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ABSTRACT 

Geopolymer binders have been highlighted due to their low carbon emission during 
production and processing. While metakaolin and F-type fly ash are commonly used as raw 
materials for aluminosilicate-based geopolymers, the long heat-curing requirements for 
hardening and strength development still pose challenges. This paper investigates the 
possible use of a hybrid microwave curing technique to design a set-on-demand approach to 
reduce the duration of heat curing in metakaolin-based geopolymer. The experimental design 
was established for samples with three different molar ratios (MR; 1.3,1.5, and 1.7) 
containing metakaolin, fly ash, and silica fume. Samples were subjected to 3 different curing 
regimes: oven curing, microwave (MW) curing, and hybrid curing (a combination of 
optimized microwave and oven curing). The performance evaluation was based on 
compressive strength, dimensional stability, and alkali leaching (efflorescence). 
Implementing only MW curing resulted in a significant decrease in compressive strength 
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compared to their counterpart oven-cured samples. The reduction of compressive strength 
was more pronounced at lower molar ratios. The design of a hybrid curing approach where a 
portion of oven curing was replaced by MW resulted in a higher strength development than 
those only cured with MW. Similarly, the efficiency of hybrid curing was more pronounced 
in samples having MR of 1.5 and 1.7. Using MW curing in the geopolymer binders did not 
affect the alkali leaching; however, it increased the material’s drying shrinkage. Results 
showed that replacing a portion of oven curing with microwave curing in a hybrid approach 
can increase the operation speed and the hardening rate without significantly decreasing 
compressive strength. 

Keywords: Geopolymer, metakaolin, microwave curing, strength, shrinkage. 

 

1. INTRODUCTION 

Geopolymers are aluminosilicate-based sustainable building materials with a low carbon 
footprint during production and processing [1–3]. Some additional advantages of geopolymer 
binders over Ordinary Portland Cement (OPC) are higher compressive strengths, superior 
resistance to chemical attacks, freeze-thaw resistance, and higher temperature resistance [4–
6]. Such properties have also led to geopolymers being considered as possible matrices for 
special applications such as hazardous/nuclear waste stabilization and solidification. 

The raw materials for geopolymer binders can be provided entirely from aluminosilicate-rich 
by-products or naturally-resourced materials, such as calcined clays, with limited further 
processing [7–10]. Since the geopolymer composition generally involves by-product 
materials and natural resources, their production is efficient in raw material and energy 
consumption compared to OPC binders [2,11]. While geopolymer binders provide significant 
advantages in terms of sustainability, the cost of alkali activators such as sodium hydroxide 
(NaOH) and sodium silicate (Na2SiO2) limit their use to smaller volume operations [7].  

It is known that a properly designed mix of high calcium-contained, alkali-activated binders 
can harden at room temperature, which makes them usable in the field. However, low-
calcium geopolymer binders require additional time or heat, creating a disadvantage for in-
situ applications. Without an external energy source such as heat, the polymerization reaction 
in low-calcium, i.e., metakaolin-based geopolymer, will be prolonged [12,13]. In general, 
heat and curing can be obtained in conventional ovens. Herein, the thermal energy is 
transferred from the surface to the core section of the material through convection, 
conduction, and heat radiation due to the different thermal gradients occurring in the material. 

Despite certain advantages, the practical applications of geopolymers have been limited by 
the long maintenance time and slow strength development. Technologies that enable rapid 
strength development are of great interest in geopolymers. Recently, microwave curing 
(MW) was found to be an alternative heat curing method to improve the polymerization 
reaction rate [12,14–17]. In MW applications, microwaves can penetrate the matrix to 
generate heat throughout the volume of the material [14,18–20]. Microwave energy is 
delivered directly to the material through molecular interaction with the electromagnetic 
field. The electromagnetic energy is then converted to thermal energy. The curing process in 
a traditional oven causes water to evaporate from the surface of the treated materials quickly. 
Hence, uniform heating is difficult to achieve due to the high thermal gradient, resulting in 



Y.A.ATALAY, T.AYDIN, Z.BAŞARAN BUNDUR, P.MOKHTARI, M.A.GÜLGÜN, Z.LAFHAJ 

49 

significant energy loss through heat conduction and convection in the heated materials [21]. 
MW provides an essential advantage in reducing the duration of heat curing, and it may even 
eliminate the need for heat curing if the binder system contains sufficient calcium oxide.  

On the contrary, microwave heating induces the rise of temperature due to the absorption of 
heat by polar molecules to create position-independent localized heating spots, which is 
favorable for the formation of uniform volumetric heating. Besides, MW provides superior 
benefits to traditional heating, such as shortening the reaction time, improving reaction 
kinetics, lowering heat, enabling uniform heating, and higher energy efficiency [21–23]. 
While the material must be kept around 60 to 100 °C for an extended curing period in 
conventional oven curing, MW can provide a rapid temperature increase within seconds. 
However, improper microwave irradiation can cause surface cracking in geopolymers, 
reducing structural strength. Therefore, it is critical to understand the principles of microwave 
heating in developing geopolymer strength and how the process affects the key properties of 
geopolymers [24]. 

While MW can be applied to geopolymer ceramics, the application of such a method to 
building materials is still challenging because of the dimensions of the elements produced. 
Previously, Somaratna et al. [19] investigated the influence of MW on NaOH-activated, fly-
ash-based mortars. It was found that MW applied for 120 min resulted in compressive 
strength comparable to those samples cured at 75 °C for 48 h. It was found that the 
compressive strength of the mortar samples was directly related to the total microwave 
energy absorbed during the first MW application when free water was present in the system 
[19]. However, applying MW for 120 min is still challenging for building materials. This 
study was followed using MW again for fly-ash-based geopolymers activated by Na2SiO2 
and NaOH [12]. The study evaluated using MW and oven curing (OC) at higher temperatures 
in less than 60 minutes. The microwave-cured samples showed relatively higher compressive 
strength than those kept in the oven for 120 min [12]. The promising applicability of MW led 
the researchers to implement this technique in novel applications such as 3D printing. MW 
also effectively improved the buildability of slag-based alkali-activated material in 3D 
printing applications [25]. 

The MW method was validated in literature as an alternative curing method for alkali-
activated material, mostly having slag as a primary precursor. This study investigated the 
effects of MW on strength and dimensional stability in metakaolin-based geopolymers. In 
addition, it was aimed at optimizing the duration of curing, enabling ease of application. The 
outcomes of this study can be applied to advance new processes, such as the 3D printing of 
geopolymers. The main goal of this study was to implement MW technology in metakaolin-
based geopolymer mortars to reduce the duration of heat curing for geo-polymerization. The 
feasibility of MW was assessed in terms of compressive strength, dimensional stability, and 
alkali leaching. The significance of this research can be listed as (1) proposing a novel 
approach to trigger rapid hardening in metakaolin-based geopolymer with a short-term MW 
(less than 45 min); (2) establishing an optimized curing procedure; (3) reducing the total 
energy input in developing geopolymers and (4) investigating the effects of MW on alkali 
leaching and free shrinkage of the geopolymer binders.  
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2. MATERIALS AND EXPERIMENTAL METHODS 

2.1. Materials  

The primary raw materials used for the experiment were commercial metakaolin, silica fume, 
and F-type fly ash. Metakaolin was purchased from Kaolin Industrial Minerals Inc. Trade, 
Istanbul, Turkey. The fly ash was obtained from Cates Electric (Zonguldak, Turkey), and the 
commercial silica fume was purchased from Dost Kimya Inc. Trade, Istanbul, Turkey. Table 
1 lists the chemical compositions of the raw materials used in the mixes. The data for 
metakaolin and fly ash was obtained by quantitative X-ray diffraction (XRD) analysis 
conducted with a BRUKER D8 Advance X-ray diffractometer (Karlsruhe, Germany).  The 
XRD analysis of the minerals was conducted at angles from 10 to 90 2 at a step size of 
0.02 in 2. 

 

Table 1 - Composition of metakaolin, Type F fly ash, and silica fume 

Element 
Weight % 

Metakaolin Fly Ash Silica Fume 
SiO2 56.1 55.8 98.1 (Amorph) 
Al2O3 40.2 26.0 - 
Fe2O3 0.8 6.44 - 
CaO 0.2 1.68 - 
MgO 0.2 2.33 - 
SO3 - 0.18 - 

Na2O - 1.87 - 
K2O 0.5 3.86 - 

Na Eq. 0.24 4.41 - 
Free CaO N/S 0.08 - 

LOI 1.5 2.61 1.81 
 

The manufacturer provided the chemical composition of silica fume. The average particle 
sizes of the raw materials were determined by a Mastersizer 2000 particle size analyzer with 
a Hydro MU 2000 (Malvern, Worcestershire, United Kingdom) wet dispersion unit. Figure 
1 summarizes the particle size distributions for metakaolin and fly ash. The average particle 
size of silica fume was less than 25 µm. Amongst all materials used, silica fume had the 
smallest particle size, whereas metakaolin and fly ash had relatively similar gradation curves. 

The alkaline activating solution was formulated using a commercially available sodium 
silicate solution composed of 26.5 wt% SiO2, 10.6 wt% Na2O, and 62.9 wt% H2O having a 
molar ratio (MR, nSiO2/nNa2O) of 2.6. The sodium silicate solution was then mixed with 8 
M sodium hydroxide (NaOH) solution to obtain the desired molar ratios (MR) of the 
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activating solution. Table 2 summarizes the relative proportions of the mixed ingredients. At 
last, mortar samples were prepared using standard sand according to the norm EN 196-1. 

 
Figure 1 - Particle size distribution of Metakaolin and Fly Ash 

 

Table 2 - Material proportions of blended geopolymers. FA: Fly Ash; MK: Metakaolin; SF: 
Silica Fume; MR: Molar Ratio; sol/b: Solution to binder ratio; w/b: Water to binder ratio 

 
 

2.2. Sample Preparation and Methodology 

Nine mix compositions containing metakaolin, fly ash, and silica fume were prepared within 
the scope of this study. The weight % of the fly ash was kept at 30 wt% of the total binder 
content. A portion of the metakaolin in the binder was replaced by silica fume (5,10, and 15 
wt. %). The formulated mixtures were designed to initiate hardening by providing the 
required heat of curing due to their low calcium oxide (CaO) contents (< 5% by weight) 
[26,27]. The activator solution to binder ratio (sol/b), including the water content in the 
activating solution, was kept at 0.60  0.02, and the water to binder ratio (w/b) was held at 
0.40. Mortar samples were prepared according to ASTM C305-14 [28]. Since the designed 
material system was aimed at 3D printing applications, the binder-to-sand ratio was kept at 
1:1.5 [29].  

FA MK SF NaOH (8M) Na2SiO3

MK_5_1.3 180 390 30 105 255 1.3 0.62 0.4 3.31 7.01
MK_10_1.3 180 360 60 105 255 1.3 0.62 0.4 3.62 7.21
MK_15_1.3 180 330 90 105 255 1.3 0.62 0.4 3.98 7.42
MK_5_1.5 180 390 30 92 280 1.5 0.62 0.4 3.36 7.18
MK_10_1.5 180 360 60 92 280 1.5 0.62 0.4 3.68 7.39
MK_15_1.5 180 330 90 92 280 1.5 0.62 0.4 4.04 7.60
MK_5_1.7 180 390 30 70 300 1.7 0.62 0.4 3.40 7.69
MK_10_1.7 180 360 60 70 300 1.7 0.62 0.4 3.72 7.91
MK_15_1.7 180 330 90 70 300 1.7 0.62 0.4 4.09 8.13

SiO2/Al2O3 SiO2/Na2OSample Name
Binder (g) Activating Solution (mL)

MR sol/b w/b



Optimization of Hybrid Microwave Curing Approach Based On the Performance of … 

52 

The samples were cast in 40 x 40 x 160 mm molds. For all samples, three different curing 
regimes were applied: The duration and power of the microwave were determined by 
preliminary evaluations of its effects on hardening and workability. The microwave curing 
power and time were selected considering their impact on the geopolymers. Samples were 
kept in a humid environment under ambient conditions (70% RH at 23 ˚C).  

 

2.3. Mechanical Performance Tests 

The mechanical performance of the geopolymer mortars was determined by compressive 
strength tests. The mechanical performance was measured 3, 7, and 28 days after casting. 
The compressive strength was measured according to standard EN 196-1 [30]. The 
performance tests were done on triplicate samples. 

 

2.4. Drying Shrinkage in Geopolymer Mortars  

The dimensional stability and resistance against drying shrinkage in geopolymer mortars 
were assessed according to the ASTM C596-18 standard [31]. Geopolymer samples were 
cast in 50 x 50 x 285 mm molds. Six samples were cast from each mix. A set of samples were 
directly put in the oven for curing. Another set was subjected to hybrid curing. The samples 
were kept in a humid environment for three days after heat curing, as stated in section 2.2. 
After three days, the samples were removed from the curing chamber and submerged in the 
lime water for 24 hours, as stated in the standard. Then, the samples were removed from lime 
water, and the length and weight measurements were taken as t=0 [31]. The samples were 
kept in a 50% RH environment at 23 ˚C for 16 weeks. Periodic length measurements were 
taken at the 4th, 7th, 11th, 18th, 25th days, and 8th and 16th weeks. Each measurement was taken 
from triplicates of samples. 

 

2.5. Alkali Leaching in Geopolymer Mortars 

The occurrence of alkali leaching (i.e., efflorescence) in geopolymer mortar was determined 
by 40x40x160 mm samples. A set of samples were directly put in an oven for curing. Another 
group was subjected to hybrid curing. The samples were kept in a humid environment for 28 
days after heat curing. Then, the samples were placed in distilled water and kept in an open-
air atmosphere at ambient conditions (60  5 % RH at 23 ˚C) until the water evaporated 
completely. The initial evaluation was done by visual inspection. Once all the water was 
evaporated, the leached product produced on the top and bottom surfaces of the samples was 
scratched, and the material was collected from the sample. The weight of the total leached 
material was recorded for each sample. A qualitative XRD X-ray diffraction (XRD) analysis 
was done for the leached products with a BRUKER D8 Advance X-ray Diffractometer 
(Karlsruhe, Germany). The samples were placed and compacted into a sample holder, and 
analysis was conducted at angles from 10 to 90 2 at a step size of 0.02 2. 
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3. RESULTS AND DISCUSSION 

3.1. Compressive Strength 

The initial evaluation of MW curing was done regarding compressive strength tests. Figure 
2 compares the compressive strength of metakaolin-based geopolymers at different MRs and 
cured under various conditions. The MR and degree of heat input highly influenced the 
compressive strength of the metakaolin-based geopolymer systems. 

 
Figure 2 - Compressive strength of geopolymer mortars (a) MR: 1.3* (b) MR:1.5 (c) 

MR:1.7. OC: Oven Curing; MW: Microwave Curing; HC: Hybrid Curing. *The samples 
were not hardened with only microwave curing 

 

While MR is an important factor in compressive strength, the highest strength values were 
recorded with oven curing regardless of all MR ratios; this indicates that both MR and curing 
methodology are decisive factors.  Even with oven curing, increasing silica fume dosage was 
more pronounced at 28 days and decreased the compressive strength at 3 and 7 days. This 
can be attributed to the pozzolanic nature of silica fume [32]. In addition, achieving a strength 
increase at 28 days in the MK_15 sample (15% silica fume) required an MR of 1.5 or higher. 
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This shows that the system should have higher moles of Na2O to form N-A-S-H in a silica-
rich environment.   

Only MW curing reduced the compressive strength compared to the oven-cured counterpart 
samples. Theoretically, MW curing at 800W for 3 minutes should trigger a faster 
geopolymerization process by increasing the reaction rate [15, 25]. The samples with an MR 
of 1.5 and 1.7 were hardened after microwave application. This indicated that microwave 
curing was adequate for accelerating the strength gain of metakaolin-based geopolymer. 
However, this accelerating effect did not directly lead to increased 3-day compressive 
strength.  Another important point is that MW curing was insufficient to develop strength in 
the MR_1.3_MW series. The sample with an MR of 1.3 was hardened but did not exhibit any 
strength. The compressive strength in MR_1.3_MW samples was recorded as “0”.  This 
might be due to the extended duration of high-energy microwave heating that can trigger 
evaporation in pore water, leading to a lower water content before the geopolymerization 
reaction. This effect results in a denser microstructure and an increasing rate of the hardening 
process without increasing the strength. A further evaluation must be done to understand the 
influence of microwave curing on the chemical composition of the geopolymer and establish 
a methodology to reduce the water loss in the samples. 

Further optimization was done by establishing a combined hybrid curing (HC) approach. 
Herein, the samples were subjected to MW curing for 90 seconds and then kept at 60oC for 
30 minutes. This method partially restored the decrease in compressive strength due to only 
MW curing, particularly for an MR of 1.5. However, HC samples' compressive strength was 
still lower than their oven-cured counterparts, particularly for samples cured at 3 and 7 days. 
At 28 days, the decrease in compressive strength for HC compared to OC was 15% for MR 
1.5, regardless of the percentage of silica fume replaced. This might have shown that the 
rapid heat application increased the hardening rate, but the total heat energy applied might 
not have been sufficient to trigger rapid geoopolymerization. Yet, based on the results 
obtained, it is concluded that the effective performance features are silica fume replacement, 
MR, and compressive strength. The silica fume replacement should be kept at 5% if we use 
an MR of 1.3, whereas increasing the silica fume dosage resulted in higher strength 
development in oven-cured samples. This trend was different when MW or HC was applied 
to the material; in this case, increasing MR and silica fume dosage decreased compressive 
strength. Therefore, further evaluation was done to correlate the curing regime, SiO2/Al2O3, 
and SiO2/Na2O  ratios on compressive strength 

To correlate the chemical composition to the mechanical properties, further evaluation was 
done by assessing the influence of SiO2/Al2O3 and SiO2/Na2O  ratios on compressive 
strength. Figure 3 summarizes the effect of SiO2/Al2O3 and SiO2/Na2O ratios on the 
compressive strength of geopolymer mortar cured at different temperatures. It was found that 
there was a direct relationship between the SiO2/Na2O ratio and the early age (3 and 7 days) 
compressive strength of the mortar. Both 3 and 7-day compressive strength of mortar 
decreased with increasing SiO2/Na2O ratio. The reduction in strength could be attributed to 
the excess silica content that could interfere with the geopolymerization process. 

Even though the evaluations indicated that the decrease in compressive strength was more 
pronounced depending on the SiO2/Na2O ratio rather than the SiO2/Al2O3 ratio, a high 
SiO2/Al2O3 ratio might also adversely affect compressive strength. Wan et al. [33] evaluated 
the impact of extended SiO2/Al2O3 concentrations on the mechanical properties of 
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metakaolin-based geopolymers. The results concluded that the optimum SiO2/Al2O3 ratio 
should be held at 2, and increasing the SiO2/Al2O3 ratio to 3 would significantly decrease the 
compressive strength. Higher concentrations of Si+4 and Al+3 could immediately form a gel 
around the metakaolin particles and prevent their subsequent destruction [34]. This study  

 

 

 
Figure 3 - Relationships between compressive strength and alkali content (a,b) 3 days (c,d) 
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held the SiO2/Al2O3 ratio between 3 and 4. Therefore, it was not possible to observe a 
significant change in the properties due to an increase in SiO2/Al2O3 ratio. However, a lower 
SiO2/Al2O3 ratio might have led to different outcomes regarding the absolute compressive 
strength and the effectiveness of the microwave application.  

 

3.2. Dimensional Stability and Drying Shrinkage  

Like the OPC binders, geopolymer systems also have a low tensile strength that can result in 
cracking due to excessive tensile stress developed due to early-age plastic shrinkage strains. 
Some geopolymer binders may have a higher drying shrinkage than OPC binders since the 
water does not form the aluminosilicate gel [35]. Higher drying shrinkage means a higher 
risk of cracking, leading to serviceability or durability problems. Although metakaolin-based 
geopolymers exhibit superior resistance to thermal shrinkage at temperatures above 700°C 
compared to OPC binders, they might be susceptible to severe shrinkage cracking at ambient 
temperatures [36].  

 

 
Figure 4 - Time-dependent length change in geopolymer mortars (a) MR: 1.3 (b) MR:1.5 

(c) MR:1.7. MK: Metakaolin; OC: Oven Curing; HC: Hybrid Curing 

0,00%

0,05%

0,10%

0,15%

0,20%

0,25%

0,30%

0,35%

0,40%

0 5 10 15 20 25

C
ha

ng
e 

in
 sa

m
pl

e 
le

ng
th

 (%
)

Days 

MK_5_OC_1.3 MK_10_OC_1.3 MK_15_OC_1.3

MK_5_HC_1.3 MK_10_HC_1.3 MK_15_HC_1.3

0,00%

0,05%

0,10%

0,15%

0,20%

0,25%

0,30%

0,35%

0,40%

0,45%

0 5 10 15 20 25

Ch
an

ge
 in

 sa
m

pl
e 

le
ng

th
 (%

)

Days 

MK_5_OC_1.5 MK_10_OC_1.5 MK_15_OC_1.5

MK_5_HC_1.5 MK_10_HC_1.5 MK_15_HC_1.5

0,00%

0,20%

0,40%

0,60%

0,80%

1,00%

1,20%

1,40%

0 5 10 15 20 25

C
ha

ng
e 

in
 sa

m
pl

e 
le

ng
th

 (%
)

Days 

MK_5_OC_1.7 MK_10_OC_1.7 MK_15_OC_1.7

MK_5_HC_1.7 MK_10_HC_1.7 MK_15_HC_1.7



Y.A.ATALAY, T.AYDIN, Z.BAŞARAN BUNDUR, P.MOKHTARI, M.A.GÜLGÜN, Z.LAFHAJ 

57 

Figure 4 summarizes the percent length changes in metakaolin-based geopolymer mortars 
cured in OC and HC. Based on the results, increasing the MR resulted in a higher degree of 
length change. In addition, the heat-cured samples (OC) showed relatively smaller length 
changes than their microwave-cured counterpart samples (HC). Previous studies indicated 
that the drying shrinkage of fly ash-based geopolymer concrete mixes cured under ambient 
conditions could be significantly higher than in OPC-based binders within the range of 1500 
µcontrast. The drying shrinkage of heat-cured specimens was recorded in the range of 100 
µscript epsilon [37,38]. Volumetric changes in metakaolin-based geopolymers were 
attributed to drying shrinkage rather than autogenous shrinkage [39]. Like the samples cured 
under ambient conditions, HC might result in a lower degree of geopolymerization, leaving 
the mortar mixed with a higher water content even after hardening. The remaining water 
content may result in a higher degree of evaporation and increase the drying of the material 
in a hardened state.   

 
3.3. Alkali Leaching  

Another performance parameter investigated in this study was alkali leaching (a.k.a 
efflorescence) in metakaolin-based geopolymers. While alkali leaching in OPC binders 
occurs with the reaction of soluble Ca+2 and CO2 to form carbonate deposits, geopolymer 
binders could be much more complicated due to their relatively higher soluble alkali 
concentrations than OPC [9]. Therefore, alkali leaching could be a more severe issue in 
geopolymer binders. The known parameters affecting the extent of efflorescence in 
geopolymer binders can be listed as the reactivity of raw materials, type of alkali, and reaction 
conditions [40,41]. The alkali leaching in distilled water for the designed metakaolin 
geopolymers was quantitively assessed by calculating the total weight of collected leached 
precipitates. Table 3 summarizes the total amount of leached precipitates collected from 
mortar beams. The results showed that the amount of leaching was directly related to the MR 
of the alkali-activating solution. Increasing the silica fume content from 5 to 10% decreased 
the total amount of leached precipitates. 

 
Table 3 - Total alkali leaching content in geopolymer mortars (kg) MK: Metakaolin; OC: 

Oven Curing; HC: Hybrid Curing 

Sample Name Oven Curing Hybrid Curing 
MK_5_1.3 2.55  0.21 5.39  0.18 
MK_10_1.3 1.47  0.19 1.13  0.25 
MK_15_1.3 1.39  0.21 2.29  0.21 
MK_5_1.5 3.86  0.28 3.82  0.87 
MK_10_1.5 1.76  0.17 1.66  0.16 
MK_15_1.5 1.57  0.14 2.66  0.08 
MK_5_1.7 8.21  0.41 10.38  0.19 
MK_10_1.7 5.08  0.59 6.70  0.03 
MK_15_1.5 11.78  0.40 6.54  0.22 
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In geopolymer binders such as those having metakaolin or fly ash as a precursor, the molar 
ratio SiO2/Al2O3 is an essential indicator of the reactivity in the binder and microstructural 
features of the gel formed. Figure 5 presents the relationship between the SiO2/Na2O and 
SiO2/Al2O3 ratios on the total alkali leaching. Our results showed that increasing the 
SiO2/Na2O ratio increased leaching. However, the relationship between alkali leaching and 
SiO2/Al2O3 was more complex since there was no consistent trend between the total alkali 
leaching and SiO2/Al2O3 ratio. A previous study found that the systems with a lower 
SiO2/Al2O3 ratio, in other words, higher concentrations of Al2O3, will promote a higher 
degree of dissolution, which might decrease the ion binding capacity of the gel and lead to a 
higher degree of leaching [42, 43]. Our results indicated that the influence of the SiO2/Al2O3 
ratio was more pronounced in samples having a higher MR (i.e., MR=1.7). This effect on 
leaching can be correlated with the amount of drying shrinkage in samples. The samples with 
a higher alkali leaching also demonstrated a higher degree of plastic shrinkage. The loss of 
reaction phases in the material resulted in a change in volumetric dimension. 

 

Figure 5 - Relationship between total alkali leaching from the sample and the alkali content 
in the mix (a) SiO2/Na2O and (b) SiO2/Al2O3 

 
Another critical factor affecting alkali leaching could be the temperature applied during the 
curing process. It was found that microwave curing did not significantly affect the total 
amount of leaching. In geopolymer binders, heat curing promotes the reaction and dissolution 
of oxides in the precursor, resulting in a faster geo-polymerization reaction [44]. Kani et al. 
[45] observed that alkali leaching could be reduced when the curing temperature was 
increased above 65◦C. Heat curing can increase the gel formed with a higher density and a 
higher amount of captured Na+.  

Finally, an evaluation was done to characterize the chemical composition of the leached 
precipitate, and Figure 6 presents the XRD diffractograms for geopolymer binders. The 
leached precipitate was mainly a mix of sodium carbonate (Na2CO3) and quartz (SiO2), which 
shows that the leaching was due to effloresce. This indicates that the main binding phase Na-
A-S-H in the geopolymer is converted to carbonate Na2CO3 through carbonation. Thus, the 
dimensional change observed in Section 3.2 can also be related to carbonation-induced and 
plastic shrinkage. This may also cause a decrease in compressive strength since the main 
binder phase is carbonated and tends to leach from the sample. 
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Figure 6 - X-ray diffractograms from leached contents obtained from geopolymer 

containing 5% silica fume by weight of cement (a) 5% silica fume replacement (b) 10% 
silica fume replacement (c) 15% silica fume replacement MK: metakaolin; OC: oven 

curing; HC: hybrid curing. C: sodium carbonate (PDF:70-8045): Q: quartz  
(PDF 82-0512). 
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4. CONCLUSION 

This study aimed to develop a microwave curing technique to design a set-on-demand 
approach to improve the hardening rate in metakaolin-based geopolymer in a shorter time 
frame. The outcomes of the experimental evaluations indicated that only microwave curing 
reduced the compressive strength of metakaolin-based geopolymers. The curing scheme has 
been optimized to adapt heat and microwave curing to a hybrid system. Throughout the 
literature, the MW curing approach was only proposed for slag-based geopolymers, which 
can already react at room temperature. Herein, the challenge is to adapt this technology to 
low calcium oxide binders where heat curing is required. Hybrid curing (HC) resulted in a 
75% decrease in curing time in metakaolin-based geopolymers. Even though this decrease 
seems insignificant in lab-scale cast specimens, HC will provide an important advantage in 
special applications such as 3D printing or precast elements. 

 Only MW curing resulted in a significant decrease in compressive strength 
compared to the counterpart oven-cured samples. The reduction of compressive 
strength was more pronounced at lower molar ratios (MR: 1.3). This was attributed 
to the sudden evaporation of the water phase, limiting the further geo-
polymerization reaction. 

 The design of a hybrid curing approach where a portion of oven curing was replaced 
by MW resulted in a higher strength development than those only cured with MW. 
Similarly, the efficiency of hybrid curing was more pronounced in samples having 
MR of 1.5 and 1.7. The 28-day compressive strength of hybrid cured geopolymer 
mortars was 90% and 75% of the oven-cured counterpart samples for MRs 1.5 and 
1.7, respectively. 

 The results indicated a direct relationship between the SiO2/Na2O ratio and the 
early-age compressive strength of geopolymer mortar. The strength reduction was 
attributed to excess silica content that can interfere with geopolymerization.  

 Implementing the hybrid curing approach increased the drying shrinkage of the 
geopolymer mortar, but it did not affect the alkali leaching in the material. The 
increased drying shrinkage was attributed to water loss because of the applied rapid 
microwave energy. 

 The alkali leaching was found to be directly affected by the molar ratio of the 
alkaline solution, increasing the molar ratio and SiO2/Al2O3 ratio, thereby reducing 
the system's ion binding capacity.  

 This optimization of hybrid curing decreased the duration of the required heat 
treatment of the mortar, leading to an advantage in special field applications such as 
3D printing.  
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