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ABSTRACT

In this article, an experimental study was conducted to examine the effect of curing time and microwave power on
the compressive strength of early microwave-cured slag based geopolymers. Geopolymers have the potential to serve
as an environmentally friendly substitute for cement-based building materials, and the use of microwave curing to
geopolymers holds the promise of substantial strength improvement. Different microwave curing energies (300 - 800
Watts) were utilized at varying durations (10 - 60 minutes) on demoulded mortar specimens after one day. After that,
compressive strength tests were conducted on both the cured and uncured specimens at three different ages: 1, 7, and
28 days. Results indicated that microwave curing could increase the strength about 10 times (36,47 MPa) in 1 day
which is almost equal to the 28 days strength of uncured specimens. Based on the performed SEM-EDX results and
visual inspections there may be a correlation among EDX results, color changes and compressive strength values. High
energy level such as 800-Watt caused decay in samples and durability problems by decreasing the strength at late ages;
Therefore, it is recommended to not apply such high energies to slag-based geopolymers.

Keywords: Geopolymer, Ground granulated blast furnace slag, Microwave curing, Strength, SEM-EDX analysis

1. Introduction Mechanically, geopolymer is comparable to con-
ventional Portland cement concrete, but it is more
resistant to durability issues [3]. However, initia-
tor materials utilized in the fabrication process have
a significant impact on the characteristics of the
geopolymers produced. Alkaline environments have
a substantial impact on the geopolymerization pro-
cess and, consequently, geopolymer properties. In
an alkaline solution, the compressive strength values
of geopolymers increase as the sodium silicate to
sodium hydroxide ratio (NaySiO3/NaOH) rises. Ad-
ditional key aspects are the molarity (concentration)
of sodium hydroxide and the ratios of NayO, H»0,
and SiO. in sodium silicate solution. Generally, a
greater concentration of sodium hydroxide results in

Due to the widespread usage of concrete in the
construction industry today, cement is increasingly
employed as a binder in concrete. More than 4 billion
tons of cement are produced annually on a global
scale, and the utilization of cement is seeing expo-
nential growth [1]. An estimated 5-7 percent of all
carbon dioxide released into the atmosphere is gener-
ated during the production of cement; hence, cement
production is one of the primary contributors to the
acceleration of global warming [2]. As a result, sci-
entists concentrated on developing environmentally
friendly substitutes for cement. In recent decades,
there has been a growing scientific and engineer-

ing interest in a substance called geopolymer, which
is often regarded as an environmentally beneficial
material [3]

enhanced strength. And NaOH stimulates the devel-
opment of CH gel, which is recognized for its ability
to improve strength performance [4]. Curing condi-
tions follow-up to the synthesis of geopolymers have
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a significant impact on their strength qualities, with
the exception of the initiator materials utilized. Three
common curing types examined in the literature are
ambient curing [2, 5], heat/oven curing [6, 7], and
steam curing [8]. It has been shown by Hardjito et
al. (2005) and Vijai et al. (2010) that the mechani-
cal strength of geopolymer concrete is enhanced at
higher curing temperatures [4, 5]. It was determined
that an optimal curing duration of one day at 60°C
in an oven was optimal. The oven curing method
has been shown to be the most suitable and effec-
tive approach for curing geopolymer concrete with
regards to the development of early strength [5, 7, 9].
Through these investigations, it can be concluded that
conventional heat or oven curing is the most effective
curing method. Nevertheless, this curing method has
significant disadvantages, including the fact that it
is challenging to implement in situ. When heat is
delivered to the surface and permitted to convectively
reach the core, temperature gradients also develop
throughout the specimen. By employing oven curing,
the sample is shielded from uneven heating, which
may result in the formation of undesired properties
[10]. Recent studies have shown that strength can be
significantly enhanced using microwave curing as a
novel technique, even with a curing time of less than
60 minutes. In contrast, when strength levels were
maintained for 24 hours using a traditional oven,
comparable results were obtained [11, 12]. A com-
parison between heat curing and microwave curing
is illustrated in Fig. 1.

Clearly, the sample’s core was subjected to a higher
temperature, and microwave curing more evenly dis-
tributes heat than conventional heat curing [13]. For
instance, Lei et al. (2023) has applied microwave cur-
ing on basalt and waste glass-based powder mixtures.
While surpassing 180 W may have negative effects,
prolonging the microwave curing period can improve
the compressive strength. The strength attained fol-

Volumetric heating %ii
2

i

Fig. 1. Comparison of traditional and microwave curing; a) conventional and (b) microwave heating patterns.

lowing 7 minutes of microwave curing is equivalent
to that attained after 28 days at normal temperature
[14]. Lei et al. (2024) has also focused on calcination
ratio of basalt on microwave efficiency They calci-
nated basalt tailing raw material between 500-1000
°C and applied optimized microwave curing regime
they previously found (180W 7 minutes) revealing
that calcination at 750°C resulted best compressive
strength [15]. These studies show the efficiency of
microwave curing on basalt tailing based geopoly-
mers. However, even calcination heat of precursor
influenced microwave curing efficiency.

Recent research on geopolymers has also demon-
strated that microwave curing is an effective method
for producing products with high early strength, in-
cluding precast concrete and geopolymer foam [16,
17]. This efficiency guarantees that microwave ir-
radiation for geopolymers will be very applicable.
However, selecting the inappropriate curing energy
level and duration may result in insufficient strength,
and depending on the geopolymer, higher energy lev-
els and longer duration may be detrimental. With
regard to durability issues, these two parameters
of microwave curing application should be taken
into account with the initiator materials utilized
in the manufacturing of geopolymers. Some studies
discussed in the following section revealed that ap-
plicable microwave power and curing durations to
achieve adequate strength and durability related with
mix design and precursor type.

Microwave curing, in which the materials get mi-
crowave energy via chemical interactions with the
electromagnetic field, is an alternative to heat cur-
ing [10, 18]. Subsequent to microwave irradiation,
materials may manifest three discernible behaviours:
insulating, reflecting, and dielectric. Materials used
as insulators, such as quartz, ceramic, and Teflon, are
microwave permeable. Metals and alloys that reflect
microwaves or absorb them minimally may qualify as
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reflecting materials. As a type of dielectric substance,
geopolymer exhibits neither reflective nor offensive
properties. The microwave absorption capability of
dielectric materials is determined by the relative di-
electric constant, denoted as ¢’, where ¢” represents
the loss factor. In dielectric materials, microwave
energy was converted to heat energy via the dissi-
pation factor (loss tangent (tan §)). The loss factor
is represented by Eq. (1), where £0 is the absolute
permittivity of the vacuum [13].

tans = (¢'/eo) / (¢"/e0) = " /¢’ (€]

When microwave curing is utilized, two crucial pa-
rameters that have an impact on the geopolymers
are the curing duration and power. In order to
achieve the required quality of the end product with
geopolymers, it is necessary to identify these ele-
ments. Several findings from the literature about the
applications of microwave curing can be categorized
as follows:

Samantashingar et al. (2020) employed a range of
microwave irradiation powers, including 200, 300,
and 600W, to treat fly slag-based geopolymer for
intervals of 10 to 60 minutes. They discovered that
600W curing for 30 minutes yields the highest com-
pressive strength, which is nearly identical to the
compressive strength recorded on the specimen after
60 minutes of 300W curing. In contrast to the 300W
microwave power, however, the 600W microwave
energy caused microcracks in the specimens [19]. The
researchers have established that materials with the
greatest compressive strength are produced through
curing for sixty minutes using 300W microwave
power [19]. Further investigations have established
that energy exposure over 300W to geopolymer spec-
imens may result in adverse consequences for the
chemical formations contained inside their structures
[3, 20]. Specific investigations were conducted utiliz-
ing microwave exposure at intensities exceeding 700
W for a timeframe of merely 10 minutes [21, 22].
In order to examine the impacts of different curing
methods, they once subjected specimens of slag-based
geopolymer reactive powder concrete to a variety of
curing techniques, including microwave irradiation.
For the duration of 4 minutes, 750W of microwave
energy was utilized for the purpose of curing. The
researchers noted that the compressive strengths and
elasticity moduli of the specimens were enhanced
with the use of microwave curing in comparison to
air and heat curing [21]. Other research that concen-
trated on respectable energy levels discovered that
the use of 450W of microwave power significantly
increased strength [12, 23]. Another parameter might
be alkaline solution have an impact on strength. May-
houb et al. (2021) stated that an alkaline solution was

produced by curing 12N NaOH and Na,SiO3 solutions
in the microwave; the Na,;SiO3/NaOH ratio was 2.5,
and the highest strength value was obtained [21].
Similarly, according to Zamanabadi et al. (2019) us-
ing the precise molarity of sodium hydroxide and the
same ratio of sodium silicate to sodium hydroxide
improves the strength and durability of slag-based
geopolymers [24].

The purpose of this study is to examine how the
strength and durability of slag-based geopolymer
mortar specimens are affected by early microwave
curing applied on at different durations and powers.
Additionally, the relationship between strength val-
ues and curing parameters was examined by looking
at the physical impacts of curing on specimens by
visual observations and microstructural analysis.

2. Material and method
2.1. Material

The experimental study employed slag (GGBS) ob-
tained from local markets, which adheres to the
criteria outlined in the ASTM C989 standard [25].
Particles of finely crushed limestone measuring no
more than 5 mm in diameter were used for the for-
mulation of geopolymer mortar. The raw materials
utilized were ground granulated blast furnace slag
and limestone crushed aggregates, as seen in Fig. 2.

Sieve analysis and physical properties of aggregate
is given in Table 1. This investigation utilized a mix-
ture of NaOH and Na,SiOs as an alkaline activator.
In addition, tap water and a superplasticizer based
on carboxylic ether were chosen to ensure adequate
workability. Physical and chemical properties of ma-
terials are given in Table 2.

2.2. Geopolymer sample production

Based on the literature review Na,SiO3/NaOH ratio
was selected as 2.5 where the concentration of NaOH
is 12N. For preparation of 1 kg of 12N NaOH solution,
361 grams of water and 639 grams of NaOH pallets
were used. After NaOH got cooled down Na,SiOs
was mixed with the ratio of NaySiO3/NaOH solution
was equal to 2.5. Prepared solution mix was kept
in laboratory condition for about 24 hours before
casting. Polycarboxylic ether-based superplasticizer
and extra tap water in minimum amount as possi-
ble was also added to the mixture to achieve proper
workability. In a literature study [9], the workability
of FA based geopolymer concrete could be enhanced
by adding up to 4% (by mass of FA) super plasti-
cizer as similar to our study. However we used this
amount on GGBFS based geopolymer which requires
more water to achive adequate workability. During
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Fig. 2. Raw materials used to produce geopolymer mortar; a) crushed limestone fine aggregate b) ground granulated blast furnace slag.

Table 1. Sieve analysis results and physical properties of course and fine aggregates.

Sieve Analysis

Physical Properties

Sieve Size (mm) 5 4 2 1 0.5
Fine Aggregate 100 84.1 49.6 30.5 14.5

0.25 Fineness Modules
3.8 2.46 2.51 2.8

Specific Gravity Absorption

Table 2. Available physical-chemical properties of main materials used to prepare slag-based

geopolymer mortars.

Material Properties Slag (GGBS) Sodium Silicate (NaSiO3) Superplasticizer
Si02 36,41 25,42 -

CaO 34,12 -

Al203 10,39 -

MgO 10,26 -

K20 0,97 -

Fe203 0,69 - -

Na20 0,35 12,89 -

H20 - 61,69 -

Alkaline Content - < 3,0
Chlore-Ion Content - - <0,1
Density 2,9 g/cm3 1,442 g/cm3 1-1,1 g/cm3
Color Off white Colorless Green

the process of mixing flow table test was applied on
the fresh mix according to ASTM C1437 [26] and
it was found as 14 cm. Mix design for preparation
of 1 dm3 slag-based geopolymer mortar are given in
Table 3.

The following steps were taken to make geopoly-
mer mortars: dry ingredients were poured into a pan
mixer and stirred for two minutes. The second step
was to gradually include the pre-prepared alkaline
activator solution throughout the course of the subse-
quent two minutes of mixing. Thirdly, additional tap
water and superplasticizer were added to the mixer
within one-minute. Finally, the entire mixture was
stirred for a further three minutes to ensure homo-
geneity. Two layers of fresh geopolymer slurry were
poured into 70x70x70 mm? cubic moulds after mix-
ing. Air voids were eliminated from each specimen by
subjecting them to a 15 second compaction using a
vibrator. The specimen is then completely enveloped
in plastic to prevent evaporation until the day of the

testing. The procedure of making geopolymer in this
investigation is depicted in Fig. 3.

2.3. Test methods

The experimental study utilized a household type
turntable microwave oven having 330x211x324 mm?
oven cavity and 2450 MHz operation frequency. It
has seven power levels where minimum power is
100W and maximum power is 800W. The specimens
were subjected to different levels of microwave power
(300, 450, and 800W, from lowest to highest) and
durations of exposure (10, 15, 30, and 60 minutes).
Microwave cures were applied on specimens after
demoulding at first day where 12 specimens were ex-
posed to same curing regime. Each time 4 specimens
were simultaneously positioned on the turntable with
equal interval inside the microwave oven to ensure
uniform distribution on each specimen, and the cor-
responding treatment was administered subsequent
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Table 3. Mix design for preparation of slag-based geopolymer mortars.

Sodium Silicate ~ Sodium Hydroxide
Material Slag (GGBS)  Fine Aggregate (NaySiO3) (NaOH) Superplasticizer ~ Extra Water
Quantity (g) 495 1485 280 112 20 10

Fig. 3. Main process of slag based geopolymer mortar production: a) flow table apparatus and materials, b) mixer, c) mixing process, d)

flow table test, €) moulded geopolymer specimens.

a) () @ ® b)
®
‘ J| ®
® @)
1. DOOR HANDLE 7. TURNTABLE
2. VENTILATION HOLES 8. COUPLER
3. LIGHT 9. ROLLERRING
4. TIME/WEIGHT DIAL 10. SAFETY INTERLOCK HOLES
5. DOOR LATCHES 11. VARIABLE COOKING POWER 1. DISPLAY
= CONTROL KNOB
e BOO 3. AUTO DEFROST
Fig

to adjusting the energy level and duration on the
microwave oven. The microwave treatment applica-
tion and the utilized microwave oven are depicted
in Fig. 4. After curing application specimens were
weighted and 4 specimens underwent compressive
strength testing in accordance with the ASTM C109
standard [28] subsequent to weighing. The strength
tests were conducted to determine 1-day compressive
strengths of both uncured (control) and microwave-
cured specimens after cooling. Remained uncured
and cured specimens were then sealed in plastic bags
and stored in the laboratory until the 7th day and
28th day compressive strength tests were conducted.
Just before the compressive strength tests density
changes of all specimens were also measured. Images
of cured and broken specimens were captured during
the testing procedure to facilitate visual assessment.
Subsequently, SEM and EDX analyses were conducted

2. TIME/WEIGHT DIAL

4. VARIABLE COOKING POWER
CONTROL KNOB

5. CLOCK SETTING BUTTON

. 4. Microwave curing process; a) used microwave oven [27] b) microwave oven control panel [27] c) microwave curing of mortars

at the 7-day and 28-day marks, respectively, to iden-
tify specimen degradation and chemical formation.

3. Results and discussion
3.1 Compressive strength

The average compressive strength results of control
and microwave cured specimens at various ages are
given in Fig. 5. In this figure “aWbM” was utilized
to denote cured samples, with “a” representing the
value of microwave power, “W” representing watt,
“b” representing the curing time in minutes, and “M”
signifying minute. For example, “800W10M” denotes
the samples that underwent curing using 800 Watts
of microwave energy for a duration of 10 minutes.
“CONTROL” denotes the specimens that have not
been treated.
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Fig. 5. a) Compressive strengths of microwave-cured specimens at various ages, b) percentage change in compressive strength with curing.

The results of compressive strength tests con-
ducted on specimens for one day indicate that as the
curing time increased, compressive strength values
improved across all microwave energy levels. These
results may provide evidence that microwave radia-
tion has a strengthening influence on the compressive
strengths of geopolymers. The disparity in strength
values between cured and uncured specimens has
significantly shrunk with the passage of time across
all curing regimes. The observed outcome can be
ascribed to the culmination of strength development
in geopolymer mortars, as opposed to the detri-
mental consequence of microwave curing. All cured
specimens retain their superior strengths to uncured
specimens after seven days. However, the findings
of a compressive strength test conducted after 28
days indicate that specimens were adversely affected
by high-power microwave irradiation (800W), which
resulted in a drop in strength when compared to
uncured specimens of the same age. The strength
reducing impact of increased energy or curing dura-
tion were also observed in the studies conducted by
El-Feky and colleagues [22, 23]. In one study 720W
microwave energy has caused durability problems
when applied longer than 2 minutes while another
study 450W microwave energy has caused durability
problems when increased curing duration from 2 to
4 minutes. A significant study performed on fly ash
based geopolymer has focused the effect of NaOH mo-
larity in mix design has revealed that 240W energy is
applicable up to 75 minutes when molarity of NaOH
was 4 and resulted 9,53 MPa, while same energy is
applicable up to 120 minutes when molarity of NaOH
was 10 and resulted 56,87 MPa [18].

Microwave radiation speeded up heating at moder-
ate energy inputs such as 300W in our study, increas-
ing pozzolanic activation and promoting geopoly-
merization, which improves matrix densification and

mechanical strength. The method used with mi-
crowave assistance significantly reduces the time
needed for materials to harden. In fact, a more ef-
fective distribution of significant ions promotes the
creation of a less depolymerized gel and, as a result,
a more stable structure [29].

On the other hand, rapid water loss, pore ex-
pansion, microcracking, and structural degradation
might be brought on at early or later ages by
excessive power such as 800W in our study or pro-
longed duration. Because different ingredients in
the mixture have different dielectric characteristics,
high energy input could create non-uniform tem-
perature fields, which can lead to internal stresses
and even thermal runaway[13, 30]. Based on these
findings in addition to our experimental study not
only curing regime but also mix design parame-
ters material type and activator, the alkalinity of
activator and even the Si/Al ratio inside the raw ma-
terial highly effective on strength and durability [31].
Therefore, applicable curing energy and duration
might be different for different geopolymers and mix
design.

3.2. Visual observation

Fig. 6 presents visual examinations of control
and microwave-cured specimens at various ages.
Photographs were obtained immediately following
curing on the first day following the casting of
geopolymer mortar, and subsequently on days 1, 7,
and 28 after conducting compressive strength tests,
respectively.

The following conclusions can be drawn from the
photographs obtained after curing:

+ Surface humidity decreases with increasing curing
time for all curing energies.
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After Curing

After 1 day CST.

After 7th day After 28th day
CST. CST.

CONTROL

300W60M

300W30M

450W30M

450W15M

800W15M

800W10M

Fig. 6. Visual observations of geopolymer mortar specimens after microwave curing and after compressive strength tests applied at different
ages.

+ Crack formation might occur due to rapid mois- 450 W microwave energy for 10 minutes com-

ture loss at high temperatures [32]. In the study
performed by Yilmazer Polat B. (2019) 600W of
microwave curing application caused noticeable
cracks among other curing powers (200-300-400-
500-600 Watts) [32]. However, cracks on the
surfaces of the specimens caused by the curing
conditions in our study are not notably distin-
guishable. For instance, much more cracks found
on the surface of the specimen when exposed to

pared to 15 minutes, although this difference
is inconsequential when using 300W and 800W
microwave energies. This phenomenon could be
attributed to the effacement of surface fissures
caused by prolonged microwave radiation, which
may have originated from the rapid evaporation
of water during early heating. This finding is con-
sistent with the research conducted by Hong et al.
(2019) [33]. Longer duration for same microwave
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Fig. 7. Mass change of the specimens in percentage after microwave curing at different ages.

energy levels caused evaporation of the humidity
on the surfaces of specimens due to higher surface
temperature [34].

Additionally, photographs captured immediately
following the compressive strength tests reveal that
cured samples can be classified into two distinct cat-
egories based on the color of their cores: those that
are lighter in color and those that are darker in
color, which correspond to varying degrees of curing
time. It is noteworthy that specimens subjected to
microwave irradiation for shorter duration develop
darker hues with time. Infer, particularly from 7-
day images, that extended curing durations result in
diminishing darkenings at the centers. While no di-
rect correlation between darkness and strength values
has been established across all age groups, strength
values are greater on days when the core is lighter.
Conversely, strength values exhibit a decrease when
the core reaches a weight of 28 days. Comparing
450W curing for 15- and 30-minute periods, for in-
stance, the core color of 450W30M specimens was
lighter than that of 450W15M specimens at both
7 and 28 days, despite the fact that compressive
strength remained unchanged. 7 days after curing for
30 minutes, the compressive strength was greater,
however it was decreased after 28 days. Interestingly,
300W60M specimens and 450W30M specimens had
similar visuals for all ages consistent with their com-
pressive strength.

3.3. Change in mass

Fig. 7 represents the change in density of mor-
tars exposed to different microwave radiations. For
the same energy levels more radiations caused more
decrement in weights because of evaporation. All
specimens were exposed to microwave curing only at
1-day ages after demoulding and slight decrements
were observed for all specimens at first day.

300W60M curing caused significant decreasing on
the weight of mortars and it can be easily dis-
tinguished from the other curing conditions. Since
longer duration like 60 minutes of curing causes more
evaporation in water at early stages. However, weight
loss on these specimens have continued at different
ages although there was no extra curing applied after
1 day. This can be attributed to a reason that longer
curing at early stage might have caused evaporation
of both free and chemically bonded water in the
geopolymer structure and water content fell. When
water content fell below a certain point chemically
water tends to escape from geopolymer structure as
reported in a study [33].

3.4. Microstructure analysis (SEM-EDX)

SEM and EDX analyses were conducted to exam-
ine chemical production and physical changes on
the structure’s surface. The SEM images of every
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After 1 d
After 1 day Cf;lt’day

CONTROL

300W60M

300W30M

450W30M

450W15M

800WI15M

800W10M

After 28 day

After 28 day Cont’d

Fig. 8. FE-SEM images of microwave cured and control specimens after 1 day and 28 days (EHT = 2.00-3.00kV, Magnitude = 250X-3000X)
A: agglomeration, C: cracks, F: firm structure, G: slag, M: microcracks, L: loose structure, S: sand, U: unreacted particles, V: voids.

specimen ranging from lower to higher microwave
powers at 1 day and 28 days, are presented in
Fig. 8.

The curing of slag-based geopolymer mortar sam-
ples with microwaves has the subsequent effects on
their microstructures, as determined by SEM analysis:

« At day 1, larger pores and fissures, as well as a
denser agglomeration of unreacted particles, were
seen in comparison to the control specimen after
28 days, due to the incomplete geopolymeriza-
tion process. One day after curing specimens with
300W of microwave energy, the texture became
significantly denser and more consistent, particu-
larly after sixty minutes. This is due to the fact
that the compressive strength level is the high-
est among all curing types. At day 1, specimens
cured for thirty minutes under 450W microwave
curing had less unreacted particles on the aggre-

gate surface than those cured for fifteen minutes.
An identical outcome was obtained while em-
ploying 800W microwave curing. An extension
in duration induces unreacted particles to partici-
pate in the polymerization process, which could
account for the specimens’ equivalent compres-
sive strengths. Raw ingredients for geopolymers,
including water, alkali activators, and slag, have
diverse dielectric characteristics that are spread
heterogeneously. Local thermal runaway is caused
by the dielectric characteristics of these raw mate-
rials during microwave curing. This is the primary
cause of sample deterioration [13]; it is attributed
to its high internal strength.

The control sample has a more pronounced porous
structure in comparison to the microwave-cured
samples, with the exception of 300W60M and
450W30M samples. As a result, specimens treated
with microwaves had a more compact structure
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©) 4
Element CONTROL 300W60M 450W30M 800W15M
Ca 22,13 26,76 26,72 19,54
Si 7,51 7,15 6,78 10,49
Al 2,1 1,98 1,8 2,78
Na 4,77 3,95 3,81 5,8
o 48,00 46,41 45,27 46,04
c 13,99 12,5 13,4 11,79
Mg 1,49 1,25 1,2 1,92

Fig. 9. EDX analysis results of the selected specimens after 28 days: a) CONTROL b) 300W60M, c) 450W30M, d) 800W15M, e) Weight

percentage element distributions.

and a greater degree of slag. Geopolymeriza-
tion potentially led to the formation of pores
with reduced dimensions in the 300W60M and
450W30M samples; consequently, porous struc-
tures persisted and were visible on scanning
electron micrographs of these samples [35]. The
crack widths decreased as a result of microwave
curing. This could be the result of gel forms filling
the fissures [22]. However, prolonged exposure to
microwave radiation can result in the formation
of microscopic fissures in structures. As an illus-
tration, microcracks were seen in 450W15M and
450W30M specimens after 30 minutes of curing
on day one like in a previous study [13, 30].

Additionally, EDX analysis was conducted follow-
ing the conclusion of compressive strength tests
spanning 28 days. Due to the fact that microwave
curing increases compressive strength in the early
stages (one day), only those specimens with the high-
est compressive strength at that time were subjected

to EDX analysis. A control specimen was also in-
cluded in order to compare the effects of curing
and potential causes of microwave curing deterio-
ration in the context of durability. The elemental
content in the EDX analysis results could be useful
to forecast the durability of samples subjected to dif-
ferent curing conditions and durations. Altough EDX
analysis was not commonly used in the literature
studies regarding this topic, a previous study con-
ducted EDX test on both oven cured and microwave
cured geopolymers produced by various precursors
[36]. The samples in that study were selected from
the specimens having highest compressive strengths.
They revealed contradictory EDX analysis results
[36]. The percentage distribution of elements iden-
tified and the findings of the analysis done on the
surfaces of the specimens in our study are displayed in
Fig. 9.

Based on the following findings, EDX studies sug-
gest that a correlation between element distribution
and compressive strength may exist:
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» The EDX values for 300W60M and 450W30M
specimens are comparable to the compressive
strength results, as illustrated in Fig. 9. More-
over, this relationship is virtually same for
every element excluding oxygen (O). It is im-
portant to mention that the EDX results for
the specimens were obtained following compres-
sive strength testing for a period of 28 days.
However, only those specimens with higher com-
pressive strengths at day one were subjected to
the EDX test. Consequently, the correlation be-
tween the compressive strength at 28 days and
the EDX result at 28 days must be considered.
The compressive strength of the specimens rose
when the percentage of calcium (Ca) incorporated
into the specimens was determined using EDX.
Conversely, each of the remaining constituents
suffered a decline.

Since EDX analysis was conducted 28 days later,
the geopolymer structure has become more com-
pact in comparison to its early stages due to
the geopolymerization process. Three processes
comprise geopolymerization: dissolution, trans-
port, and polycondensation [37, 38]. Early in
the process, the Si/Al ratio cannot reach a high
value due to the aluminum species’ much faster
participation in polycondensation to form Al-rich
phase products and the greater susceptibility of
Al-O bonds in the source materials to an alka-
line assault than Si-O bonds. Later stages see
the re-polymerization and dissolution of the Si-O
species, which contributes to the increase in the
Si/Al ratio. The Si/Al ratio for the cured speci-
mens (300W60M, 450W300M, and 8O0W15M) is
approximately 3.77, whereas it is 3.51% for the
control specimen. This value is greater than that of
the source material (1.825 Si/Al, calculated from
Table 2), which is consistent with the findings of
a prior study [33].

4, Conclusions

This study was conducted to measure the effect of
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cured (CONTROL) attained a strength of merely
3.06 MPa after one day, whereas the highest
compressive strength value of 36.47 MPa was at-
tained with 300 Watts of curing for 60 minutes.
Although increased microwave energy, such as
800W, increased the compressive strength of these
specimens within one day, their strength values
decreased after 28 days, which is consistent with
previous study. Moreover, across all age groups,
the outcomes of 450W30M and 300W60M speci-
mens in our experimental trial were identical.
Visual studies conducted subsequent to mor-
tar curing reveal that, with the exception of
300W60M specimens, the cores of all specimens
get darker in some fashion. The even distribution
of heat throughout the lengthier curing period is
the cause of this. For all ages, no direct correla-
tion between darkness and compressive strength
values has been identified based on the color
changes. However, 450W for 30 minutes and
300W for 60 minutes of microwave radiation in-
duced comparable color changes in individuals of
all ages. Therefore, the color distribution because
of heat pattern throughout the specimen might
give a hint about the compressive strength and
durability performance even at early ages.
Weight measurements of cured samples at vari-
ous ages indicate that weight of the specimens
reduced with longer curing as expected. However,
weight of specimens cured by 300-Watt energy
for 60 minutes continued to decrease until 28
days. This result was explained by the complex
relation of water forms such as chemical bound
waters tend to excess from structure when the to-
tal amount of physical and chemical bound water
in the geopolymer is below a certain point.

The results of scanning electron microscopy (SEM)
indicated that microwave curing reduced the
number of pores in all samples with the excep-
tion of 300W60M and 450W30M. The accelerated
geopoylmerization of slag particles could have
potentially resulted in the formation of finer
pore sizes. Additionally, water evaporation could
have introduced additional voids into the struc-

early microwave curing on the strength of slag-based
geopolymer mortars and to determine appropriate
curing regimes. In addition to this, the study aims to
investigate whether there is a relationship between
strength results and visual inspection and petro-
graphic analysis. Based on experimental results the
following conclusions can be drawn:

tures of the 300W60M and 450W30M samples.
Microwave irradiation may have also led to a
reduction in crack widths, as gel formations
likely filled the crevices, consistent with previous
findings.

The element distributions for 300W60M and
450W30M were nearly identical, which is con-
sistent with the strength outcomes. According to
the results of element distribution, strength values
increased as the proportion of Ca content grew,
whereas the percentage of other components

* When comparing compressive strength values,
it was observed that longer durations of mi-
crowave curing at an early stage resulted in
greater strengths. For instance, specimens un-
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decreased, irrespective of the curing method.
These data show that a direct relationship be-
tween compressive strength and element distribu-
tion may exist; thus, we recommend that future
research do EDX analysis at younger ages rather
than 28 days.

Consequently, early microwave irradiation is ad-
vised for slag-based geopolymers in order to get
relatively high strength values in a shorter amount
of time. The experimental investigation revealed that
the results of SEM and EDX for compressive strength
values, color changes, and aging of 300W60M and
450W30M specimens are comparable. Therefore, it
is possible to apply either 300W for 60 minutes of
curing or 450W for 30 minutes of curing. At later
phases, however, elevated microwave energy such
as 800W had adverse consequences, consistent with
similar energy levels in literature study. Based on
these results, in future studies petrographic analysis
suggested to be performed at early ages. Furthermore,
microwave power and curing duration can be selected
based on color changes on specimen such as uniform
color distribution or barely dark colors at core of the
specimen at day 1 might be sign of very high early
strength without causing durability problems at late
ages.
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