, the Bohme abrasion resistance
was determined. In the high temperature test, geopolymer samples were kept for 60 minutes in furnaces at the
relevant high temperatures. After 60 minutes of exposure to high temperatures of 200-400-600-800 and 1000 °C,
air and water cooling regimes were applied. After 60 minutes of exposure to the relevant temperature and
applying the air cooling regime the samples were removed from the oven and allowed to cool in the laboratory
environment. Alternatively, other samples that were subjected to a water cooling regime after 60 minutes of
exposure to high temperature, were immersed in the curing pool and cooled. The mechanical, physical, and
microstructural properties of samples cooled under two distinct conditions were studied separately.

Table 2.Chemical and physical properties of fly ash and silica fume

Chemical and physical properties Fly Ash Silica Fume
Si02 (%) 60.81 92.02
Al203 (%) 19.54 0.54
Fe203 (%) 7.01 0.94
SO3 (%) 0.31 0.7
Naz0 (%) 243 1.42
Ca0 (%) 5.07 1.84
Total Na eq. alk, (%) 0,63 0.07
K20 (%) 2.0 2.2
Ignition Loss 2.20 0.27
Particle Density (kg/m3) 2390 2400
Blaine Specific Surface (cm?/gr) 4200 200000

Table 3. CEN standard sand sieve analysis and limit values

Property Sieve Diameter (mm)

2.00 1.60 1.00 0.50 0.16 0.08
Sieve Remainder (%) 0.0 7.1 34.6 71.2 86.4 99.3
TS EN 196-1 Limit Values (%) 0 7+5 3345 6745 8745 99+1

Table 4. Chemical Composition of NaOH

Chemical Name Sodium Hydroxide
Chemical Formula NaOH

Molecular Weight 40.00 g/mol
Asymmetric =297

Na2C0s3 <1

Cl <0.01

S04 <0.01

Heavy Metal <0.002

Al <0.002

Fe <0.002

Table 5 .Properties of groups

Group- Fly Silica Sand Water NaOH Cure condition (temperature
NaOH Ash (gr) Fume (gr) (gn) (gr) (Molarity) and curing time)
Concentration

R- 8M 450 - 1350 140 8M

S1-8M 445.5 4.5 1350 140 8M

S2-8M 441 9.0 1350 140 8M

S3-8M 436.5 13.5 1350 140 8M 65°C-24 h

S4-8M 432 18.0 1350 140 8M 65 °C-48 h

S5-8M 427.5 22.5 1350 140 8M 65°C-72h

R- 10M 450 - 1350 140 10M
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S1-10M 4455 45 1350 140 10M 75°C-24 h
S2-10M 441 9.0 1350 140 10M 75°C-48 h
S3-10M 436.5 13.5 1350 140 10M 75°C-72h
S4-10M 432 18.0 1350 140 10M
$5-10M 4275 22.5 1350 140 10M 85°C-24h
R- 12M 450 - 1350 140 12M 85°C-48h
S1-12M 4455 45 1350 140 12M 85°C-72h
S2-12M 441 9.0 1350 140 12M
S3-12M 436.5 13.5 1350 140 12M
S4-12M 432 18.0 1350 140 12M
S5-12M 4275 22.5 1350 140 12M

High
Temperature

Geopolimer

Figure 1. Geopolymer production and testing system
3. Results and discussion
3.1. Workability Test
For the workability spreading test, mortar sample groups with 8, 10, and 12M NaOH concentrations were
prepared, and the test results found according to TS EN 1015-3 [55] are depicted in Figure 2 in the form of a bar

graph. The differences of the workability values being too little, numerical values will be presented below for the
purpose of close checks by the readers.
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Figure 2. Workability values of fresh mortar groups

It is observed that the reference groups with 8,10, and 12M of sodium hydroxide have workability values of
106, 113, and 123 mm, respectively. Furthermore, the corresponding values for mortar groups containing 1%
silica fume are 107, 118, and 128 mm, those for 2% silica fume are 108, 120, and 130 mm, those for 3% silica fume
are 108, 120, and 132 mm, those for 4% silica fume are 109, 121, and 134 mm, and those for 5% silica fume are
110, 123, and 135 mm, respectively. Workability values of the reference group and the silica fume added ones
reveals that the workability increases as the silica fume additive and alkali activator ratio increase. Dehghani et
al.[85] reported that fluidity depends on the SiO2/Al203 ratio. It is realized that the + ions surrounding the ash
particles boost the workability of the fly ash-based mortar samples when silica fume is added. With a surplus of +
ions, workability increases. The results of this study are consistent with those of previous research [56-58].

3.2. Compressive strength

Figure 3 depicts the compressive strength values of groups with varying silica fume additive rates, cured at
different temperatures for different curing times.
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Figure 3. Compressive strengths of groups cured at 65°C (a), 75°C (b), and 85°C (c)

Compressive strengths of groups cured at 65°C reveals that the compressive strength rises with increasing
curing time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for
72 hours had the maximum strengths of 45.6MPa, 61.8MPa, and 64.5MPa, respectively. Among the groups with
8M, 10M, and 12M concentrations, S4 groups had the highest compressive strengths after 24 hours, 48 hours, and
72 hours of curing, while the reference group had the lowest compressive strength. Among all groups with 8M,
10M, and 12M concentrations, the reference ones cured for 24 hours had the lowest compressive strength, with
the values of 17.4MPa, 23.6MPa, and 23.8MPa, respectively. For all curing times and silica concentrations, the
compressive strengths of all silica-substituted groups were higher than those of the reference ones. However, in
all cases considered, the compressive strengths of S5 groups are lower than those of S4 groups. This means that
increasing the silica concentration above 4% causes a decrease in the compressive strengths of groups cured at
65°C.

Compressive strengths of groups cured at 75°C reveals that the compressive strength rises with increasing
curing time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for
72 hours had the maximum strengths of 47.1MPa, 66.9MPa, and 71.3MPa, respectively. Among the groups with
8M, 10M, and 12M concentrations, S4 groups had the highest compressive strength after 24 hours, 48 hours, and
72 hours of curing, while the reference group had the lowest compressive strength. Among all groups with 8M,
10M, and 12M concentrations, the reference ones cured for 24 hours had the lowest compressive strengths, with
the values of 21,2MPa, 29,5MPa, and 29,9MPa, respectively. For all curing times and silica concentrations, the
compressive strengths of all silica-substituted groups were higher than those of the reference ones. However, in
all cases considered, the compressive strengths of S5 groups are lower than those of S4 groups. This means that
increasing the silica concentration above 4% causes a decrease in the compressive strengths of groups cured at
75°C.
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Compressive strengths of groups cured at 85°C reveals that the compressive strength rises with increasing
curing time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for
72 hours had the maximum strengths of 49,3MPa, 67,9MPa, and 72,3MPa, respectively. Among the groups with
8M, 10M, and 12M concentrations, S4 groups had the highest compressive strength after 24 hours, 48 hours, and
72 hours of curing, while the reference group had the lowest compressive strength. Among all groups with 8M,
10M, and 12M concentrations, the reference ones cured for 24 hours had the lowest compressive strengths, with
the values of 24,1MPa, 34,2MPa, and 37,1 MPa, respectively. For all curing times and silica concentrations, the
compressive strengths of all silica-substituted groups were higher than those of the reference ones. However, in
all cases considered, the compressive strengths of S5 groups are lower than those of S4 groups. This means that
increasing the silica concentration above 4% causes a decrease in the compressive strengths of groups cured at
85°C.

The addition of silica fume during the production of fly ash-based geopolymer enhances the compressive
strength of all series. After 72 hours of curing for a 12M concentration, the sample S4 with the 12M concentration
had the highest compressive strength, which was 11.50% higher than the reference sample. In their investigation,
Anuar et al. [59] determined the compressive strength values of samples at the ages of 3, 7, 14, 21 and 28 days
produced with 8M and 14M sodium hydroxide. Their results showed that the 14M samples had a higher
compressive strength than the 8M samples. In the present investigation, the samples with 12M silica concentration
had the highest compressive strength, which was supported by previous research. Other authors mentioned that
the use of alkaline solution of sodium hydroxide had a good effect on geopolymerization, depending on the pH
level rise and the controlled hydration activity [60]. In all series of the investigation, the increase in the
compressive strength value by silica fume addition can be explained by the pozzolanic activity of silica fume. Silica
fume, which possesses highly reactive pozzolanic characteristics, enables gel development, resulting in increased
compressive strength. This explanation also incorporates corroborating results from previous studies [23]. In
addition, the extremely fine structure of silica fume causes a micro-filling effect in the matrix phase of substituted
mixes. Consequently, it renders a stronger and denser microstructure [30]. Furthermore, the addition of silica
fume results in an increase in concentration, while the rise in molarity contributes to a better dissolution of
aluminosilicate sources, thus, enhancing the geopolymer formation process [61-62]. However, it was observed
that the change in pressure first increased and then decreased with the SiO2/Al203 ratio [87]. The addition of silica
fume to the S4 sample with 12M concentration raised the Si02/Alz203 ratio, and the increase in silicate ions caused
a considerable increase in strength values [30]. It is thought that in silica substitutes above 4%, the amount of
extra silica that cannot react negatively affects the strength at all ages and temperatures [63].

3.3. Flexural strength

Figure 4 depicts the flexural strength values of fly ash-based groups with varying silica fume additive rates,
cured at different temperatures for different curing times.
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Figure 4.Flexural strengths of groups cured at 65°C (a), 75°C (b), and 85°C (c)

Flexure strength data of groups cured at 65°C reveals that the flexure strength increases with increasing curing
time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for 72
hours had the maximum strengths of 7.5MPa, 8.5MPa, and 10.1MPa, respectively. Among the groups with 8M, 10M,
and 12M concentrations, S4 groups had the highest flexural strengths after 24 hours, 48 hours, and 72 hours of
curing, while the reference sample had the lowest flexural strength. Among all groups with 8M, 10M, and 12M
concentrations, the reference ones cured for 24 hours had the lowest strength, with the values of 3.2MPa, 4.3MPa,
and 4.8MPa, respectively. For all curing times and silica concentrations, the flexural strengths of all silica-
substituted groups were higher than those of the reference ones. However, in all cases considered, the flexure
strengths of S5 groups are lower than those of S4 groups. This means that increasing the silica concentration above
4% causes a decrease in the flexure strengths of groups cured at 65°C.

Flexure strength data of groups cured at 75°C reveals that the flexural strength increases with increasing curing
time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for 72
hours had the maximum flexural strengths of 8.1MPa, 9.3MPa, and 10.5MPa, respectively. Among the groups with
8M, 10M, and 12M concentrations, S4 groups had the highest flexural strengths after 24 hours, 48 hours, and 72
hours of curing, while the reference group had the lowest flexural strength. Among all groups with 8M, 10M, and
12M concentrations, the reference ones cured for 24 hours had the lowest flexure strength, with the values of
3.9MPa, 5.5MPa, and 5.8MPa, respectively. For all curing times and silica concentrations, the flexural strengths of
all silica-substituted groups were higher than those of the reference ones. However, in all cases considered, the
flexural strengths of S5 groups are lower than those of S4 groups. This means that increasing the silica
concentration above 4% causes a decrease in the flexural strengths of groups cured at 75°C.

Flexural strength data of groups cured at 85°C reveals that the flexural strength increases with increasing
curing time and NaOH concentration. Among S4 groups with 8M, 10M, and 12M concentrations, the ones cured for
72 hours had the maximum flexural strengths of 8.3MPa, 9.6MPa, and 11.1MPa, respectively. Among the groups
with 8M, 10M, and 12M concentrations, S4 groups had the highest flexural strengths after 24 hours, 48 hours, and
72 hours of curing, while the reference group had the lowest flexural strength. Among all groups with 8M, 10M,
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and 12M concentrations, the reference sample cured for 24 hours had the lowest flexural strength, with the values
of 4.0MPa, 5.7MPa, and 5.9MPa, respectively. For all curing times and silica concentrations, the flexural strengths
of all silica-substituted groups were higher than those of the reference ones. However, in all cases considered, the
flexural strengths of S5 groups are lower than those of S4 groups. This means that increasing the silica
concentration above 4% causes a decrease in the flexural strengths of groups cured at 85°C.
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Figure 5. The relationship between the flexural strength and compressive strength values of geopolymer
mortars

Similar results were obtained for flexural and compressive strength values (Fig. 5). Among groups with 8M
concentration, S4 group cured for 72 hours exhibited the highest increase in flexural strength with 19% over the
reference group. Each of the other silica-added groups had the following flexural strength increase rates compared
to the reference group, S1 5%, S2 9%, S3 14%, and S5 16%. Among groups with 10M concentration, S4 group cured
for 72 hours exhibited the highest increase in flexural strength with 15.70% increase in flexural strength compared
to the reference group. The other silica-added groups had higher flexural strengths than the reference sample,
with increase rates of S1 2.5%, S2 4.92%, S3 7.30%, and S5 6.10%. Among groups with 12M concentration, S4
group cured for 72 hours exhibited the highest increase in flexural strength with 14.50% increase in flexural
strength compared to the reference group. In comparison to the reference sample, the flexural strengths of the
other silica-added samples had the following increase rates, S1 1.1%, S2 3.3%, S3 12.4%, and S5 11.40%. Flexural
strength values of groups with 12M concentration cured for 72 hours at 85°C are in the range 9.7-11.1 MPa.
lkentapar and Ozsoy [63] produced geopolymer samples with 8M, 10M, and 12M NaOH concentrations cured at
two distinct temperatures, 60°C and 90°C, for 24h, 48h, and 72h and found flexural strength values in the range
5.7-11.8MPa. The results of the present study and the results of reference [63] look perfectly consistent with each
other. It has also been noted by other authors that the high amorphous silica content in the structure of
geopolymers including silica fume as a substitute contributes positively to the strength, durability, and
microstructure properties of mortars and improves their geopolymeric structure [30,64-65].

3.4. Determining Abrasion Resistance
At the end of the 72 hours of thermal curing at 85°C, cubic geopolymer samples of 71x71x71 mm dimensions
were removed from the oven and allowed to cool at room temperature. After determining their weights and
volumes, they were abraded in line with TS 2824 EN 1338 [54] with a Bohme device and their weight and volume
losses were determined.
Table 6. Abrasion resistance of mortar groups (12M-72h-85°C)

Group Volumetric loss Weight loss
(mm3/5000mm?) (gr)

R 3925 8.62

S1 3844 8.39

S2 3709 8.09

S3 3511 7.74

S4 3348 7.38

S5 3402 7.41

Table 6 provides the abrasion resistance properties, via the volumetric and weight loss values, of mortar groups
produced with 12M concentration and 72 h curing time at 85°C. High volumetric and weight loss values indicate
that the abrasion resistance of a sample is low, whereas low volumetric loss and weight loss values indicate that
the abrasion resistance of a sample is high. The sample with the greatest volumetric and weight loss among the
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geopolymer groups was the reference group, whereas the group with the least volumetric and weight loss was
group S4. The groups containing silica fume exhibited greater resistance to weight loss due to abrasion than the
control group by the following percentages: S1-2.8%, S2-6.6%, S3-11.4%, S4-16.9%, and S5-16.4%. The micro-
filling effect of silica fume with its tiny particles can explain the positive effect of it on enhancing the abrasion
resistance of samples. It has been stated previously in the literature that the adhesion and abrasion properties of
geopolymers are superior to those of cement-based repair materials [66]. In addition, several researchers have
proven in the literature [67-69] that there is a correlation between abrasion resistance and compressive strength
values, i.e. samples with high compressive strength values also have high abrasion resistance. It was suggested
that a similar association existed in samples containing silica fume.

3.5. Compressive Strength Following Exposure to High Temperatures

Figure 6 depicts the compressive strength values of samples with concentrations of 8M, 10M, and 12M cured
for 72 hours at 85°C before and after the fire test.
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(c)
Figure 6. Residual compressive strengths of groups after fire test (a) 8M concentration (b) 10M concentration
(c) 12M concentration

The fire test was carried out on each group and with each of the three 8M, 10M, and 12M concentration values
after having been cured for 72 hours at 85°C. The compressive strength values of all groups, were determined after
exposure to high temperatures of 200°C, 400°C, 600°C, 800°C, and 1000°C followed by a cooling regime in air and
water, each at a time.

After the 8M concentration groups were exposed to the high temperature of 200°C, the groups cooled in air
experienced increases of 1.1-2.8% in the compressive strength compared to the reference one, while the
compressive strengths of the groups cooled in water increased by 0.5-2.2%. Considering the two alternative
cooling regimes after the application of 200°C, the greatest improvement in compressive strength was produced
in S4 group with the air cooling regime. Anyhow, for 200°C, the compressive strength of all groups increased in
both cooling regimes. The compressive strength of any group cooled in air was found to be greater than that of the
same group with the same concentration and the same high temperature cooled in water. For 400°C and higher
temperatures, compressive strength losses were detected in both cooling regimes for all groups. For 400, 600, 800,
and 1000°C, groups cooled in air exhibited compressive strength losses of 0.8-1.6%, 49.4-62.1%, 54.1-65.2%, and
57.1-83.2%, respectively, whereas the losses for cooling in water were 1.2-1.9%, 51.7-63.3%, 56.1-66.4%, and
65.4-87.9%, respectively.

After the 10M concentration groups were exposed to the high temperature of 200°C, the groups cooled in air
experienced increases of 1.6-3.3% in the compressive strength compared to the reference one, but the
compressive strength of the groups cooled in water increased by 1.3-3.1%. Anyhow, for 200°C, the compressive
strength of all groups increased in both cooling regimes. The compressive strength of any group chilled in air was
found to be greater than that of the same group with the same concentration and the same high temperature cooled
in water. In groups heated to 400°C, it was observed that the ones cooled in air had a compressive strength increase
0f 0.9% to 2.6% for all groups containing silica fume, but the control group experienced a pressure loss of 0.5%.
In addition, groups chilled in water after the application of 400 °C exhibited a compressive strength drop between
0.3% and 1.5%. It was noted that the compressive strength loss of groups cooled in air after 600°C, 800°, and
1000°C were in the ranges 48.9-56.2%, 53.3-58.6%, and 55.4-64.4%, respectively. In contrast, the water-cooled
groups experienced compressive strength losses of 50.2-59.1%, 51.2-60.6%, and 62.4-70.7%, respectively.

After the 12M concentration groups were exposed to the high temperature of 200°C, the groups cooled in air
experienced increases of 4.2-13.7% in the compressive strength compared to the reference one, while the
compressive strength values of the groups cooled in water increased by 3.65 to 5.55%. Considering the two
alternative cooling regimes after the application of 200°C, the greatest improvement in compressive strength was
produced in S4 group with the air cooling regime. Anyhow, for 200°C, the compressive strength of all groups
increased in both cooling regimes. The compressive strength of any group cooled in air was found to be greater
than that of the same group with the same concentration and the same high temperature cooled in water. In groups
heated to 400°C, it was observed that in all groups with silica fume, there were increases in the ones cooled in air,
in the range 2.9% to 5.1%, whereas in the ones cooled in water, in the range 1.9% to 3.0%, and a loss of 0.9% took
place in the reference group. It was noted that the compressive strength loss in groups cooled in air after 600°C,
800°, and 1000°C were in the ranges 43.5-47.8%, 45.8-53.6%, and 52.2-60.7%, respectively, whereas in groups
cooled in water, in the ranges 47.9-52.5%, 50.6-55.8%, and 54.2-63.5%, respectively. The foregoing results
concerning the compressive strengths of the mortar groups obtained in this experimental research confirms that
mortars cooled in air after being exposed to applied high temperatures had higher compressive strengths
compared to those cooled in water. This fact can rightfully explained by the restoration of the water ratio lost by
the samples in the cooling regime application. In their experiments, previous researchers [70-71] obtained
comparable results, and claimed the foregoing assertion.

With three different concentrations, 72 hours of thermal curing at 85°C, geopolymer samples exhibited the best
compressive strength at 200°C. The samples of S4 group had the maximum compressive strength value when
cooled in air and water after the application of 200 °C, while the samples of the reference group had the lowest
strength value. Contrary to concentration of 8M with 10M concentration and subjecting to air cooling regime after
applying 400°C temperature, all samples with silica fume experienced a compressive strength increase, whereas
the samples of the reference group experienced a compressive strength loss. With 12M concentration, while
compressive strengths of all samples with silica fume increased, both in air and water cooling after applying 400°C
temperature, there was a compressive strength loss in the samples of the reference group. The increase in the
compressive strength can be attributed to the increase in concentration. Anuar et al. [59] reported that the
geopolymers they produced with 14M concentrations had higher compressive strengths than the ones with 8M
concentrations in all compressive strength measurements at the ages of 3-28 days, which is in agreement with the
results reached in the present work. At 400, 600, 800, and 1000°C cooling executed both in air and water, there
are losses in compressive strengths of all groups. Despite the fact that there are losses in compressive strength
after high temperature and two distinct cooling regimes, the sample with the lowest strength value is the reference
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sample, and the addition of silica fume contributes to the strength at high temperatures. Different researchers have
reported that the high temperature resistance of the fly ash-based geopolymers is high and addition of silica fume
improves their microstructure enhancing their strength and durability [72-74]. At high temperatures, unreacted
precursor grains sinter and cause the matrix to density. Owing to the high temperature resistant N-A-S-H gel, no
serious decrease in strength was observed up to 400°C [88]. However, porosity and dehydration occurring in the
concrete structure due to the breakdown of this bond at higher temperatures caused a decrease in strength [36]

3.6. Flexural Strength Following Exposure to High Temperatures

Figure 7 depicts the flexural strengths of groups, produced with 8M, 10M, and 12M concentrations and 72 h

curing period at 85°C, after cooling in air and water, each at a time, following the exposures to high temperatures
of 200, 400, 600, 800, and 1000°C.
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Figure 7. Residual flexural strengths of groups (a) 8M concentration (b) 10M concentration (c) 12M
concentration

While examining the flexural strength values of groups with 8M concentration, it is observed that the flexural
strength values following the air cooling regime after the application of 200°C are in the range 6.6-7.3 MPa,
whereas the flexural strength values after the water cooling regime are in the range 6.2-7.0 MPa. After two separate
cooling regimes following the application of 200°C, S4 group had the maximum flexural strength with a value of
7.9MPa, while the reference group had the lowest value with 6MPa. Following both cooling regimes after the
application of 200°C Zhang [75] and Ergeshov [76] concluded that the flexural strength increased in the starting
part of the interval 200-400°C and decreased in the remaining part, which is consistent with the results of the
present study. This shift from increase to decrease is due to solidification in the melting process, which is
corroborated by other authors, also [77-80]. The flexural strengths of groups cooled in air after being exposed to
400, 600, 800, ve 1000°C were in the ranges 8.1-8.7MPa, 4.1-4.7MPa, 3.0-3.5MPa, and 2.0-2.5MPa, respectively,
and the corresponding values for groups cooled in water were in the ranges 5.7-6.5MPa, 3.8-4.3MPa, 2.6-3.1MPa,
and 1,6-2.1MPa, respectively.

Among the 8M concentration groups, after the application of high temperatures of 200, 400, 600, 800 and
1000°C, the reference group yielded flexural strength values of 8.2MPa, 8.1MPa, 3.1MPa, 2MPa, and 1.8MPa,
respectively, in the air cooling regime, while the corresponding values in the water cooling regime were 6MPa,
5.6MPa, 2MPa, 1.6MPa ve 1.4MPa.

When the flexural strength values of the groups with 10M concentration after the application of 200°C were
examined, it was observed that the flexural strengths were in the range 8.8-10.2MPa after the air cooling regime,
and in the range 8.6-10.0MPa after the water cooling regime. After both cooling regimes following the application
of 200°C, flexural strength rises took place in all groups with 10M concentration. The flexural strengths of 10M
concentration groups cooled in air after the application of 400, 600, 800 and 1000°C, were in the ranges 8.6-
10MPa, 5.1-5.8MPa, 4.8-5.4MPa ve 2.3-2.9MPa, respectively, and the corresponding values for groups cooled in
water were in the ranges 9.8-8.4MPa, 4.9-5.6MPa, 4.5-5.1MPa, and 2.1-2.6MPA, respectively. The reference group
with 10M concentration cooled in air after the application of 200, 400, 600, 800 and 1000°C, acquired flexural
strength values of 8.7MPa, 8.4MPa, 4.2MPa, 3.7MPa, and 1.9MPa after being exposed to high temperatures of 200-
400-600-800 and 1000°C in the air cooling regime, and the corresponding values for groups cooled in water were
in the ranges 8.5MPa, 8.2MPa, 4MPa, 3.4MPa ve 1.7MPa in the water cooling regime, respectively. All 10M
concentration groups which were produced under identical conditions and parameters, yielded higher flexural
strength values than 8M concentration groups.

Flexural strength values of the groups with 12M concentration reveals that the flexural strengths after the air
cooling regime at 200 °C range from 10.2-11.5MPa, while the flexural strengths after the water cooling regime
range from 10.1-11.4MPa. After varying cooling regimes at 200°C, all series exhibited pressure rises in the 8M-
10M concentration range. It was discovered that the flexural strengths of samples cooled in air at 400-600-800
and 1000°C were between 10.1-11.3MPa, 5.4-6.1MPa, 5.1-5.8MPa, and 2.9-3.4MPa, respectively. The flexural
strengths obtained after the water cooling regime were 10-11MPa, 5.1-6MPa, 4.9-5.6MPa, and 2.7-3.2MPa,
respectively. After exposure to high temperatures of 200-400-600-800 and 1000°C, the reference sample obtained
flexural strength values of 10MPa, 9.8MPa, 4.7MPa, 4.3MPa, and 2.1MPa in the air cooling regime, and 9.9 in the
water cooling regime. The lowest values of strength reached were 2MPa, 9.7MPa, 4.5MPa, 4.1MPa, and 2MPa.

The maximum flexural values were found in samples cured at 12M and 85°C, as determined by an examination
of the results of flexural value measurements. Abdulkarem et al. [81] reported that the strength of geopolymers at
200°C and higher decreases due to voids caused by water loss, and that the resistance to high temperature will
increase by curing samples exposed to high temperature at 60-90°C. This interpretation was supported by similar
findings in the study. Despite a loss in flexural strength at 600 and 1000°C, it was revealed that samples containing
silica fume were more resistant to high temperatures than the control sample. Dehydration of geopolymers,
evaporation, and thermal reactions are cited as the causes of the strength losses that occur at temperatures of 600
°C and above [82]. In a different study, it was reported that geopolymer mortars lost strength at high temperatures
of 300-700 °C due to mass loss due to dehydraxylation cracks resulting from thermal incompatibilities, and
microstructure damage [75]. In addition, the fact that the strength losses that result from flexural strength are
greater than the compressive strength values can be attributed to the spreading of cracks formed at high
temperatures and the fact that internal structure deterioration is more sensitive to flexural strength values [83].
According to another study, substituting silica fume for a mineral addition in the production of fly ash-based
geopolymers increases their resistance to high temperatures [84]. The test data indicate that shrinkage and cracks
have occurred in the samples after exposure to high temperatures, however the compressive strength losses owing
to shrinkage and cracks in samples containing silica fume are minimal. In the investigation, it was determined that
the mixing ratio of the S4-coded sample is optimal and that it should be utilized with high-temperature resistance.
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3.7. SEM Images

Figure 8 depicts the scanning electron microscopy (SEM) images of the mortar samples which have been exposed

to high temperatures.
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Figure 8. SEM images of R, S4 and S5 samples after being exposed to high temperatures

At temperatures between 200°C and 400°C, a geopolymer formation with a dense gel structure was found in
the fly ash-based silica fume-doped S4, S5 and reference samples. This observational conclusion is consistent with
the mechanical outcomes as well. In addition, no unreacted fly ash granules were seen in the SEM pictures. At
temperatures of 400°C and above, the gel structure of samples S4, S5 and reference samples deteriorate and
microcracks develop. Macro cracks were observed in the S5 group of samples, particularly at temperatures
exceeding 600°C. The poor performance of the mechanical properties of the samples at these temperatures is
concluded to be the result of microstructure degradation. SEM images of 800°C and 1000°C samples reveals the
increase in the number of micro-macro cracks and the dimensions of the voids in the S4, S5 and reference samples.
According to Topal et al. [42], the microstructure of geopolymers deteriorates at temperatures exceeding 200°C,
resulting in a decrease in strength. According to Lahoti et al. [85], geopolymers undergo thermal contraction and
expansion during exposure to high temperatures, resulting in contractions, expansions, and macro fractures. The
analysis of the present study diagnosed a correlation between the cited scientific causes and the strength losses
which took place in the geopolymers produced in the study.
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4. Conclusion

The behavior of geopolymer samples containing fly ash-based silica fume following exposure to varied
concentrations, curing durations, and temperatures was examined. The obtained results are summarized below.

>

In terms of the machinability of the geopolymer samples, a diameter of 123 mm was obtained for the
reference group at a concentration of 12M, whereas a diameter of 135 mm was found for the S5 group
samples. The addition of silica fume and raising the concentration contributed to the machinability, as
demonstrated by the results.

When the compressive strength values of the samples were investigated, the S4 group samples with 12M
concentration with a curing period of 72h at 85°C, had the highest compressive strength value of
72.3MPa. The reference group exhibited the lowest compressive strength of 64.9MPa. The addition of
silica fume to the mixtures increased the values of compressive strength by up to 4%.

The flexural strengths of the geopolymer samples were comparable to the compressive strengths. The
correlation coefficient R = 0.91 supports the foregoing interpretation. The S4 group samples with 12M
concentration and 72h curing at 85°C exhibited the highest flexural strength with 11.1MPa, whereas the
reference group samples exhibited the lowest flexural strength under the same conditions.
Abrasion resistances were obtained by measuring weights and volumetric losses. The S4 group samples
with 12M concentration and 72h curing at 85°C demonstrated the maximum abrasion resistance with a
volumetric loss of 3348mm?3/5000mm? and a weight loss of 7.38 gr.

High-temperature compressive strength values of samples produced with 12M concentration and 72h
curing at 85°C were subjected to air and water cooling regimes after the applications of 200, 400, 600,
800, and 1000°C, and their high-temperature performances were assessed. While the compressive
strength of the samples cooled in air increased up to 200°C, the strength of the samples decreased at 400°C
and above. At temperatures as high as 400°C, the compressive strength of samples cooled in water rose,
but at a slower rate than those cooled in air. The rate of strength loss is shown to rise in both cooling
regimes at temperatures exceeding 400°C. At 1000°C, the compressive strengths of samples cooled in air
and water are in the ranges 4.2-13.7MPa and 3.6-5.5MPa, respectively, while the compressive strengths
of the reference group samples are in the ranges 2.7MPa-2.3MPa.

In SEM analyses, it was seen that the values obtained during the determination of mechanical properties
were supported. The addition of silica fume at low temperatures led to improvements in the structure of
the dough. At temperatures 600°C above, the loss of strength, especially, in the S5 and reference group
samples is attributed to structural flaws, macrocrack formation, and microstructure degradation. In
identifying the optimal ratio of silica fume to be added to the mixture and in the interpretation of strength
and durability performances, SEM, which is related to cracks, voids, and microstructure deterioration, has
the potential to provide support.

Particularly the behavior of mortar after exposure to high temperatures presents significant durability issues.
If it is accepted that the reliability of structures for living creatures and the economy depends on their service life,
then it is impossible to describe the reliability of structures without mentioning their resistance to high
temperatures. The most frequent pozzolanic materials include fly ash and silica fume, etc. As a result of the
pozzolanic qualities of the materials and the incorporation of each of them into the mixture, a number of superior
examples are produced. When researchers compare samples made with fly ash and silica fume to samples made
without additions, a difference develops and it is possible to produce samples with higher strength and durability.
It has been reported that their thermal stability is maintained even at high temperatures, such as 1200-1400°C [5,
8, 85]. Strength values of the geopolymer samples containing fly ash and silica fume utilized in the study revealed
that they were resistant to high temperatures. In addition, geopolymer binders can be an alternative for the
economy of fly ash and silica fume, which are produced in large amounts as waste in Turkey.
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