Performance of ambient and freezing-thawing cured metazeolite and slag
based geopolymer composites against elevated temperatures
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Abstract

Today, geopolymer has an important place in producing sustainable alternative products by consuming less energy. This paper researches the
elevated-temperature behavior of metazeolite (MZ) and slag (S) based geopolymer composites, reinforced by polyvinyl alcohol fiber (PVA) (at 0.3%,
0.6% and 0.9% by volume), and basalt fiber (B) (at 0.3%, 0.6% and 0.9% by volume). The curing was carried out at room temperature for up to 7 days
and then the freeze-thaw test was applied as a curing method for up to 28 days. Slag was used alongside metazeolite to solve the problem of delayed
setting time with its high Ca content. After 7 days, the damp environment provided by the freeze-thaw curing ensured the preservation of the compact
structure and the continuation of geopolymerization. The resulting geopolymer composites were exposed to temperatures of 250, 500, and 750 °C.
The flexural and compressive strengths, microstructure (FT-IR, XRD, SEM, TGA-DTA, and micro-CT analyzes), ultrasonic pulse velocity (UPV), visual
inspection, and weight-losses of the geopolymers were examined to evaluate their behavior. According to the results, it was observed that geopolymer
samples maintained their stability after 750°C. In this way, a sustainable geopolymer composite was produced by using less energy.
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Geopolymer is a potential alternative binder that requires low energy in its production and provides low greenhouse
gas emissions, meeting the sustainability criteria better than portland cement (Duxson et al., 2007). Geopolymers are
inorganic polymer materials with a three-dimensional Si-O-Al framework produced by synthesizing aluminosilicates by
dissolving in an alkaline environment (Davidovits & Sawyer, 1985). In addition to numerous natural aluminosilicates,
alkali activation of slag, mineral waste, and industrial by-products produce an interesting and sustainable cold-hardening
cement (Provis, 2014). Metakaolin is one of the important materials in this sense. Metakaolin is produced by calcining
kaolin at 750°C. Metakaolin has often been utilized as reference material to handily search the consolidation reaction
among these aluminosilicate starter materials (Ali et al., 2020; Aygérmez, Canpolat, Al-mashhadani, et al., 2020; Billong
et al,, 2018; Jaya et al., 2020; Uysal et al., 2018).

The properties of geopolymer materials indicate that it would be appropriate to use them instead of portland cement
in the construction sector. Also, releasing high CO: in the production of portland cement is the other factor that has
accelerated the search for alternatives (Rivera et al., 2014; Si et al., 2020). One of the important materials that can be
calcined is zeolite. Due to the low pozzolanic feature of zeolite, it creates a significant decrease in compressive strength
by substituting more than 10% instead of cement. This depends on the particle size and pozzolanic reactivity of the
zeolite. The low pozzolanic reactivity of the zeolite leads to a slowdown in hydration (Jalilifar et al., 2020). This is also
true for geopolymer production. Zeolite can naturally use as a geopolymer precursor (Nikolov et al., 2020; Nikolov &
Rostovsky, 2017). Both cases have been used in studies on zeolite. When zeolite is used as a binder material,
geopolymerization remains at a low rate. Lower results were obtained in studies on natural zeolite compared to studies
using metazeolite.

Besides, samples with natural zeolite showed a higher shrinkage tendency. The main reason for this situation is that
natural zeolite needs a significant amount of water. While values between 5-15 MPa were obtained in geopolymer
samples prepared with natural zeolite at room temperature, values between 25-35 MPa were obtained in samples cured
between 50-70 °C (Nikolov & Rostovsky, 2017; Ozen & Alam, 2018). However, when the zeolite is calcined, the
pozzolanic reactivity increases and it can reach the potential to be used as a binder in geopolymer production. In the
samples using calcined zeolite, values around 43 MPa were obtained when high-temperature curing was applied
(Nikolov et al., 2017). Geopolymerization is dependent on the type of curing system. There are many studies on
geopolymerization related to high curing temperatures (40-90 °C) (Al-mashhadani et al., 2018; Ozen & Alam, 2018; Uysal
et al., 2018). Rovnanik, (2010) and Burciaga-Diaz et al. (2016) experimented with different curing times, taking into
account different temperatures (between 10 and 80 °C) for geopolymer curing.
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The conclusions were evaluated in terms of bending and compressive strengths, pore properties, and microstructure
analysis. The results showed that the curing temperature influenced the mechanical properties by changing the pore
structure. According to these studies, it was observed that high results were obtained. However, when the heat curing
was applied, the long-term effects were reversed. The high curing temperature increased the reaction products by
accelerating the dissolution of the binder. However, over time, this situation negatively affected the quality of the
reaction products and the homogeneity microstructure. In this case, with the thermolysis of the —Si—-O-Al-O—- bond,
strength decline occurred at a later time (Aygérmez, Canpolat, & Al-mashhadani, 2020a, 2020b; Heah et al., 2011). Due
to this situation, there has been a search for different curing methods. Room temperature curing is another method. In
the case of the application of the room temperature curing condition, lower strength results were obtained (Nikolov &
Rostovsky, 2017; Ozen & Alam, 2018).

Also, the initial setting time was found to last more than 24 hours (Shinde & Kadam, 2015). Materials with high Ca
content are useful to overcome this problem. Slag, produced by melting metal ore, has a high ratio of 40% Ca as well as
high silica and alumina content. The use of slag is an important alternative to overcome the problem of high-
temperature requirements for curing (Dombrowski et al., 2007). It was also determined that geopolymer mortars
produced with slag were important for durability properties. In their study by Bingél et al. (2020), geopolymer mortars
produced using sodium metasilicate with three sodium concentrations of 4%, 8%, and 12% by mass were used in
aggressive conditions (high-temperature, rapid chloride permeability, abrasion, and wetting-drying cycles). It was
shown that high performance was achieved. This situation supported the important contribution of slag.

The geopolymer’s binding excellent degree is concerning to the three-dimensional "N-A-S-H" gel and this strong bond
is identified as a network of SiOs4 and AlO4 tetrahedra by sharing oxygen atoms. When the thermal phases for the
structure were examined, it was observed that the geopolymer had a superior fire resistance than OPC (Pan et al., 2017;
Sarker & McBeath, 2015; Zhang et al., 2016). For alkali-activated concrete with a high-temperature effect, partial
sintering was seen, and, therefore, an increase in compressive strength was detected (Shaikh & Vimonsatit, 2015).
Davidovits (2008) showed that resistance to fire was obtained at 1200°C with the potassium and sodium activators.
Barbosa & MacKenzie (2003) detected similar results using sodium silicate and hydroxide. The samples were found to
provide stability until melting at 1000-1300 °C. Valencia Saavedra & Mejia de Gutiérrez (2017) used OPC for comparison
when conducting a high-temperature test for alkali-activated fly ash-based cement. While the strength increase was
observed in the alkali-activated samples after 600°C, OPC samples showed a decrease in strength.

Duan et al. (2017) examined the mechanical properties by exposing thermal cycles to fly ash and silica fume-based
geopolymer composites. Heating and cooling cycles (with 7, 28, and 56 cycles) were applied at three different
temperatures: 200, 400, and 800 °C. An improvement in the results was seen due to the silica fume effect. At the end
of the cycles, it was seen that the increasing temperature adversely affected the strength and weight loss. It is possible
to improve the geopolymer samples’ mechanical properties using fibers. The reaction process for the matrix structure
is strengthened with this effect. Carbon, glass, woven fabrics, and basalt fibers were used in dissimilar studies
(Amuthakkannan et al., 2013; Assaedi et al., 2015). Dias & Thaumaturgo (2005) showed favorable effects on the fracture
toughness of basalt fiber-reinforced geopolymer composites. The contribution of the fiber was found to positively
reduce deformation. Xu et al. (2017) investigated PVA fiber-reinforced geopolymer composites, and Tanyildizi & Yonar
(2016) examined the high-temperature performance of PVA fiber-reinforced geopolymer concrete. Both studies
achieved high performance.

These fiber effects, obtained with high-temperature curing, will be investigated in this study. Zeolite is an important
alternative in geopolymer production due to its low cost, natural and widespread nature. However, studies have shown
that high-temperature curing is necessary for strength development. So high temperatures that requiring high energy
were generally used as curing conditions in geopolymer production. In this study, a method in which room temperature
and freeze-thaw action were affected together, instead of high curing temperatures, was tried. Slag was also added to
the mixture to ensure setting in room conditions. In this method, geopolymer samples were cured for up to 7 days at
room temperature and then for up to 28 days under freezing-thawing. While metazeolite and slag were used as the
binders in the produced samples, 0.3%, 0.6%, and 0.9% by volumes of PVA and basalt fibers were used as reinforcers. A
total of 7 series were produced together with a fiber-less control series and subjected to high temperatures of 250, 500,
and 750 °C after 28 days.

The samples were examined with flexural strength, compressive strength, UPV, and weight loss properties. XRD, SEM,
TGA-DTA, micro-CT, and FT-IR analyzes and visual inspection were carried out for detailed examinations.
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Raw materials

Geopolymer samples were fabricated with metazeolite. Metazeolite is produced by calcining zeolite at 750 °C. Zeolite
has a grain size of 2-3 mm. Its specific gravity is 2.17 g/cm? and Blaine's specific surface value is 9660 cm?/g. The degree
of geopolymerization increases with the metazeolite’s fine-grained structure. Slag was also utilized as a binder material.
Its specific gravity is 2.91 g/cm® and Blaine's specific surface value is 4500 cm?/g. Table 1 shows the chemical
composition of raw materials. Sodium silicate (SiO2 / Na:0 = 3.29) and sodium hydroxide (12M) were utilized for the
alkali activator mixture. The sodium hydroxide used in the study was supplied in solid form and the solution was
prepared with water. Sodium silicate was supplied directly in liquid form. Rilem sand (by following BS EN 196-1) was
mixed as an aggregate. Basalt and polyvinyl alcohol fibers were added with different ratios (Table 2).

Table 1. The raw materials’ chemical composition. (Self-Elaboration).

Chemical
content, % SiO2 Al;03 Fe20s3 CaO MgO K20 Na20 L.O.l.
Mz 76.90 13.50 1.40 2.10 1.10 3.50 0.40 1.10
S 40.60 12.83 1.37 36.08 6.87 0.68 0.79 0.78

Table 2. The fibers’ properties. (Self-Elaboration).
Fiber Type Length Diameter Specific Nominal  Aspect

(mm) (1m) Gravity  Tensile Ratio
Strength
(MPa)
PVA 8 39 1.30 1620 90
Basalt 12 20 2.73 4100 800

Mix design and specimen preparation

The sodium hydroxide solution (12M) was prepared and left for 2 hours to cool, then mixed with the sodium silicate
solution. No extra water was added when preparing the mixture. Water was used when preparing a sodium hydroxide
solution. Therefore, instead of the water/binder ratio, sodium hydroxide/binder ratio and sodium silicate/binder ratio
have been taken into consideration. The constant 2:1 ratio was taken into account for the sodium silicate/sodium
hydroxide solution mixture. The mixture of activator was blended with the binder materials (metazeolite and slag) at a
constant ratio of 1.2:1. Metazeolite and slag were used equally in the binder mixture. When metazeolite was used alone,
there were problems in the setting. So the use of slag was aimed at shortening the setting time. When metazeolite was
used alone, the setting time was around 24 hours. In the case of using slag, the setting time decreased to 2 hours. The
mortars became to be removed from the mold after 2 hours.

Finally, rilem sand was added to the mixture at 2.5 times the amount of the binder materials. The prepared mixture was
subjected to vibration after being placed in molds. In mortars produced using Portland Cement, 1350 g of sand is used
as a standard for 450 g of the binder. However, it is not possible to specify such a standard in geopolymer production.
Mixing ratios vary according to the type of binder material. Due to this situation, the material quantities were
determined with preliminary trial mixes to achieve the most appropriate mortar consistency. The procedure used for
the mixture (for 450 g of binder material) is shown in Figure 1. Room temperature was used for up to 7 days as a curing
condition and a freeze-thaw cycle was performed between 7 days and 28 days. 1 cycle consisted of 12 hours at a
temperature of +4°C and 12 hours at -18°C. A total of 21 cycles were applied. After 28 days, the samples were subjected
to high-temperature tests.
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Figure 1. Standard mixing procedure and contents (g). (Self-Elaboration).
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+ Alkali activator (540 g)
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A total of 7 series was produced. Series 1 was the control series using %50 metazeolite and %50 slag. The 2nd, 3rd, and
4th series were obtained by adding PVA fiber to the control series at a volume rate of 0.3%, 0.6%, and 0.9%, respectively.
The 5th, 6th, and 7th series were obtained by adding basalt fiber to the control series at a volume rate of 0.3%, 0.6%,
and 0.9%, respectively. All series are shown in Table 3.

Table 3. The fibers’ properties. (Self-Elaboration).

Mix ID MZ S PVA(%)  B(%)
MZS %50 %50 - -
MZS+0.3PVA %50 %50 0.3
MZS+0.6PVA %50 %50 0.6
MZS+0.9PVA %50 %50 0.9
MZS+0.3B %50 %50 0.3
MZS+0.6B %50 %50 0.6
MZS+0.98 %50 %50 0.9

Test procedure

The high-temperature test (250, 500, and 750 °C) was applied to the 7 series produced after 28 days. After the
completion of 28 days, samples were kept in the oven at 105°C for 1 day. The high-temperature test was carried out
according to the procedure. This standard procedure has been used in different studies (Aygérmez, Canpolat, Al-
mashhadani, et al., 2020; Rashad, 2020). The reason for this was to remove the moisture in the samples and to prevent
spillage. Geopolymer samples can be expected to experience some increase in compressive strength due to this
situation. However, this strength increase is expected to be low. It is a fact that heat curing is effective on geopolymer
mortars. However, the effect of this situation is lower in the following days compared to the first days. Then, the weights
of the samples were measured and the samples were placed in the high-temperature oven. The rate of the temperature
rise in the high-temperature oven was set at 5°C/minute. After reaching the aimed temperature, the samples were held
for 1 hour at the desired temperature and the oven door was then opened.

The samples were not removed immediately after the oven door was opened for preventing thermal shock. Then,
compressive and flexural strengths, UPV, and weight loss of the samples were determined. While 50x50x50 mm cube
samples were used for the compressive strength tests, 40x40x160 mm prism samples were used for the flexural strength
tests. The results were evaluated together with the 28-day results. In each test, three samples were used and the data
were determined according to the average of the three samples. XRD, SEM, TGA-DTA, micro-CT, and FT-IR analyzes were
carried out for the samples after the testing, in addition to visual inspection. Analyzes were conducted for sample
MZS+0.9PVA with the highest mechanical properties pre and post-high temperature.
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Strength results

Comparison of the 28-day strength results with the results after the effects of 250, 500, and 750 °C high temperatures
are given in Figures 2 and 3. High curing temperatures resulted in correspondingly high energies. Considering the
negative effects of room temperature curing and heat curing, a new curing search was performed and freeze-thaw
curing was applied. The shortening of the setting time in the curing at room temperature conditions was achieved by
adding slag. With the addition of slag, the CaO ratio was increased, making the microstructure more homogeneous
by making it denser. However, with the formation of CSH/CASH gel, an improvement in mechanical properties occurred
(Shinde & Kadam, 2015). After the samples were held at room temperature conditions for up to 7 days, a freeze-thaw
cycle was applied. In this way, it was observed that the compact structure in the geopolymer matrix was strengthened
and its reactions were continued.

The humid environment where the freeze-thaw test was conducted here contributed to filling the gaps. Due to these
cycles, an advancement process has occurred in the matrix. Thus, binding reaction products continued to form and
geopolymerization was provided. In this way, it has continued the curing process. A more detailed explanation of this
situation can be made. After the freeze-thaw test, the strength results of hardened mortars are usually expected to
decrease. But here, instead of a decrease, an increase occurs. Due to the compact structure of the geopolymer, almost
no freeze-thaw degradation occurs, as water cannot enter between dense and compressed plates in low cycles. Also,
the formation of geopolymeric products by the freeze-thaw test is increasing. Improvement in concrete and mortar
properties has been achieved due to humid conditions. This situation is based on the activation of raw materials (slag,
metakaolin, etc.).

This, in turn, counteracts the effect of a freeze attack while creating binding products. Thus, slag activation continued
in the humid environment of the test, resulting in the formation of a significant amount of reaction products that
increased strength. Also, the freezing temperature of alkali metal solutions in the range of about -15°C and -20°C has
increased the resistance of slag-based geopolymers against negative temperatures. Because of this situation, it is
necessary to adjust the beginning of freeze-thaw tests of geopolymers containing raw materials such as slag, especially
with low reaction kinetics. So, geopolymer mortars provide an increase in strength in low cycles. But in high cycles, this
situation reverses and strength decreases. In this study, using this advantage, the low cycle freeze-thaw test was applied
as a curing method (Aygérmez, Canpolat, Al-mashhadani, et al., 2020; Puertas et al., 2003; Yunsheng et al., 2008). In a
sense, keeping the samples at 105°C for 1 day before applying the high-temperature test is a curing application. This
situation creates a slight increase in strength results.

However, if it is exposed to high temperatures again, this situation in the strength results is replaced by a decrease.
There are conflicting results in the literature on the effect of high temperatures on geopolymer mortars. Some studies
showed an increase in strength results in the range of 200-400 °C, while a decrease was observed in some studies. In
previous studies, it has been reported that the behavior of geopolymer mortars with the effect of thermal loads depends
on curing conditions (Nasr et al., 2018; Tirker et al.,, 2016), activator type (Cheng & Chiu, 2003), and activator
concentration (Nasr et al., 2018; Rashad et al., 2016). In this study, the strength results decreased after the elevated
temperature test was performed. The main reasons for this situation were water evaporation and dehydration caused
by thermal reactions above 500°C (Zhang et al., 2012). In order to better explain the loss of strength above 500°C, the
concept of the steam effect should be explained. The concept of the steam effect was the major reason for the strength
loss with increasing high temperatures.

Existing water in the geopolymer matrix turned into steam together with heating. The temperature increase above
100°C also caused internal pressure to increase constantly. With the vapor pressure reaching the maximum limit, the
geopolymer matrix became dense with less permeability. In this way, the resistance against the high thermal effects
occurring within the structure was reduced. Thus, it caused thermal cracks on the surfaces of the samples. The mass
loss occurred when the water evaporated from the geopolymer matrix. The loss of mass, which created cracks caused
by thermal shrinkage, also led to the loss of strength. Also, with the increasing temperature, a significant thermal
mismatch occurred between the aggregate and the geopolymer paste, which triggered micro-cracks in the interface
transition area (liang et al., 2020). Also, crystallization in the aluminosilicate gel structure occurred more with high
temperatures, causing crystallization stress and thermochemical decomposition of crystal lattices. While the
recrystallization process had a positive effect on strength and ductility, inhomogeneous recrystallization, which
adversely affected this situation, caused a thermal mismatch.
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This was another reason that triggered the formation of microcracks. Despite these conditions, it was found that thermal
cracks and fragmentation were limited due to the geopolymers' ability to dissipate heat quickly and to be exposed to
less thermal gradients. So, it can be shown that the geopolymer matrix maintained its stability under the influence of
high temperatures if the room temperature and freeze-thaw curing cooperated. The drop in flexural strength was higher
with the growth of the porous structure and the increase in crack propagation with the high-temperature effect (Zhang
et al., 2016). The ranking of test results after high temperatures was found to be similar to that before the experiment.
The results increased with the PVA and basalt fibers’ effects. The increase in fiber ratios was parallel to the improvement
in mechanical properties. PVA and basalt fibers were shown to systematically improve performance while preserving
their post-temperature structure and mechanical integrity.

This situation can be explained in more detail. The addition of fibers changed the workability features of geopolymer
mortars before the high-temperature test. The workability of metazeolite and slag-based geopolymer was reduced by
the addition of fiber. The slump flow value of the non-fibrous sample was 205 mm and was 194 mm, 187 mm, and 176
mm, respectively, in the basalt fiber series of 0.3%, 0.6%, and 0.9%, while in the PVA fiber series of 0.3%, 0.6%, and
0.9%, it was 179 mm, 154 mm and 132 mm. However, the reduction in workability with the addition of fibers was
positively reflected by increasing the shape stability and formability of fiber-reinforced geopolymer mortars. This helped
maintain stability after high temperatures (Ranjbar & Zhang, 2020). The fine dispersion and homogeneous structure of
the crystal phases in fibrous materials increased improvements in the mechanical properties. The addition of a
nucleating agent, such as P20s, TiO2, or ZrO», strengthened the microstructure.

Also, basalt fibers provided an important advantage by spontaneously producing a natural nucleator, such as Fes0a,
during the melting of basaltic rocks (Sim et al., 2005). After 750°C, the PVA fiber sample increased its compressive
strength in the range of 11%-38% compared to the control sample, while the basalt fiber samples created an increase
in the range of 8%-33%. Melting of PVA fibers in the range of 200-250 °C played a role in the increased resistance to
high temperature. Melted PVA fibers created channels for the steam to escape. Also, PVA fibers prevented the sample
from exploding by creating extra paths to allow evaporated moisture to escape without causing high internal pressure
(Sahmaran et al., 2010). This study is compatible with previous studies where PVA fibers increased strength more than
basalt fibers (Arslan et al., 2019; Celik et al., 2018). The fibers showed similar behavior in flexural strength. The high
modulus of elasticity of the fibers provided a better degree of bonding with the geopolymer matrix and post-crack
ductility. This is compatible with the literature (Al-mashhadani et al., 2018).

Figure 2. Residual compressive strengths after high-temperature effects. (Self-Elaboration).
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Figure 3. Residual flexural strengths after high-temperature effects. (Self-Elaboration).
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UPV and weight loss results

The UPV test was applied to determine the alterations in the homogeneity of geopolymer samples by a non-destructive
method. In Figure 4, UPV results after high temperatures are given along with the 28-day results. If the results were
analyzed in general, they were parallel with the strength results. UPV results were lower than the conditions where high
curing temperatures were applied, due to the low dissolution of binding materials caused by curing at room
temperature. Nevertheless, the freeze-thaw curing, together with the compact structure, played a role in enhancing the
UPV results. The moist environment created by the experimental conditions helped to fill the voids (Yunsheng et al.,
2008).

After the high-temperature effect, this compact structure was shown considerable resistance. As the temperature effect
increased, the water evaporation increased and the pore structure grew. The mass loss also triggered additional gap
formation. This situation led to a drop in UPV values. Also, it was seen that the density of composites decreased due to
micro-cracks caused by temperature. Due to this situation, the propagation time of ultrasonic velocity waves was longer
and there were decreases in UPV values (Topcu & Karakurt, 2008). The increase in crack propagation above 500°C and
the start of the melting of the fibers extended the propagation process of ultrasonic velocity waves, resulting in lower
values. However, the high modulus of elasticity of PVA and basalt fibers limited this situation (Arslan et al., 2019; Celik
et al, 2018).

With the application of high temperatures, weight losses increased. The weight losses that occurred with high
temperatures are shown in Figure 5. With the high-temperature effect, the dehydration mechanism formed in the
matrix structure, and the existing moisture in the structure moved away, towards the outer surface. These situations
caused internal damage and weight loss to the microstructure. If the stages formed were examined, it can be considered
as three stages. In the first stage, physisorbed water loss occurred between 30-210 °C, while polymer side chains
deteriorated between 210 and 400 °C. Between 400 and 500 °C, disruptions began to occur in the main polymer chains.
These conditions triggered weight loss. In particular, the reactions of the fibers and the matrix interface above 500°C
led to increased distortion. Despite this situation, when weight losses were examined, PVA and basalt fibers were shown
to reduce weight losses. In this way, the performance of the geopolymer mortars also increased. A brittle fracture and
reduced engineering properties were observed with temperature (Masi et al., 2015).
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Figure 4. UPVs after high-temperature effects. (Self-Elaboration).
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Figure 5. Weight-loss results after high-temperature effects. (Self-Elaboration).
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Visual inspection and analyses

After the test was completed, the surface changes were examined (Figure 6); a visual inspection was carried out 1 hour
after the test was completed. In parallel with the strength losses after 750°C, there were color changes. As there was a
tendency of the samples to increase in roughness, a brittle structure began to form. The main reason for these situations
was that temperature effects damaged the geopolymeric chains (by breaking the bonds of Si-O-Al). However, despite
the high-temperature effect, it was observed that the cracks that formed were limited and the samples remained stable.
It was proved that geopolymer samples did not show dispersion, depending on the curing condition applied after high-
temperature effects (Arslan et al., 2019; Aygérmez, Canpolat, Al-mashhadani, et al., 2020; Celik et al., 2018).
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Figure 6. Geopolymer samples after high-temperature effect with 750 °C. (Self-Elaboration).
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The binding degree of the geopolymer matrix was investigated by SEM analyzes before and after 750°C in sample
MZS+0.9PVA (Figure 7). The connection between microstructure and strength was investigated with these SEM
analyzes. Micro-cracks and microstructural damage occurred in SEM images after the high-temperature effects (Lahoti
et al., 2018). The acceleration of structural defects and collapses increased the loss of strength. Internal and surface
cracks occurred with a high internal pressure effect. However, it was observed that the micro-cracks formed remained
at a low rate. According to the SEM images, it was observed that the PVA fiber melted. However, it melted and created
channels, allowing the steam pressure to escape. Also, it caused the formation of limited air voids by creating extra
paths without causing internal pressure and preventing the explosion of the sample. Also, the curing method applied
ensured that the geopolymer samples were resistant to high temperatures by providing rapid heat dissipation and less
exposure to thermal gradients.

This indicated that matrix bonding and continuity were achieved in geopolymerization. Despite these situations, it was
observed that the classical geopolymer microstructure was preserved and the homogeneous matrix in the gel was
resistant to high-temperature effects following the results found by visual inspection. These situations proved that
geopolymer samples were a sustainable, durable product (Arslan et al., 2019; Celik et al., 2018).
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Figure 7. SEM images of sample MZS+0.9PVA a) before; b) after 750°C. (Self-Elaboration).
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The XRD spectrums of sample MZS+0.9PVA before and after 750°C are shown in Figure 8. It was observed that significant
changes occurred during the high-temperature effect. Quartz, mullite, and clinoptilolite were mainly observed in the
samples. XRD analysis showed that a semicrystalline structure was formed and some peaks from raw materials were
preserved. After exposure to the high-temperature effect, quartz peaks reflecting the typical amorphous gel phase from
27° to 28° 26 were observed (Gomez-Zamorano et al., 2016). After the high-temperature effect, crystal components
and amorphous phases were examined and the overall structure was preserved despite the decrease in peaks. The basic
matrix of the geopolymer sample was resistant to high temperatures.

The geopolymer mechanism ensured the continuity of the polymerization reactions due to the strong aluminosilicate
bonds but, as the time elapsed by the high-temperature effect increased, the degradation increased and
depolymerization occurred in the aluminosilicate polymers (Rashad, 2015). As was seen in previous studies, a
geopolymer had much better high-temperature resistance than conventional concrete (Arslan et al., 2019; Celik et al.,
2018).
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Figure 8. XRD patterns of sample MZS+0.9PVA a) before; b) after 750°C. (Self-Elaboration).
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The FT-IR spectrums of sample MZS+0.9PVA before and after 750°C are shown in Figure 9. The wavelength formed at
the end of the test was obtained as 1021.37 cm™ and 995.97 cm™ before and after the high temperature, respectively.
The Si-O-Al bonds showed the asymmetric stretching vibrations, while this bond was indicated by the wavelengths here.
When the Si-O-Al bonds were examined before and after the high-temperature test, it was observed that the changes
were limited. The post-test band intensity was found to be between 1683.24 and 1323.11 cm™ before the high-
temperature test and between 1652.81 and 1281.38 cm after the high-temperature test (Rocha et al., 2018).
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Figure 9. FT-IR results of sample MZS+0.9PVA a) before; b) after 750°C. (Self-Elaboration).
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The DTA and TGA curves of sample MZS+0.9PVA before and after 750°C are shown in Figure 10. Blue curves showed
weight loss. In sample MZS+0.9PVA, TGA analysis indicated a weight loss of 1.7% and 5.9% before and after the high
temperature, respectively. The results indicated that the rate increases were limited after high-temperature effects.
This exhibited that the geopolymer stability was preserved although the high-temperature effect. The weight loss
changes from 0 to 700 °C were caused by the evaporation of free and bound water in the matrix. Also, endothermic
peaks could be seen with DTA curves (Degirmenci, 2018).

156



Figure 10. TGA-DTA results of sample MZS+0.9PVA a) before; b) after 750°C. (Self-Elaboration).
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Micro-CT analyzes of sample MZS+0.9PVA before and after the high-temperature effect are shown in Figure 11. At the
end of the analyzes, a representative cross-sectional view was examined. Cracks were formed with the effect of high
temperatures. Besides, increasing shrinkage with temperature caused incompatibilities. Incompatibilities played an
important role in crack formation. Crack formation brought along the loss of strength. X-ray attenuation produced dark
colors. These dark colors corresponded to air voids. Fiber additive limited air voids and cracks. It was observed that
geopolymer samples were resistant to high-temperature effects (Aygérmez, Canpolat, Al-mashhadani, et al., 2020).
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Figure 11. Micro-CT images of sample MZS+0.9PVA a) before; b) after 750°C. (Self-Elaboration).
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Correlation between UPV and compressive strength

For this study, the evaluation of the correlation properties between UPV and compressive strength results after 750°C
was investigated (Figure 12). With this method, the consistency of these two features was designated. R? showed a
factor that reflected the correlation degree and indicated a consistent result if there was a value higher than 0.75.
According to the results of this study, this value was 0.90 and the correlation was satisfactory. In general, it was
determined that the results had a satisfactory correlation for all samples. These results are compatible with other
studies (Ali et al., 2020; Uysal et al., 2018).
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Figure 12. Correlation relationship between compressive strength and UPV after 750°C. (Self-Elaboration).
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For this paper, the engineering properties for geopolymer specimens using metazeolite and slag after room temperature
and freeze-thaw curing were investigated under high-temperature effects and the following results were obtained:

e Metazeolite has the potential to be used in the production of geopolymers such as metakaolin. If heat curing is not
applied, using slag in the production of metazeolite-based geopolymer shortens the setting time.

e Due to 7 days of room conditions curing and 21 days of freeze-thaw curing applied as a new method instead of heat
curing, it has been possible to produce an environmentally friendly geopolymer. Binding materials such as slag with
low activation provided the continuation of geopolymerization by forming binding products due to the moist
environment of the freeze-thaw test. In this way, an increase in strength has occurred.

e PVA and basalt fibers have created a more systematic behavior by strengthening the bonds between geopolymer
matrices. The fact that fibrous materials have fine crystalline phases and a homogeneous structure has provided an
improvement in mechanical properties. Since PVA fibers formed stronger bonds than basalt fibers, the results were
higher. Increased fiber content has a positive effect on strength results. According to the data obtained, the highest
results were in samples MZS+0.9PVA and MZS+0.9B, while the lowest result was in sample MZS.

e Deformations occurred in the mechanical properties of geopolymer composites due to the high-temperature effects.
It was observed that the geopolymer samples preserved their stability against the 750°C temperature effect with
the new curing method applied. With this curing effect, rapid heat dissipation capacity and exposure to fewer
thermal gradients were preserved. This result was supported by the analyzes and visual inspection.

e The improvements caused by the fibers in the mechanical properties of geopolymer samples before high
temperature were effective after high temperatures. Although PVA fibers melted, they increased the mechanical
properties compared to the control sample by creating channels that would help the evaporated moisture escape
without causing high internal pressure.
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