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Abstract
In this study, 1, 2, and 3% micronized aluminum powder were used by replacing with fly ash to improve the properties of 
F class fly ash-based geopolymer mortar samples. The produced geopolymer mortar samples were heat cured at 60, 70, 
and 80 °C temperatures for 24 and 48 h. Following heat curing, the unit weights, flexural, and compressive strengths of the 
hardened geopolymer mortar samples were determined. In addition, XRD, FESEM, EDX, and isothermal calorimetry experi-
ments were carried out to examine the changes in the microstructure with the addition of aluminum in detail. Based on the 
results obtained, it was observed that the substitution of micronized aluminum powder slightly decreased the workability of 
the geopolymer mortar samples. Moreover, it increased the flexural and compressive strength significantly (more than dou-
ble) for 24 h heat curing. The XRD, FESEM, EDX and isothermal calorimetry experiments showed that the substitution of 
aluminum powder in the fly ash-based geopolymer system increased the geopolymerization reactions and, in comparison to 
the reference sample, created sodalite minerals in the microstructure. Therefore, it was concluded that the aluminum powder 
substitution transforms the microstructure into a stronger structure, thus improving the mechanical properties.
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Introduction

Portland cement is one of the most used building materials in 
the world. Portland cement was used as a binding material in 
concrete production. It is known that around 4.1 billion tons 
of Portland cement is produced worldwide in 2020 [1]. In the 
production of Portland cement, a significant amount of car-
bon dioxide is released into the atmosphere and high energy 
consumption is caused [2–6]. According to the research, 
approximately 0.9 tons of carbon dioxide emissions occur for 
every one ton of Portland cement produced [7, 8]. With these 
values, Portland cement production alone is responsible for 
5–7% of worldwide carbon dioxide [2, 7, 9–11]. In addition, 
approximately 5–12% of the energy used in production facili-
ties in the world is spent on Portland cement production [10]. 
In our world, where the need for shelter is increasing, Portland 
cement production is increasing day by day, and in parallel to 
this increase, both carbon dioxide emissions and energy con-
sumption are increasing worldwide. For this reason, research-
ers are investigating ways to develop new alternative binders in 
order to eliminate and/or reduce the unfavorable effects caused 
by the high use of Portland cement.

One of the alternative systems to Portland cement as a 
binder is geopolymer [12–14]. Geopolymers are a new class 
of inorganic polymer synthesized by activating of an alumino-
silicate source with an alkaline hydroxide or silicate solution, 
which Davidovits first developed in the late 1970s [15–17]. 
In the production of geopolymers, waste/inert materials, 
such as fly ash and blast furnace slag are generally used as 
binding materials and have low CO2 emission [6, 14, 18–27] 
Therefore, geopolymer systems are known as economical and 
environmentally friendly products [3, 28, 29]. When the geo-
polymer systems produced using fly ash are examined in the 
literature, it is observed that fly ash-based geopolymer systems 
can gain strength between 20 and 120 MPa with 24–72 h of 
heat curing at temperatures of 50–120 °C for different alkali 
activator ratios [3, 23, 30–38].

Moreover, it has been reported that fly ash-based geopoly-
mers are generally more durable and have higher compressive 
strength than that of Portland cement [39, 40]. However, the 
energy spent for heat curing conditions is a disadvantage for 
fly ash-based geopolymer systems. For this reason, research-
ers have conducted studies in fly ash-based geopolymer sys-
tems with nano- and/or micro-particles such as SiO2 [41–44], 
Al2O3 [16, 45, 46], TiO2 [47], CaCO3 [28] etc. to obtain higher 
strength at lower temperatures by reducing the heat curing time 
and/or temperature.

On the other hand, as it is known that the structure of geo-
polymer systems consists of Si–O-Al bonds [48]. While there 
is a high amount of Si (50–60%) in class F fly ash used, the 
Al content is in the range (15–25%). Therefore, the Al amount 
was thought to be less than that of necessary for complete 
geopolymeric reaction since each Si atom needs one Al atom. 
Thus, it was postulated that the number of bonds could be 
increased by adding some Al to the system to employ extra Si 
atom. The laboratory study was carried out to prove the above 
postulation.

Therefore, the influence of the addition of micronized 
aluminum powder in a fly ash-based geopolymer system 
was investigated in the current study. By providing extra 
bond between Si and Al atoms, it was aimed to obtain higher 
strength and better properties in a shorter time and at lower 
heat curing temperature by substituting the fly ash with alu-
minum powder. Within the scope of the study, 1, 2, and 3% 
aluminum powder was replaced with fly ash. Geopolymer 
mortar samples activated with sodium hydroxide were heat 
cured at 60, 70, and 80 °C temperatures for 24 and 48 h. The 
mini flow workability, unit weight, flexural, and compressive 
strength of the geopolymer mortar samples after heat curing 
was measured. Furthermore, field emission scanning electron 
microscopy (FESEM) examinations, X-ray diffraction (XRD), 
and Energy Dispersive X-Ray (EDX) analyses and reaction 
kinetics of geopolymerization were carried out to reveal the 
effects of aluminum powder on the microstructure. As a result 
of the study, the intended goals were achieved and it was seen 
that the physical, mechanical, and microstructure properties 
of fly ash-based geopolymer mortars could be improved with 
Al substitution.

Experiment parameters and test details

Materials

Class F fly ash with a specific gravity of 2.34 was used as 
a binder in the study. Chemical composition, SEM image, 
and XRD analysis of fly ash are presented in Table 1, Fig. 1, 
and Fig. 2, respectively. Micronized aluminum powder with 
a specific gravity of 2.69 was used by replacing with fly ash 
by weight. The chemical composition, SEM image, and XRD 
analysis, of the aluminum particles are presented in Table 2, 
Fig.  1, and Fig.  2, respectively. Solid sodium hydroxide 
particles were mixed with water and an alkali solution was 
obtained. Then, the prepared alkali solution was used for 
the production of geopolymer mortar. Standard Rilem sand 

Table 1   Chemical compositions 
of fly ash (%)

Oxide SiO2 Al2O3 Fe2O3 CaO SO3 Na2O K2O MgO LOI Others

Fly Ash 59.11 21.8 8.15 2.91 0.61 1.6 1.8 1.98 0.96 1.08
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according to TS EN 196–1 [49] standard was used in the pro-
duction of the geopolymer mortar. The chemical composition 
of sodium hydroxide is presented in Table 3.

Mixture design and detail

In the study, aluminum particles were used by replacing fly 
ash at the dosages of 0, 1, 2, and 3% by weight. The water/
binder ratio was taken as 0.31, and the sand/binder ratio 
was taken as 3 for the geopolymer mortars. Alkali activator 
ratios as Na amount were 6, 8, and 10% of fly ash amount in 
mass basis. The mix proportion of geopolymer mortars are 
presented in Table 4.

Fig. 1   SEM images of fly ash 
(7000x) and aluminum (1000x) 
(a fly ash, b aluminum)

Fig. 2   XRD of fly ash and alu-
minum (Q Quartz, M Mullite, A 
Aluminum)
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Table 2   Chemical compositions 
aluminum powder (%)

Element Al Fe Si S Mg LOI Others

Aluminum 97.46 0.59 0.40 0.13 0.26 0.95 0.21

Table 3   Chemical ingredients of NaOH (%)

NaOH Na2CO3 CI Al Fe SO4

98.56 1.39 0.02 0.01 0.01 0.01

Table 4   Mix proportion Specimens Fly ash Aluminum Aggregate Na+ ratio Water Heat curing 
condition

Heat curing time

g g g % g oC Hour

Reference 450.0 0 1350 6-8-10 140 60-70-80 24–48
1% Al 445.5 4.5 1350 6-8-10 140 60-70-80 24–48
2% Al 441.0 9.0 1350 6-8-10 140 60-70-80 24–48
3% Al 436.5 13.5 1350 6-8-10 140 60-70-80 24–48
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Fresh geopolymer mortars were prepared by mixing 
alkali solution with fly ash, aluminum powder, and standard 
Rilem sand. After the production of geopolymer mortars, the 
workabilities of the mortars were measured. Then, the fresh 
geopolymer mortars were placed in molds with which were 
three cell prisms having the dimensions of 160 × 40 × 40 
(length, depth, and height) mm using vibration table. Geo-
polymer mortar specimens were heat cured at 60, 70, and 
80 ℃, for 24 and 48 h in a laboratory oven. The specimens 
were not sealed during the heating. After heat curing, visual 
observation showed that there was no significant drying up 
damage on the samples. Following heat curing, the geopoly-
mer mortar samples were taken out from mold and rested in 
the laboratory before testing until they reached a temperature 
of 23 ± 2 ℃.

Testing

Workability and unit weight

A flow test was carried out according to TS EN 1015–3 [50] 
specification. According to the relevant standard, the flow 
diameter value is defined as the average of the flow measure-
ment value in two perpendicular directions of fresh mortar. 
Following the heat curing process, samples weights were 
measured and divided by their geometric dimensions and 
unit weight of geopolymer samples was determined.

Flexural and compressive strength

A three-point loading test was utilized to measure the flex-
ural strength on three prismatic specimens, according to the 
TS EN 1015–11 [51] standard for each mixture. After the 
flexural test, the compressive strength test was carried out 
using six broken pieces according to the TS EN 1015–11 
[51] standard. Flexural and compressive strength results 
were calculated as an average of the three and six specimens, 
respectively, for each mixture.

Microstructural characterization analysis (FESEM and EDX)

After heat curing at 60, 70, and 80 ℃, the geopolymer prism 
specimens were broken and the middle parts were used for 
the FESEM analyses. The examination was carried out by 
using Zeiss GeminiSEM electron microscopy. The samples 
were placed in the device and dried using infrared light for 
5 min. The examinations were performed on the fractured 
surfaces of specimens in a vacuumed environment. Further-
more, EDX analyses were performed during FESEM analy-
sis from designated areas.

X‑ray diffraction (XRD) analysis

After heat curing, the specimens were powdered and sieved 
under 63 micron. Then, XRD analyzes were carried out 
on the powder samples obtained using a Bruker AXS D8 
Advance device.

Isothermal conduction calorimetry

The reaction kinetics of the geopolymer mortars with and 
without Al were analyzed using isothermal calorimetry 
(TAM Air, TA Instruments Inc.,). In the experiment, 0, 1, 2, 
and 3% Al substituted geopolymer paste samples were pro-
duced with containing 10% Na activator. In order to examine 
the geopolymerization reaction, the paste samples were kept 
in an isothermal calorimeter device at 70 °C for 48 h.

Result and discussion

Workability and unit weight

The workability results of the fresh geopolymer mortar sam-
ples are presented in Fig. 3. It is a closer observation Fig. 3 
showed that the workabilities of fresh reference geopoly-
mer mortars containing 6, 8, and 10% Na+ were 104, 107, 
and 115 mm, respectively. Furthermore, the workabilities 
of fresh geopolymer mortars containing 1% aluminum pow-
der and activated with 6, 8, and 10% Na+ were 103, 105, 
and 110 mm, respectively. Moreover, the workabilities of 
fresh geopolymer mortars containing 2% aluminum powder 
and activated with 6, 8, and 10% Na+ were 102, 104 and 
107 mm, respectively. Similarly, the workabilities of fresh 
geopolymer mortars containing 3% aluminum powder and 
activated with 6, 8, and 10% Na were 102, 103, and 106 mm, 
respectively.

Comparisons of workabilities made between the refer-
ence and aluminum powder containing geopolymer mortar 
showed that the workability of the geopolymer mortar sam-
ples increased with an increased amount of alkali activator. 
Fly ash particles are surrounded by Na+ ion. Neighboring fly 
ash particles surrounded by Na+ repel each other because the 
same charged molecule surrounds them. Therefore, agglom-
eration of fly ash particles is prevented and a workable mix-
ture is obtained. This effect increases with increasing Na+ 
content. Similar results have been found from other pub-
lished articles [28, 52, 53]

However, the addition of aluminum decreased the work-
ability of the fresh geopolymer mortar samples in compar-
ison to the workability of the reference mortar. With the 
increasing amount of use of aluminum powder, a decrease 
in the workability values were observed at all sodium acti-
vator ratios.
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Unit weight values of hardened geopolymer mortar 
samples are presented in Fig. 4. It is observed that the unit 
weight values of geopolymer mortar samples increased 
with the increasing use of activator substitution. For con-
stant amount of aluminum powder, the increase in sodium 
amount result with higher unit weight. This is explained that 
more sodium concentration caused better workability thus 
resulting better compaction of fresh geopolymer mortar. For 
a constant sodium concentration, the increase in aluminum 
powder amount in geopolymer mortar gave slightly lower 
unit weight comparison to control mortar. This is explained 
by the fact that when fly ash, sodium hydroxide, and alu-
minum are mixed together, a rapid aluminum reaction starts 
and hydrogen gas creates a small void inside the mixture. 
However, since the presence of sand in the mixture increases 
the volume, this rapid reaction slows down and the amount 
of void that will be formed becomes insignificant. As a 
result, the difference between the unit weight of reference 
geopolymer mortar and geopolymer mortar containing alu-
minum can be considered negligible.

Compressive and flexural strengths

The compressive and flexural strengths of 0, 1, 2, and 3% 
aluminum substituted geopolymer mortar samples, which 
were heat cured at 60, 70 and 80 ℃ for 24 and 48 h, are given 
in Fig. 5, 6, 7 and Fig. 8, respectively. Based on the results, 
an increase in the compressive and flexural strengths of 
almost all samples is observed with the increase of heat cur-
ing temperature, heat curing time, and amount of activator, 
separately. In addition, all chemical processes were acceler-
ated with increasing temperature. Increasing the heat curing 
time and temperature provides a more suitable environment 
for the formation of geopolymer gels [3, 28]. It is known that 
all chemical processes take place in time; therefore, increas-
ing curing time increases the amount of geopolymeric gel 
formation. Moreover, an increase of activator concentration 
can dissolve more raw materials and increase the amount 
of geopolymeric gel formed. As a result, compressive and 
flexural strengths of geopolymer mortars increase [16, 31, 
36, 38, 54–57].

Fig. 3   Workability of fresh 
geopolymer mortar

104
107

115

103
105

110

102
104

107

102 103
106

80

90

100

110

120

6% Na 8% Na 10% Na

Reference 1% Al 2% Al 3% Al
Fl

ow
 v

al
ue

 (m
m

)

Na Ratio (%)

Fig. 4   Unit weight of mortars

2.08 2.08
2.07

2.06

2.12 2.11
2.10 2.09

2.14
2.13

2.12 2.12

2.00

2.05

2.10

2.15

2.20

Reference %1 Al %2 Al %3 Al

U
ni

t w
ei

gh
t (

g/
cm

3 )

Specimen name

6% Na 8% Na 10% Na



162	 Journal of Material Cycles and Waste Management (2023) 25:157–170

1 3

However, it was determined that the aluminum particles 
used by replacing with fly ash in the ratios of 1, 2, and 
3% significantly increased the compressive and flexural 
strengths of the geopolymer mortar samples.

After 60 ℃ heat curing, the compressive and flexural 
strengths of the geopolymer mortar samples containing 1, 
2, and 3% aluminum were increased by 83, 235, 213, and 
30, 56, 74%, respectively, compared to the reference sample. 

Fig. 5   Compressive strength of 
mortars after 60 ℃ heat curing 
temperature
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Fig. 6   Compressive strength of 
mortars after 70 ℃ heat curing 
temperature

12
.8 22

.0

18
.6

32
.4

26
.6

43
.3

17
.8

29
.3

30
.2

38
.7

34
.7

47
.9

25
.8

39
.4 40
.9 46

.9

42
.4

59
.8

31
.7 37

.7

46
.3 51

.0

60
.8 65

.8

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

24 48 24 48 24 48

6% 8% 10%

)aP
M(shtgnerts

evisserp
mo

C

Curing time (hour)
Na ratio (%)

R 1% Al 2% Al 3% Al

Fig. 7   Compressive strength of 
mortars after 80 ℃ heat curing 
temperature
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Similarly, after 70 ℃ heat curing, the compressive and flex-
ural strengths of the geopolymer mortar samples containing 
1, 2, 3% aluminum were increased by 62, 220, 249, and 42, 
82, 69%, respectively, compared to the reference sample. 
Moreover, in the samples cured at 80 °C, with 1, 2, and 3% 
aluminum substitution, an increase in compressive and flex-
ural strengths of 34, 91, 284, and 49, 95, 215%, respectively, 
was observed compared to the reference sample.

According to the strength test results, it was found that 
an increase of compressive strengths of more than two times 
can be achieved by substituting aluminum in samples of geo-
polymer mortar based on fly ash. For example, the com-
pressive strength of 8% Na containing reference geopolymer 
mixture cured at 70 ℃ for 24 and 48 h are 18.6 MPa and 
32.4 MPa. Extra 24 h heat curing results with 74% increase 
in compressive strength. On the other hand, the compres-
sive strength of 8% Na containing geopolymer mixture 
made with 3% aluminum addition cured at 70 ℃ for 24 h is 
46.3 MPa. Addition of 3% aluminum in the geopolymer mix-
ture resulted with 134% increase in compressive strength in 
comparison to reference geopolymer mixture cured for 24 h. 
Moreover, the compressive strength of 3% aluminum added 
geopolymer mortar for 24 h of heat curing was 43% higher 
than the compressive strength of reference geopolymer mor-
tar heat cured for 48 h. Aluminum addition seems to be more 
effective in improving strength than that of extra heat curing. 
With aluminum powder substitution, at the end of the 24 h 
heat curing period, it was seen that higher strengths could be 
obtained than the strengths of the reference samples without 
aluminum addition could reach with 48 h heat curing. Usage 
of aluminum powder in geopolymer matrix has resulted with 
significant energy and time-saving.

Although Duxson [58] and Songpiriyakij [59] reported 
that increasing the Si/Al ratio increases the compressive 
strength of geopolymer samples, the current study showed 
that decreasing the Si/Al ratio by addition of extra aluminum 
powder in the geopolymer mortar mixture remarkably 

increased the compressive and flexural strengths of geo-
polymer mortar more than two times in comparison to the 
reference mixture.

In addition, an attempt was made to relate compressive 
and flexural strength of geopolymer mortars, the relation-
ship between flexural and compressive strengths obtained 
after 24 and 48 h of heat curing is presented in Fig. 9. It 
was determined that there is a strong relationship between 
flexural and compressive strengths with R2 = 0.89 at the end 
of the 24 h heat curing period. However, R2 = 0.69 for the 
relationship between flexural and compressive strengths was 
determined after 48 h of heat curing. This shows that the 
increase in compressive strength is higher than the flexural 
strength as the heat curing time increases. In other words, 
the increase in heat curing time results in a geopolymer mor-
tar with higher compressive strength. However, the structure 
of geopolymer becomes more brittle with increasing heat 
curing time and the flexural strengths could not increase as 
much as compressive strength.

XRD analysis

XRD analysis results of reference 1, 2 and 3% Al substi-
tuted geopolymer powder samples heat cured at 70 ℃ for 
24 h, are presented in Fig. 10. It is observed from the XRD 
analysis results that quartz (SiO2), mullite (Al6Si2O13), 
and albite (NaAlSi3O8) minerals were detected in the ref-
erence geopolymer samples [17, 27]. In addition, sodalite 
(Na4Al3Si3O12OH) minerals were detected in geopolymer 
samples with aluminum substitution. The dominant peak in 
the structure was the quartz peaks detected around 2 theta 
26–27°. In geopolymer samples containing aluminum, 
quartz and mullite peaks were observed in 2 theta at 21, 26, 
27, 36, 39, 43, 50, 60, 68, and 33, 41, respectively, as in the 
reference sample. In addition, there is a scattered wide peak 
between 20 and 41 that designates the evolution of N-A-
S–H gel with amorphous character [38, 60]. Moreover, it 

Fig. 8   Flexural strength of 
mortars
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was observed that the Albite peaks detected in 2theta 13.94, 
23.73, and 26.65 in the reference sample were transformed 
into sodalite peaks for geopolymer made with Al substitu-
tion. For sodalite peaks, 2theta values were detected 14.02, 
24.32, and 26.73 ICDD number of Albite and Sodalite were 
00–009-0466 and 01–076-1639, respectively. When the 
chemical composition of albite (NaAlSi3O8) and sodalite 
(Na4Al3Si3O12OH) minerals are examined, it is observed that 
more aluminum is needed for sodalite formation.

The formation of sodalite minerals instead of albite min-
erals with Al substitution can be considered as an indica-
tion that aluminum powders participate in the geopolimeric 
reactions. Moreover, it is thought that sodalite formation 
increases the strength of the geopolymer mortar. Chen et al. 
[38], studied on ‘The effect on the compressive strength of 
fly ash-based geopolymer concrete with the generation of 
hydroxy sodalite’. They stated that at the appropriate amount 
of sodium hydroxide and aluminum content in the mixture 
the hydroxy sodalite was formed during heat curing. Thus, 

the formation of hydroxide sodalite and N-A-S-H genera-
tion leads to high strength. They concluded that the highest 
compressive strength can be attributed to the generation of 
N-A-S-H gel and hydroxy sodalites. Moreover, Sathishraj 
Mani and Bulu Pradhan [61] made a parallel conclusion by 
stating that the higher compressive strength is attributed to a 
higher amount of sodium aluminosilicate hydrate (NA-S-H) 
gel formation through albite phase and predominant zeolite 
phases such as gismondine and sodalite.

FESEM‑EDX analysis

FESEM images of geopolymer samples are presented in 
Fig. 11. It is observed from Fig. 11 that the geopolymer 
samples turn into a compact structure with low porosity due 
to an increase in the heat curing temperature and aluminum 
substitution. FESEM pictures of the 60C-R and 80C-R 
samples are presented in Fig. 12a,b respectively, to exam-
ine the influence of heat curing temperature in detail. Many 
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spherical unreacted or partially reacted particles, which are 
thought to be fly ash particles, are observed in Fig. 12a. 
The EDX analysis results on these spherical particles are 
presented in Fig. 12 as EDX-1. According to the results 
obtained, it was concluded that the chemical composition 
of these structures is very similar to the chemical composi-
tion of fly ash. Therefore, these particles were defined as 
fly ash. Furthermore, when Fig. 12b (80 ℃-R) is examined, 
it is observed that the amount of unreacted fly ash grains 
decreases, and the microstructure turns into a more com-
pact structure with an increase in heat curing temperature. 
The microstructure becomes denser with the increase of heat 
curing temperature and the higher amount of the reacted 
fly ash particles are seen as the influencing parameter that 
contributes to the increase of the strength values due to the 
effect of heat curing. In the EDX-2 analysis performed in 
Fig. 12b, the presence of silica, aluminum, and sodium was 
determined in accordance with the N-A-S–H structure seen 
in the fly ash-based geopolymer samples [62, 63]. While 
the amount of silica detected in the matrix structure of the 
reference sample was (26.67%), the amount of aluminum 

was determined as (12.52%). The rate of Si/Al is found to 
be compatible with the amount of 59.11% silica and 21.8% 
aluminum in the chemical composition of fly ash.

On the other hand, to observe the changes in the micro-
structure with aluminum substitution, the microstructures 
of the samples with 3%Al substitution were examined 
under 20,000×magnification. As a result of the examina-
tions, the appearance of the matrix structures in two dif-
ferent regions on the fly ash surface in the microstructure 
and EDX analyzes are presented in Fig. 13. The needle 
or rod-like structures observed in Fig. 13 are thought to 
be sodalite structures (similar sodalite appearances are 
encountered in the literature [38, 64]), whose presence 
was also detected in the XRD analysis. The EDX-3 and 
EDX-4 analyses were carried out to determine the chemi-
cal composition of the detected rod-like structures. The 
obtained results showed that the amounts of aluminum 
(20.58%) and silica (21.64%) in the chemical composi-
tion of the rod-like structure matrices were almost equal. 
These results are also compatible with the chemical for-
mula of sodalite (Na4Al3Si3O12OH). The amount of silica 

Fig. 11   FESEM images of geopolymer mortars (500x)
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detected in the reference geopolymer matrices is more 
than the amount of aluminum. However, the amount of 
aluminum in the matrix structure of the samples with 
aluminum substitutes is almost equal to that of silica is 
considered as an indication that the aluminum included in 

the system participates in the reactions and forms a new 
structure. Moreover, it is thought that sodalite with rod-
like structure, which is thought to be formed in the matrix 
with aluminum substitution, contributes to the increase in 
compressive and flexural strengths [38]. Furthermore, it 

Fig. 12   EDX and SEM image 
(500x) of fly ash and geopoly-
mer matrix

Fig. 13   EDX and SEM images 
(2000x) of fly ash and alu-
minum reaction matrix
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might be concluded that the strengths increase as a result 
of the interlocking of the needle-shaped sodalite structures 
seen in Fig. 13.

Geopolymerization kinetic

Heat curves of the geopolymerization reaction obtained 
using reaction kinetic analysis of the control and aluminum 
powder containing pastes (at 1, 2, and 3% substitution ratio) 
at 70 ℃ are given in Fig. 14.

When the heat flow accelerations are examined, it is 
observed that the heights of rate peaks increased with alu-
minum substitutions. The peak position also changed in 
time scale compared to the reference sample (1.8 h), the 
aluminum containing samples took different times to reach 
acceleration peaks (1.0 h for 1%-Al, 4.4 h for 2%Al and 3.2 h 
for 3%Al) In addition, increasing aluminum substitution was 
elevated the rate of peaks. The maximum peak was obtained 
from 3% aluminum substitution. It is known that the higher 
the rate of specimen peak results with a high amount of reac-
tion product, which is associated with sample hardening and 
strength development [28, 60].

The total heat of geopolymerization curves are presented 
in Fig. 14. It is observed that the total heat of geopolym-
erization is 207 J/g for the reference sample. Furthermore, 
the total heat of geopolymerization for 1%, 2% and 3% alu-
minum substitution rates are 220 J/g, 243 J/g and 257 J/g. 
It can be seen that increasing substitution of aluminum, 
increased the total heat of geopolymerization. It is attributed 
that the total heat released during the geopolymerization 
reaction of the samples can give an explanation for both the 
formation of the reaction product and the strength develop-
ment [60]. The contributions of aluminum substitution to 
the rate and the heat of reactions Querydiscussed above are 
in agreement with compressive and flexural strength results. 
The significant contribution of aluminum to the strengths of 
geopolymer mortars was observed for the first 24 h of heat 
curing. This is found to be in line with the evident effects 
of aluminum on the rate of heat flows and total heat of geo-
polymerization curves.

Conclusions

1.	 The workability of fresh geopolymer mortars increased 
with the increase of sodium content. Negligible 
decreases in workability were observed with aluminum 
substitution.

2.	 Increasing the sodium content increased the unit weights 
of the hardened geopolymer mortar samples. However, 
increasing the aluminum slightly decreased the unit 
weights of the hardened geopolymer mortar samples.

3.	 The increase in sodium content, aluminum substitution, 
heat curing temperature, and heat curing time increased 
the compressive, and flexural strength values ​​of the 
hardened geopolymer mortar samples.

4.	 More than one hundred percent increases were obtained 
in the compressive and flexural strength of class F fly 
ash-based geopolymer mortar samples with aluminum 
replacement. These increases are attributed to sodalite 
formation in the microstructure.

5.	 As a result of XRD analysis, it was observed that albite 
minerals detected in the reference sample were trans-
formed into sodalite minerals with aluminum substitu-
tion.

6.	 According to FESEM images, it was observed that a rod-
like sodalite structure was formed in the microstructure 
with aluminum substitution. It has been observed that 
these structures improve the mechanical properties by 
resulting in better microstructures.

7.	 It was concluded that the total heat of geopolymerization 
increased with the substitution of aluminum. This shows 
that aluminum took part in the geopolymerization reac-
tions, thus resulting in higher strength in comparison to 
the reference samples.
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Fig. 14   Rate of and cumulative 
heat of geopolymerization at 
70 ℃
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