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A B S T R A C T   

In this study, the influence of a pre-rest period before heat curing (as a new parameter), on the physical prop
erties, flexural and compressive strength, and microstructure of geopolymer mortars and pastes produced with 
alkali activation of fly ash were investigated. In this context, geopolymer mortar and paste samples were pre
pared and pre-rested under laboratory conditions for 0, 1, 2, 3, 7, 14, and 28 days before heat curing. After the 
pre-rest period, the samples were subjected to heat curing at 75 ◦C in an oven, for 2 days. Mortar and paste 
samples exposed to a pre-rest period while in the fresh state before heat curing were compared with control 
samples without pre-resting. Water absorption, porosity, specific gravity, capillarity, flexural strength, 
compressive strength, and abrasion resistance tests were conducted on the geopolymer mortar samples. A re
action kinetics study using an isothermal calorimeter, XRD, and SEM analyses were performed on the geo
polymer paste samples for microstructural investigations. Based on the results obtained, it was observed that the 
mechanical strength of the samples subjected to the pre-rest period before heat curing increased considerably 
compared to the reference (without pre-resting) samples. In addition, because of pre-resting, the capillarity 
coefficient, water permeability, and porosity of the samples decreased compared to the reference samples, and it 
was concluded that pre-resting improves durability-related properties. Moreover, the reaction kinetics and SEM 
analysis results, supporting the above findings, showed that a pre-resting period increases the geopolymeric 
reaction products and causes a denser microstructure.   

1. Introduction 

The term geopolymer was first introduced by Joseph Davidovits in 
the 1970s as a new alternative binding material to Portland cement [1]. 
A geopolymeric reaction is a chemical reaction similar to an organic 
polymeric chain; in the final product, it forms an alumina-silica chain 
that has binding property. Geopolymeric reaction takes place between 
glassy silica and alumina in a high pH strong alkaline catalyzing me
dium. The reaction is also named alkali activation and, converts glassy 
compositions of source matter into a solid compound matter with a 
robust binding property [2–6]. In general, the use of fly ash, as one of the 
major industrial wastes from thermal power stations, is preferred as the 
source material containing alumino-silicate in geopolymer production. 
The main reason for using fly ash is to protect both the environment and 
natural resources by recycling fly ash [7,8]. 

Portland cement production is responsible for about 7–8% of the 
carbon dioxide emissions to the atmosphere. Geopolymer binder is a 

greener material than Portland cement. While a ton of CO2 gas is emitted 
into the atmosphere in one ton of Portland cement production, 0.18 ton 
of CO2 gas is emitted into the atmosphere in the production of one ton of 
geopolymeric binder [7,9–12]. 

In geopolymer synthesis, silica and alumina oxides major ingredients 
of aluminosilicate materials, dissolve in an alkali activator solution. It 
includes three phases of the chemical procedure. Published literature 
reports that the reaction mechanism of geopolymers consist of three 
major steps: (1) dissolution of reactive Si and Al mainly from glassy solid 
phases due to OH− attack; (2) reorientation and gelation of dissolved 
species; (3) polymerization and condensation of products [13–17]. 

The formation of geopolymerization takes place in the presence of 
strong alkalis such as sodium hydroxide and/or sodium silicate between 
alumina and silicate materials. Based on published literature, geo
polymer was synthesized at room conditions in some studies and at 
different temperatures in others. However, geopolimerization develops 
slower at room temperature and faster at higher temperatures (between 
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60 and 100 ◦C) [3,18–21]. It has been reported that the activation en
ergy requirement of mixtures prepared using fly ash and sodium hy
droxide is higher in producing geopolymeric products compared to 
mixtures prepared with meta-kaolin or blast furnace slag [10,22]. 

Laboratory studies were carried out on fly ash based geopolymer 
mortars, with different molarities, different curing temperatures, and 
durations. Mechanical, physical, permeability and microstructural 
properties of the samples produced were investigated [10,23,24]. 

In one study, the effect of heat curing temperature on physical and 
mechanical properties was investigated. The fly ash based geopolymer 
samples cured at 85 ◦C for samples prepared at 9 M Na+ and cured for 
24 h had less water absorption, porosity and higher density than that of 
samples cured at 65 ◦C [23]. 

In another study, fly ash based geopolymer mortar was activated 
with NaOH and cured at 75 ◦C for 48 h. After heat curing, hardened 
geopolymer was left 28 days at room conditions before strength tests. 
According to the experimental results obtained, it was observed that the 
mechanical strength of the samples left at room conditions increased and 
permeability properties decreased [25]. 

Atis et al. carried out a parametric laboratory study and produced fly 
ash based geopolymer mortar samples with different Na+ ratios 
(4–20%). The geopolymer mortar samples were subjected to heat curing 
at different temperatures (45–115 ◦C), durations (24–72 h), and exam
ined mechanical properties. As a result of the study, in general, it was 
observed that the strengths increased as the sodium molarity increased. 
Improvements in strength were observed with the increase of heat 
curing temperature and durations. In addition, it was concluded that 
each parameter (molarity, temperature, curing time) has its optimum 
value. However, according to the experimental results obtained, the 
highest compressive strength was found to be 120 MPa in samples 
prepared with 14 M Na, exposed to 115 ◦C heat curing for 24 h. It was 
observed that the influence of heat curing on strengths was decreased 
particularly when the heat curing temperature was higher than 75 ◦C 
and curing duration was longer than 48 h. They stated that the 
maximum curing period should not exceed 48 h in fly ash based geo
polymer mortar samples to be subjected to heat curing [26]. 

Briefly, published literature showed the rate of geopolymeric reac
tion accelerates with an increase in curing temperature, curing duration, 
and molarity of alkali activator. These findings were also supported by 
other researchers [15,24,27,28]. 

Sun and Vollpracht, carried out a laboratory study to investigate a 
one year geopolymerisation of sodium silicate activated fly ash and 
metakaolin geopolymers. They prepared fly ash and metakaolin pastes 
with sodium silicate, separately. An isothermal calorimetry test was 
conducted on their geopolymer pastes at 20, 30, 40, and 60 ◦C for 72 h. 
According to the isothermal calorimetry results, they concluded that 
when the temperature was increased, heat flow peak and cumulative 
heat value were increased for both geopolymer pastes. However, the 
heat flow peak and cumulative heat values of the metakaolin geo
polymer pastes were found to be higher than those of the fly ash geo
polymer pastes for all temperatures. It was observed that the activation 
energy requirement of the fly ash-based geopolymer paste samples 
activated by alkali was higher at all temperatures than those of the 
counterpart metakaolin-based geopolymer paste samples. They 
concluded that initial heat curing contributes to the strength develop
ment of both geopolymers [29]. However, the strength improvement of 
fly ash based geopolymer is more prominent than its metakaolin coun
terpart, revealing the temperature dependence of alkali activated fly ash 
[27–30]. Also, research reported that the activation energy requirement 
of sodium hydroxide activated fly ash is higher than that of metakaolin 
or blast furnace slag [10,22,29]. 

From the literature review above, it is understood that fly ash based 
geopolymer needs heat curing for hardening and geopolymerization to 
take place for a certain duration [18,23,31–33]. Furthermore, there are 
several phases in the geopolymerization process i.e. dissolution of 
reactive ingredients, reorientation, gelation, polymerization, and 

condensation of geopolymeric products [22,34–36]. These phases take 
time, as for any chemical process. Therefore, it was postulated that when 
fly ash based geopolymer is heat cured, geopolymerization takes place 
during heat curing in the presence of sodium ions within the presence of 
water in the medium to transport these ions. However, heat curing re
sults with the geopolymerization of fly ash in the presence of alkali so
lution, and causes evaporation of the water present in the alkali 
solutions. When the water evaporates fully, then the geopolymeric re
action reaches an end and stops. Thus, generally, it results with an un
completed geopolymeric reaction. Therefore, it was thought that if the 
geopolymeric reaction process was extended for a certain period as well 
as slowing down the evaporation of water for a certain period of time, 
then better geopolymeric process could take place, resulting in a geo
polymeric product with better properties. This can be achieved by 
applying a pre-rest period to fresh alkali activated fly ash based geo
polymer mortars, which allows the dissolution of the amorphous phase 
of fly ash. Therefore, in this work, a new parameter influencing the 
geopolymeric reaction, as well as properties of geopolymer, was intro
duced as the pre-rest period before heat curing of geopolymer. More
over, the influence of applying the pre-rest periods to fresh mixtures of 
alkali activated fly ash based geopolymer on the properties of hardened 
geopolymer sample was investigated. A laboratory study was under
taken to achieve the aim of the study. The laboratory study was 
comprised of preparing fresh sodium hydroxide activated geopolymer 
mortar and paste mixtures made with class F fly ash. These fresh mix
tures were subjected to pre-rest periods before heat curing to provide 
certain time for dissolution of some amorphous phases of the fly ash. 
Following pre-rest periods, these samples were heat cured for certain 
durations. Their properties, including unit weight, flexural tensile and 
compressive strength, and abrasion resistance on mortar samples, were 
measured. A microstructural study including XRD and isothermal and 
SEM analyses were carried out on the paste samples. The results ob
tained were evaluated. 

2. Properties of materials and methods 

2.1. Fly ash 

In this study, low-lime class F fly ash, which was classified by ASTM 
C 618 [37], was used and obtained from the Adana Iskenderun Sugözü 
thermal power plant. Characterizations of the fly ash were done by XRF 
(The Axios XRF spectrometer by PANanalytical), XRD (Bruker Axs D8 
Advance Model) analysis, and SEM imaging in the Erciyes University 
Technology Research and Application Center Laboratories and are pre
sented in Table 1 and Fig. 1. 

The specific weight of the fly ash used was 2.41 and the remaining fly 
ash on a 45 μm sieve was 12%. Pozzolanic strength activity indexes of 
the fly ash were 78.4% for 7 days and 91.8% for 28 days, determined 
according to ASTM C618 [37]. 

2.2. Standard sand 

Rilem Cembureau Standard sand, produced by the Limak Cement 
Industry, was used. The sand had a maximum grain size of 2 mm. Sieve 
analysis and limits of the standard sand are given in Table 2, and the 
sand complied with TS EN196-1 [38]. 

2.3. Activator 

As an alkali activator, sodium hydroxide was used and was obtained 
from Zülfikarlar Group Akça Chemicals and its purity ratio was greater 
than 97%. The chemical content of the sodium hydroxide is given in 
Table 3. 
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2.4. Water 

Clean and drinkable city water was used in the study. 

2.5. Experimental program and test applied 

The material ratios of the fly ash based geopolymer mortar mixtures 
produced in the experimental study were 3, 1, 0.29, and 0.1 for sand, fly 
ash, water, and sodium hydroxide in mass basis, respectively. The 
amount of materials used for mortar and paste samples are presented in 
Table 4. The alkaline solution and water binder ratios in the geopolymer 
paste samples were kept the same as in the geopolymer mortar mixtures. 
The prepared mortar and paste samples were subjected to a pre-rest 
period at room conditions for 0, 1, 2, 3, 7, 14, and 28 days and then 
exposed to heat curing at 75 ◦C for 48 h in an oven. Sample codes, pre- 
rest period before heat curing, and heat curing duration at 75 ◦C are 
given in Table 5. Subsequently, water absorption, porosity, specific 
gravity, capillarity, flexural strength, compressive strength, and abra
sion resistance tests were carried out on the mortar samples that 
completed the 48 h heat curing period. For paste samples, reaction ki
netics, XRD analysis, and SEM imaging were performed. 

Prism molds with a size of 40 × 40 × 160 mm3 were prepared using 
the above mixing ratio, given in Table 5, then the flexural and 
compressive strengths of the hardened geopolymers were done 

according to TS EN 1015-11 [39]. 
The Bohme abrasion test was carried out on the cubic mortar samples 

of 71 × 71 × 71 mm3 according to TS 2824 EN 1338 [40]. Determination 
of water absorption, porosity, unit weight, and capillary water sorptivity 
properties were carried out according to ASTM C642 [41] and ASTM 
C1585 [42] on the prismatic samples of 40 × 40 × 160 mm3. 

Isothermal calorimetry measurements were conducted on the geo
polymer paste samples by using a TAM Air (TA Instruments) calorimeter 
for pre-rest periods of 1, 3, 7, and 28 days as well as reference samples 
without a pre-rest period. Geopolymer pastes were placed into plastic 
vials after mixing. The P0 geopolymer paste sample without a rest period 
were immediately placed inside the calorimeter cell and measurements 
were conducted at 75 ◦C for 48 h. The P1, P3, P7, and P28 pastes were 
placed inside the calorimeter cells after curing in plastic vials at room 
conditions for 1, 3, 7, and 28 days, respectively, and then calorimetric 
measurements were performed at 75 ◦C for 48 h. The rate of reaction of 
geopolymer pastes was recorded as heat flow in mW units and then 
normalized per gram of fly ash in the geopolymer paste. Additionally, 
the total heat of reaction curves for the pastes were obtained as the 
cumulative area under reaction rate vs. time plots. 

The geopolymer paste samples were prepared in accordance with the 
mixture composition and curing conditions given in Tables 4 and 5, 
respectively, for X-Ray diffraction (XRD) analyses and scanning electron 
microscopy (SEM). 

Hardened paste samples were crushed and sieved through a 63 μm 
screen before XRD analysis, and then they were analyzed between 2- 
theta angles of 5–60◦ by using a Bruker AXS D8 model XRD device, 
operating with a CuKα X-ray source, 40 kV potential, and 40 mA current. 

SEM examinations of the hardened geopolymer pastes were con
ducted on the fractured surfaces coated with gold/palladium to provide 
a conductive surface. Finally, the microstructure of the hardened geo
polymer paste samples were examined by using LEO 440 SEM, equipped 
with an energy-dispersive X-ray analysis (EDX) system. 

Table 1 
Chemical oxide composition of fly the ash (%).  

Oxide SiO2 Al2O3 Fe2O3 CaO SO3 Na2O Free CaO Clˉ LOI 

Fly Ash 61.81 19.54 7.01 1.77 0.31 2.43 0.07 0.04 2.20  

Fig. 1. XRD and SEM of fly ash.  

Table 2 
Grading of sand used and standard specifications.  

Sieve Size (mm) 0.08 0.16 0.50 1.0 1.6 2.0 

Remaining on sieve (%) 99 85 71 36 7 0 
Standard Limits (%) 99 ± 1 87 ± 5 67 ± 5 33 ± 5 7 ± 5 0  

Table 3 
Chemical ingredients of the alkali activator (%).  

NaOH Na2CO3 Cl Al Fe SO4 

≥97 ≤1 ≤0.01 ≤0.002 ≤0.002 ≤0.01  

Table 4 
Geopolymer mortar and paste mixture compositions (g).   

Sand Fly Ash NaOH Water 

Mortar 1350 450 80 130 
Paste – 450 80 130  

Table 5 
Mixture codes, pre-rest periods before heat curing, and heat curing duration.  

Mixing Numbers For 
Mortars and Pastes 

Pre-rest Period Before Heat 
Curing (days) 

Heat Curing Duration 
(hours) 

M0, P0 0 48 
M1, P1 1 48 
M2, P2 2 48 
M3, P3 3 48 
M7, P7 7 48 
M14, P14 14 48 
M28, P28 28 48  
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3. Results and discussions 

3.1. Unit weight, water absorption and porosity 

Unit weight, water absorption, and porosity testing results obtained 
from the AAFA geopolymer mortar subjected to a pre-rest period before 
heat curing are displayed in Table 6. Comparison between the control 
geopolymer mortar and geopolymer mortar with a pre-rest period before 
heat curing shows that there is a tendency of the sample to increase in 
unit weight as the pre-rest period curing increased. Unit weight of the 
hardened geopolymer mixture was found to be between 2.22 and 2.26 
g/mm3. From Table 6, the water absorption and porosity values of the 
control specimen were 4.9% and 10.6%, respectively. The water ab
sorption and porosity values of the samples subjected to a pre-rest period 
were 4.7%, 4.0%, 3.7%, 3.6%, 3.6%, 2.7%, and 10.4%, 8.8%, 8.2%, 
8.0%, 7.9% and 5.4% for 1, 2, 3, 7, 14, and 28-day pre-resting periods, 
respectively. 

It was observed that the pre-rest period caused an increase in unit 
weight, and reduced the water absorption and porosity values of the 
samples. This is attributed to higher geopolymerization and denser 
structure caused by the pre-rest period explained in the following 
microstructural studies, particularly in the SEM studies. 

3.2. Sorptivity 

Water capillary sorptivities, including the initial and secondary 
sorptivity of the hardened geopolymer mortars produced in the study, 
are presented in Table 7. The highest initial and secondary sorptivities 
were obtained from the M0 mixture without a pre-rest period. The 
lowest initial and secondary sorptivities were obtained from the M28 
mixture with the longest pre-rest period before heat curing. Table 7 
shows that there is a reduction tendency in initial and secondary sorp
tivity of samples while the pre-rest period increases. The initial and 
secondary sorptivity results were found to be compatible with water 
absorption and porosity values. 

3.3. Flexural and compressive strengths results 

The study flexural and compressive strengths of the alkali activated 
fly ash-based geopolymer mortar samples exposed to a certain pre-rest 
period before heat curing and subsequently, heat cured in a 75 ◦C 
oven for 48 h are presented in Figs. 2 and 3. 

Samples without a pre-resting period were considered as reference 
samples. As seen from Figs. 2 and 3, the flexural and compressive 
strengths of the control sample were 8.2 and 38.4 MPa, respectively. The 
flexural and compressive strengths of the samples subjected to a pre-rest 
period were 8.2, 10.2, 10.7, 10.8, 11.3, 11.7, 11.8 MPa and 38.4, 43.3, 
48.5, 50.8, 51.0, 54.6, 59.4 MPa for 0, 1, 2, 3, 7, 14, and 28-day pre- 
resting period, respectively. Flexural strengths increased by up to 
25%, 31%, 32%, 38%, 42%, and 44% compared to the reference mixture 
for 1, 2, 3, 7, 14, and 28 days pre-rest period, respectively. Similarly, 
compressive strengths increased by up to 13%, 26%, 32%, 33%, 42%, 
and 55% compared to the reference mixture for 1, 2, 3, 7, 14, and 28 

days pre-rest period, respectively. Therefore, it was concluded that the 
flexural and compressive strength of the samples exposed to a pre-rest 
period was significantly higher than that of the reference sample. 

As the pre-rest period duration increases, an increase in flexural and 
compressive strengths and significant increase rates of flexural and 
compressive strengths were observed. Therefore, the pre-resting phe
nomenon and its duration are found to be crucial for the strength 
properties of geopolymer. It was concluded that the pre-resting phe
nomenon and its duration are highly effective in contributing to geo
polymerization and strength properties. 

In literature, it was reported that heat curing time and degree, 
amount of alkaline solution, and molarity are effective parameters on 
the geopolymerization event and properties of geopolymer. From this 
study, it was concluded that the pre-rest period is a new parameter and it 
is as important and effective as the parameters mentioned above. Thus, a 
pre-rest period is introduced and defined as a new parameter, which 
influences the properties of geopolymer. 

Table 6 
Unit weight, water absorption and porosity results of mortars.  

Mixture 
No 

Heat 
Curing 
Duration 

Rest Period 
Before Heat 
Curing 

Unit 
Weight 
(g/cm3) 

Absorption 
(%) 

Porosity 
(%) 

M0 48 h +0 2.22 4.9 10.6 
M1 48 h 1 d 2.24 4.7 10.4 
M2 48 h 2 d 2.24 4.0 8.8 
M3 48 h 3 d 2.24 3.7 8.2 
M7 48 h 7 d 2.25 3.6 8.0 
M14 48 h 14 d 2.25 3.6 7.9 
M28 48 h 28 d 2.26 2.7 5.4  

Table 7 
Water sorptivity results of the mortars.  

Mixture No Initial Sorptivity (mm/sn1/2) Secondary Sorptivity (mm/sn1/2) 

M0 0.0477 0.0014 
M1 0.0404 0.0014 
M2 0.0377 0.0011 
M3 0.0304 0.0010 
M7 0.0052 0.0009 
M14 0.0069 0.0009 
M28 0.0036 0.0009  

Fig. 2. Effect of the pre-rest period before heat curing on flexural strengths.  

Fig. 3. Effect of the pre-rest period before heat curing on compres
sive strengths. 
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3.4. Abrasion resistance 

The Böhme abrasion testing results of the alkali activated fly ash- 
based geopolymer mortar samples produced in this study are pre
sented in Table 8. 

As seen from Table 8, the abrasion value of the control samples were 
4005 mm3/5000 mm2. The Bohme abrasion values for the samples 
subjected to a pre-rest period were 3875, 3838, 3349, 3241, 2979, and 
2869 mm3/5000 mm2 for 1, 2, 3, 7, 14, and 28 day pre-resting periods, 
respectively. 

The abrasion values decreased by up to 3.2%, 4.2%, 16.4%, 19.1%, 
25.6%, and 28.4% compared to the reference mixture for 1, 2, 3, 7, 14, 
and 28 days pre-rest period, respectively. Therefore, it was concluded 
that the Bohme abrasion value for the samples exposed to a pre-rest 
period was significantly lower than that of the reference sample. 
Increasing the pre-rest period before heat curing corresponds to a higher 
abrasion resistance of alkali activated fly ah based geopolymer. This is a 
direct result of increase in the flexural and compressive strengths of the 
material due to the pre-rest period. It is known that for certain material, 
higher strength is associated with lower abrasion value or higher abra
sion resistance [43]. 

3.5. Reaction kinetics 

The rate and cumulative heat of reaction of the geopolymer pastes 
are shown in Figs. 4 and 5. The geopolymer pasts were tested at 75 ◦C for 
the pre-rest periods of 1, 3, 7, and 28 days, as well as the reference 
sample, without a pre-rest period before testing, for the short term (1 
day and 3 days) and the long term (7 days and 28 days) pre-rest periods, 
respectively. The cumulative heat of reaction curves of the pastes sub
jected to pre-rest periods before heat curing were plotted to initialize 
with the cumulative heat value recorded at the end of the rest period. 
According to published literature, the reaction mechanism of fly ash 
based geopolymers consists of three major steps: (1) dissolution of 
reactive Si and Al, mainly from glassy solid phases due to OH− attack; 
(2) reorientation and gelation of the dissolved species; and (3) poly
merization and condensation of the products [13–17]. The rate of heat 
evolution graph for the reference geopolymer paste tested without a 
pre-rest period (Figs. 4a and 5a) indicated that the reaction rapidly ac
celerates in the first hour by giving an initial exothermic peak. The first 
peak can be associated with the dissolution of the aluminosilicates from 
the fly ash particles. The reference geopolymer paste also exhibited a 
second and a third exothermic peak in the first 2 h. This multiple peak 
process is in line with published literature reported for FA based geo
polymer binders cured at elevated temperatures and is attributed to 
structure transformation and further condensation of N-A-S-H gels at 
higher temperatures [13–17]. 

Regarding the influence of a pre-rest period duration before heat 
curing on hydration kinetics of FA activated by NaOH, it was clearly 
observed that the pre-rest period modified the reaction process signifi
cantly depending on the duration of the rest period. The longer-term pre- 
rest periods particularly converted the early reaction process to a single 
from a multiple peak exothermic heat flow. Short term pre-rest periods 
resulted in the peaks becoming closer whereas the 28 days pre-rest 
period before heat curing completely created a single-peak exothermic 

reaction due to the merging of multi peaks. This behavior suggests that a 
pre-rest period at room temperature, especially for longer periods, al
lows efficient dissolution of reactive species from FA particles without 
considerable polymerization and condensation. Heat curing after the 
pre-rest period in the presence of rich dissolved species causes a rapid 
and enhanced polymerization and condensation process with a single 
exothermic peak, which can be associated with strength enhancements 
after the pre-rest periods. The cumulative heat curves for 48 h of heat 
curing at 75 ◦C were affected considerably by the pre-rest period as 
shown in Figs. 4b and 5b. The final values of the cumulative heat curves 
at the end of heat curing were recorded as 290, 421, 423, 422, and 426 
J/g for 0, 1, 3, 7, and 28 days pre-rest period, respectively. It was 
observed that pre-resting increased the cumulative heat of reaction of 
the geopolymer pastes at the end of heat curing by approximately 45%. 
However, no significant difference in cumulative heat values occurred as 
the rest period was prolonged from 1 day to 28 days. 

It was observed that the final values of cumulative heat releases in
crease with a pre-rest period and become asymptote to its threshold 
value. An attempt was made to relate compressive strength development 
with those final values of cumulative heat releases and these are pre
sented in Table 9 (column 1 and 2). A closer observation of Table 9 
shows that there was no proper relation between compressive strength 
and the final values of cumulative heat releases. 

However, another attempt was made to relate compressive strength 
development with the area under the cumulative heat release graphs 
including cumulative heat releases during the pre-rest periods. The 
determined values of those areas are presented in Table 9 (column 3). 
Table 9 shows that a good relation exists between compressive strength 
and those areas. While, the values of areas increase, then the compres
sive strength of geopolymer mortar increases. This appropriately ex
plains the increase in compressive strength through cumulative heat 
release. 

3.6. SEM examinations 

SEM image studies were carried out on the geopolymer paste sam
ples, which were subjected to the pre-rest periods before heat curing. 
After completing the pre-rest period, the samples were exposed to 75 ◦C 
heat curing for 48 h. SEM images of the P0, P1, P2, P3, P7, P14, and P28 
geopolymer paste samples are given in Fig. 6. 

The reference geopolymer paste sample, which was directly cured at 
75 ◦C for 2 days without a pre-rest period, consisted of partially reacted 
and unreacted fly ash particles as well as geopolymer gel. P0, the 
spherical fly ash particle dissolved in alkaline solution because of geo
polymerization is seen in Fig. 6 (a). It is observed from Fig. 6 (b, c, d) that 
the P1, P2, and P3 geopolymer paste samples have less unreacted 
spherical fly ash particles. Thus, the microstructure of the geopolymer 
paste with low porosity became denser. In addition, the geopolymer 
paste samples P7, P14, and P28, as determined from Fig. 6 (e, f, g), had 
the least amount of unreacted fly ash particles in the geopolymer. The 
microstructure of the paste was much more dense and compact with 
very low porosity due to the pre-rest period. 

As a result of the SEM examinations, it was concluded that while the 
pre-rest period before heat curing increases, the reacted amount of fly 
ash particles increases, and therefore a more dense and compact 
microstructure was formed. 

In order for the geopolymeric reaction to take place, sodium has to be 
in ion form. This is possible by forming an alkaline solution of water 
with sodium or water with sodium hydroxide. 

While geopolymer pastes are subjected to heat curing without a pre- 
rest period, the water contained in the paste sample alkaline solution 
evaporates rapidly with the effect of heat curing. This reduces the ion 
transfer, thereby limiting the formation of the geopolymeric reaction. 

The alkaline solution in the samples subjected to a pre-rest period 
before heat curing, allows the first stages of geopolymeric reactions to 
take place with more regular and orderly form. Thus, the mechanical, 

Table 8 
Abrasion resistance of the AAFA mixtures.  

Mixture No Abrasion (mm3/5000 mm2) 

M0 4005 
M1 3875 
M2 3838 
M3 3349 
M7 3241 
M14 2979 
M28 2869  
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durability, and microstructural properties of the geopolymer samples 
exposed to heat curing after the pre-rest period develop favorably. 

3.7. XRD analysis results 

The results of XRD analysis obtained for P0, P1, P2, P3, P7, P14, and 
P28 geopolymer pastes are presented in Fig. 7. Many peaks of quarts, 
mullite, and sodalite crystalline minerals were observed due to the in
gredients of the fly ash and alkali materials used, for all geopolymer 
pastes. There was no clear difference in the intensity of the peaks of 
quartz, mullite, and sodalite. The main difference between only fly ash 
sample and alkali activated geopolymer paste was the sodalite mineral. 
Sodalite mineral was not observed in the fly ash sample. Formation of 
sodalite can be taken as an indicator of a geopolymeric reaction between 
sodium ions and fly ash particles. It is not easy to identify the pattern of 
the geopolymeric reaction product using only XRD results [20,44–46]. 

In Fig. 8, the XRD analysis of fly ash and P28 samples are presented. 
From a closer examination of Fig. 8, the graph of the P28 sample drop 
down can be compared to the graph of the fly ash. The graph of fly ash 

humping upwards is an indication of the amorphous structure of the fly 
ash. In the P28 paste sample, the graph’s dropping down and the flat
tening of the hump is explained by the dissolution of amorphous ma
terials in the fly ash in an alkaline solution, and turning into a more 
crystalline structure and geopolymeric product. 

4. Conclusions 

The following conclusions were made from the laboratory study 
carried out to evaluate the influence of the pre-rest period before heat 
curing on the properties of an alkali activated fly ash based geopolymer. 

1 An applied pre-rest period before heat curing on fly ash based geo
polymer mortar increased unit weight, decreased water absorption, 
and porosity values of the geopolymer mortar.  

2 A pre-rest period resulted in an increase in the flexural and 
compressive strength properties of the geopolymer. The longer pre- 
rest period means a higher strength property. 

3 A pre-rest period caused a higher abrasion resistance of the geo
polymer mortar. The higher abrasion resistance was obtained from 
the longer pre-rest period.  

4 Based on SEM pictures, it was concluded that the pre-rest period, 
allowing more time for ion transfer between the alkaline solution and 
fly ash particles, resulted with a more compact and denser micro
structure, thus, resulting in better material properties.  

5 XRD analysis proved that the pre-rest periods before heat curing 
causes the dissolution of amorphous materials in the fly ash in an 
alkaline solution and turns them into a more crystalline structure in 
the geopolymeric reaction. 

Fig. 4. (a) Rate of hydration curves of the geopolymer pastes at 75 ◦C for 2 days. (b) Cumulative heat of hydration of the geopolymer pastes.  

Fig. 5. (a) Rate of hydration curves of the geopolymer pastes at 75 ◦C for 2 days. (b) Cumulative heat of hydration of the geopolymer pastes.  

Table 9 
Cumulative heat of hydrations.  

Mixture 
No 

Compressive 
Strengths, MPa 

Cumulative heat of 
hydrations, J/g 

Area of under 
cumulative heat of 
hydration curves 

P0 38.4 290 46,003 
P1 43.3 421 59,927 
P3 48.5 423 65,786 
P7 51.0 422 83,879 
P28 59.4 426 302,326  
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6 Isothermal studies showed that the pre-rest periods before heat 
curing contribute to the geopolymeric reaction, thus increasing the 
compressive strength development and mechanical properties.  

7 Finally, pre-rest periods before heat curing can be considered a new 
and rewarding parameter, which influences the geopolymeric reac
tion development and mechanical properties of hardened 
geopolymer. 
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