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A B S T R A C T   

The objective of this study was to investigate the microstructure and mechanical properties of a high-calcium fly 
ash geopolymer prepared with borax modified by the addition of rice husk ash (RHA). The sodium silicate was 
replaced with borax, on an equal mass basis, at 0, 10, 20, and 30%. The results showed that the use of borax 
instead of sodium silicate reduced both the compressive and flexural strengths. The strength decreases when 
borax was used were related to the increase in the crystalline nature of the reaction products caused by the 
decreases in the Si/Al ratios of the gel phases formed. Moreover, incorporating 3.6–6.0% RHA into geopolymer 
mortars containing either hydrated borax or anhydrous borax led to an improvement in the compressive strength 
due to the formation of a Ca-modified N-A-S-H gel with a high Si/Al ratio during the reaction.   

1. Introduction 

The growing concern over global climate change is forcing re-
searchers to pay attention to the development of inorganic polymer 
cements or “geopolymers.” Geopolymers are attractive because of their 
potential to reduce CO2 emissions compared to Portland cements [1–3]. 
In addition, the use of geopolymers for construction materials will 
address waste management issues, such as by reducing the waste placed 
in landfills and improving waste utilization [4,5]. Waste materials such 
as fly ash, blast furnace slag and sludge can be used as geopolymer 
precursors [6–10]. The cementitious properties of geopolymers develop 
because of reactions between the precursor compounds and alkali acti-
vators. Among the activators, sodium silicate and sodium hydroxide are 
widely used [1]. However, they are the causes of environmental and 
other problems with geopolymer binders, especially the production of 
sodium silicate [11]. Its manufacturing processes involve burning quartz 
sand and sodium carbonate at temperatures of 1,400–1,500 ◦C, which 
can affect the environment in the form of harmful gaseous CO2 [12,13]. 
Therefore, new activators are needed to replace the common sources for 
enhanced environmental performance. 

Attempts to produce a more environmentally friendly type of geo-
polymer cement have resulted in the development of bor-
oaluminosilicate geopolymers, which develop high strength from the 
formation of the B–O bond [6,14,15]. Borax has been promoted as an 
activator for geopolymer cement in order to decrease the consumption 

of sodium silicate. It is considered relatively clean compared with 
common silicate compounds; in addition, the advantages of using borax 
would include the human safety and the decreased cost of geopolymers 
[16]. In addition, Bagheri et al. [14] suggested that the reduction in 
strength due to the decrease in the dosage of sodium silicate can be 
partly compensated by the incorporation of borax. To be effective, the 
borax content had to replace at least 10% of the sodium silicate by mass, 
and preferably 30% [14,15]. However, the combination of borax and 
sodium silicate produced a lower strength than is found in composites 
made from sodium silicate alone. Thus, the next step was to find an 
economical material that improved the strength of the geopolymer and 
could be collected from local suppliers and manufacturers. 

In developing countries such as Thailand, agricultural residues are 
used as biofuels for energy production in biomass thermal power plants 
[17,18]. Among them, rice husk is quite attractive because it is abundant 
in agricultural waste and a large amount is available [17]. Rice husk is a 
by-product of the rice milling process and is usually burned for various 
heating purposes [19]. Although biomass energy resources are cleaner 
than fossil fuels [20], it is well known that burning rice husk leaves 
behind solid waste, called rice husk ash (RHA), which needs to be 
properly disposed of to avoid adverse environmental effects. Fortu-
nately, burning rice husks results in the formation of silica (SiO2) in the 
RHA [21]. While crystalline SiO2 is suggested for producing products 
such as refractory bricks and ceramics, the amorphous and hydrated 
phases are useful as additive materials in the cement industry [17,22, 
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23]. Therefore, dumping RHA into landfills or open fields may become 
unnecessary. 

Numerous reports on the properties of geopolymers made from RHA 
have been published [24–27]. The inclusion of RHA, at an optimum 
dosage, was found to increase the compressive strength of geopolymer 
paste [25], partly because of the higher density of Si–O–Si linkages, 
which are stronger than those of Si–O–Al and Al–O–Al bonds [28]. In 
addition, previous studies reported that the compressive strengths of 
geopolymer concretes could be improved by incorporating RHA into the 
mixtures [24]. It was also found that the effectiveness of RHA in 
improving the strength of geopolymer concrete was comparable to that 
of nano-silica [26]. However, research on the use of RHA to enhance the 
performance of geopolymers containing borax has not been reported. 

The objective of this study was to experimentally investigate the 
effect of RHA on the properties of high-calcium fly ash geopolymers 
manufactured using hydrated borax and anhydrous borax. A total of 25 
mortar mixtures were cast, and their compressive and flexural strengths 
were tested. Two types of borax were utilized, namely hydrated borax 
and anhydrous borax. The specimens with borax were produced by the 
partial substitution of sodium silicate with borax at varying amounts of 
10–30%. The rice husk ash was used as an additive material to enhance 
the performance of geopolymers containing borax. Therefore, RHA were 
added at 3.6%, 4.8%, and 6.0% by weight of fly ash, while the fly ash 
content was kept constant. Moreover, the microstructures of the geo-
polymer pastes were evaluated for the purpose of understanding their 
influence on the strength behavior of the mortar. 

2. Materials and methods 

2.1. Materials 

High-calcium fly ash with a specific gravity of 2.3 was used as the 
primary precursor. It was obtained from a coal-fired power station in 
Lampang, Thailand. The RHA used in the present work was ground for 8 
h to obtain a BET specific surface area of 16.3 m2/g. Table 1 presents the 
chemical composition, as determined by X-ray fluorescence (XRF) 
spectrometry. The main components of the fly ash were SiO2, Al2O3, 
CaO, and Fe2O3, while the major oxide of the RHA was SiO2. 

The common alkali activators used were a 10 M sodium hydroxide 
solution (NH) and a sodium silicate solution (NS) with 30.0% SiO2, 
14.5% Na2O, and 55.3% H2O. In this study, two forms of borax were 
used as an alternative to sodium silicate: borax decahydrate 
(Na2B4O7⋅10H2O) and anhydrous borax (Na2B4O7). The latter was pro-
duced by heating borax decahydrate at 150 ◦C for 30 min and then at 
300 ◦C for 15 h [6,15,16,29,30]. 

The fine aggregate used for making the geopolymer mortars was 
river sand with a gradation meeting ASTM standard C33 [31] (Fig. 1). 
The grading of the aggregate was determined using a sieve analysis 

Table 1 
Properties of high-calcium fly ash and RHA.  

Composition (%) Fly ash RHA 

Chemical composition 
SiO2 31.5 81.6 
Al2O3 18.6 – 
CaO 18.6 1.7 
Fe2O3 14.8 6.5 
MgO 2.7 0.9 
K2O 2.1 8.9 
Na2O 2.3 – 
TiO2 0.4 – 
P2O5 0.3 – 
SO3 4.6 0.2 

Physical properties 
Specific gravity 2.3 2.1 
BET specific surface area (m2/g) 4.6 16.3 
Median particle size (μm) 16.4 13.9 
LOI (%) 0.6 2.3  

Fig. 1. Grading curve of natural river sand used in investigation.  

Fig. 2. XRD patterns of high-calcium fly ash and RHA.  
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following ASTM C136 [32]. A fineness modulus of 2.42 was computed 
from the sieve analysis data. The aggregate had specific gravity and 
water absorption values of 2.57 and 0.72%, respectively. These values 
were determined using the methods outlined in ASTM C128 [33]. The 
dry-rodded unit weight of the aggregate used in the study was 1,639 
kg/m3, which was determined in accordance with ASTM C29 [34]. 

The X-ray diffraction (XRD) patterns of the fly ash and RHA are 
shown in Fig. 2. The results showed that the fly ash was mainly glassy; 
moreover, crystalline phases of anhydrite (CaSO4), quartz (SiO2), lime 
(CaO), and magnesioferrite (MgFe2O4) were detected in the XRD 
pattern. The RHA contained amorphous silica with crystalline inclusions 
of cristobalite (SiO2), quartz, and magnesioferrite. 

Fig. 3 illustrates the XRD patterns of the hydrated borax and anhy-
drous borax used in the investigation. The hydrated borax exhibited the 
high-intensity crystalline peaks of tincalconite (Na2B4O7⋅5H2O). The 
results also indicated that the anhydrous borax showed a lower degree of 
crystallinity compared to the hydrated borax. After heating, no sharp 
peaks of tincalconite at 2θ values of 15.63◦, 31.49◦, and 35.06◦ were 
found in the XRD pattern for the anhydrous borax. In addition, 

Waclawska [35] suggested that an amorphous sodium borate was the 
main product of dehydration. These results indicated that the anhydrous 
borax was more reactive than the hydrated borax. However, the crys-
talline peaks of sodium borate were also observed in the diffraction 
pattern. 

2.2. Mix proportions 

The mix proportions of the mortar specimens are listed in Table 2. All 
the geopolymer mortars were made with an activator-to-fly ash mass 
ratio of 0.6. In addition, they were proportioned to have an (NS +
borax)-to-NH ratio of 0.5. The mass ratio of fly ash to sand was kept 
constant at 1:2.75 for all the mixtures. Based on these proportions, the 
workable flow of the control mortar was in the range of 110 ± 5%, which 
met the requirements of ASTM C109 [36]. 

The mix variables included the type of borax, amount of borax as a 
replacement for NS, and amount of RHA. In addition to reducing the 
consumption of NS, the current study attempted to promote the use of 
hydrated borax instead of anhydrous borax as an activator for geo-
polymer composites. The labels “H” and “A” indicate that the mixtures 
were prepared using hydrated borax or anhydrous borax, respectively. 
Borax was used as a replacement for the NS at 0, 10, 20, and 30% by 
weight. In order to improve the performance of the geopolymer com-
posites made with borax, small quantities of RHA particles (3.6%, 4.8%, 
and 6.0% by mass of fly ash) were added to the mixtures. 

2.3. Specimen preparation 

The procedure for mixing the geopolymer mortar was as follows. 
First, fly ash and RHA were manually dry mixed before mixing with the 
other ingredients. Second, the dry materials (fly ash and RHA) and NH 
were poured into a mortar mixer and mixed continuously for 5 min. 
Third, river sand in a saturated surface dry condition was added to the 
rotating mixer. Finally, NS and borax were added after mixing for 10 
min, and the mixing was continued for a further 5 min. 

The geopolymer paste had similar mix proportions to the mortar 
except the river sand was absent in the paste. The mixing time for the 
paste used in the current study was approximately 10 min. The dry 

Fig. 3. XRD patterns of hydrated borax and anhydrous borax.  

Table 2 
Proportions of geopolymer mortar mixtures.   

Mix   
Mix proportions (g) 

Borax (%) RHA (%) Fly ash RHA NH NS Hydrated borax Anhydrous borax River sand 

Control 0 0 100 – 40 20 – – 275 

10H 10 0 100 – 40 18 2 – 275 
20H 20 0 100 – 40 16 4 – 275 
30H 30 0 100 – 40 14 6 – 275 
10H-3.6 10 3.6 100 3.6 40 18 2 – 275 
20H-3.6 20 3.6 100 3.6 40 16 4 – 275 
30H-3.6 30 3.6 100 3.6 40 14 6 – 275 
10H-4.8 10 4.8 100 4.8 40 18 2 – 275 
20H-4.8 20 4.8 100 4.8 40 16 4 – 275 
30H-4.8 30 4.8 100 4.8 40 14 6 – 275 
10H-6.0 10 6.0 100 6.0 40 18 2 – 275 
20H-6.0 20 6.0 100 6.0 40 16 4 – 275 
30H-6.0 30 6.0 100 6.0 40 14 6 – 275 

10A 10 0 100 – 40 18 – 2 275 
20A 20 0 100 – 40 16 – 4 275 
30A 30 0 100 – 40 14 – 6 275 
10A-3.6 10 3.6 100 3.6 40 18 – 2 275 
20A-3.6 20 3.6 100 3.6 40 16 – 4 275 
30A-3.6 30 3.6 100 3.6 40 14 – 6 275 
10A-4.8 10 4.8 100 4.8 40 18 – 2 275 
20A-4.8 20 4.8 100 4.8 40 16 – 4 275 
30A-4.8 30 4.8 100 4.8 40 14 – 6 275 
10A-6.0 10 6.0 100 6.0 40 18 – 2 275 
20A-6.0 20 6.0 100 6.0 40 16 – 4 275 
30A-6.0 30 6.0 100 6.0 40 14 – 6 275  
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materials and NH were mixed in the mixer for 5 min before the final 
mixing with NS and borax. After mixing, the paste and mortar specimens 
were poured into molds and left at room temperature for 1 h, as sug-
gested in previous publications [37–42]. Then, the specimens were 
cured in an oven for 24 h at 80 ◦C. After that, they were demolded and 
kept at room temperature until the age of 7 days. 

2.4. Experimental study 

The experimental study was divided into two parts: (1) a micro-
structural investigation of the geopolymer paste and (2) tests of the 
mortar properties. The microstructural observations consisted of XRD 
measurements, Fourier transform infrared spectroscopy (FTIR) analyses, 
and scanning electron microscopy (SEM)/energy dispersive spectros-
copy (EDS) observations. 

Microstructural studies are useful in understanding how the strength 
behaviors of geopolymers are associated with the presence of borax and 
RHA in the system. XRD was used to characterize the phase composition 
of each specimen. Before testing, the specimen was ground into powder 
form. Also, ground geopolymer specimens were analyzed using the 
FTIR-spectrum to determine the degree of geopolymerization. Broken 
geopolymer specimens were analyzed using the SEM technique to study 
their morphological characteristics. In addition, the detailed quantifi-
cation of the hydrated paste was accomplished using EDS analysis. 

The effects of borax and RHA on mechanical properties of the mor-
tars were evaluated. The compressive strength and flexural strength 
were tested at the age of 7 days. To measure the compressive strength of 
the geopolymer mortar specimens, 50 × 50×50 mm3 cubic specimens 
were cast and tested according to the ASTM C109 [36]. The flexural 

strength was measured using 40 × 40×160 mm3 beam specimens based 
on ASTM C348 [43]. It should be noted that each strength value was the 
average of those for three specimens. 

3. Results and discussion 

3.1. XRD patterns of geopolymer pastes 

Figs. 4 and 5 show the diffraction patterns of the geopolymer spec-
imens. It was found that the paste consisted mainly of aluminosilicate 
and calcium silicate compounds. The major crystalline phases found in 
all the specimens were calcium silicate hydrate, quartz, and magnesio-
ferrite. The quartz and magnesioferrite phases of the fly ash and RHA are 
usually observed in synthesized geopolymers [44–47], indicating that 
both the unreacted fly ash and RHA are present in the final geopolymeric 
composites. In this study, the amorphous aluminosilicate nature of the 
specimens was indicated by the diffuse halo peaks around 10–38◦ (2θ). 
Similar findings for metakaolin-based geopolymer pastes were reported 
by Kouamo et al. [45]. Clearly, a decrease in the sharpness of the hump 
peaks at around 10–20◦ (2θ) was observed when either hydrated borax 
or anhydrous borax was added (Fig. 4). The results were in agreement 
with those by Bagheri et al. [14]. However, there was no difference in 
the XRD patterns between the specimens containing 20% hydrated 
borax and those with 20% anhydrous borax. 

Fig. 5 shows the effect of incorporating RHA on the phase compo-
sition of the geopolymer. It was found that the amorphous phase was 
affected by the addition of RHA. Obviously, an increase in the intensity 
of the peaks at around 10–20◦ (2θ) was obtained when the RHA was 
incorporated. This indicated that the amount of the amorphous phase in 
the specimen with RHA was higher than that in the specimen without 

Fig. 4. Effects of borax replacement on phase compositions of geopolymers.  

Fig. 5. Effects of RHA addition on phase compositions of geopolymers made 
with borax. 

Fig. 6. FTIR results for geopolymers with different borax contents.  
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RHA. The increased amorphous phase could strengthen the structure 
because of the presence of high contents of geopolymer products [14]. A 
minor change in the XRD patterns was the decrease in the intensity of 
the peak at 32.05◦ (2θ), which was assigned to the C–S–H phase. 
Therefore, it was reasonable to assume that the inclusion of RHA 
resulted in favorable conditions for the formation of amorphous prod-
ucts rather than the C–S–H gel. However, the XRD patterns of the pastes 
made with RHA did not show an obvious change when the amount of 
RHA was increased from 3.6 to 6.0%. The results presented in Fig. 5 also 
show that the influence of RHA on the phase composition of the spec-
imen made from anhydrous borax (20A-4.8) was the same as that on the 
specimen containing hydrated borax (20H-4.8). 

3.2. FTIR analysis 

The FTIR results of the geopolymer pastes are shown in Fig. 6 and 
Fig. 7. These results show that the geopolymer pastes consisted of broad 
bands located at 3700–3200 cm-1, which were assigned to the stretching 
vibration of water molecules [48,49]. The broad band at 1700–1600 cm 
-1 represented the bending vibration (H–O–H) resulting from the 
adsorbed water molecules [50,51]. These vibrational modes indicate the 
formation of an aluminosilicate network in the geopolymer structure 
[50,52]. The occurrence of the CO2−

3 band, which occurs at approxi-
mately 1460 cm-1, was detected in all the specimens as a result of the 
carbonation process between unreacted Na2O and CO2 in the environ-
ment [53,54]. Previous studies on geopolymers made with borax 
showed that the main B–O stretching bonds were observed in the 
wavenumber range of 1380–1310 cm-1 [6,55]. However, in the present 
study, the B–O bond was not detected in the FTIR analysis, probably 
because the borax content was insufficient. Bagheri et al. [14] suggested 

Fig. 7. figFTIR results for geopolymers made with RHA.  

Fig. 8. SEM micrographs of geopolymer specimens.  
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that the formation of B–O bonds in geopolymer matrices is essential to 
prevent an unexpected strength behavior caused by the disruption of the 
balance in an alkaline activator. 

An obvious change in the FTIR spectra of the geopolymer specimens 
made with borax occurred in the stretching bond at the wave number 
range of 1200–950 cm-1. The Si–O-T vibration, in which “T” could be 
silicon (Si) and aluminum (Al) [6,55,56], is frequently used in the 
assessment of the degree of geopolymerization. The exact position of the 
broad band assigned to the Si–O-T stretching bond varies with the sili-
con (Si)/aluminum (Al) ratio of the specimen [57,58]. Generally, this 
band moves downward as a result of an increase in the Al content 
incorporated into the gel phase [52,58]. As shown in this study, the 
sharpness increased with increasing borax content (Fig. 6), indicating 
that a relatively high early release of Al species in the system was ob-
tained with the inclusion of borax. A similar finding was reported for a 
low-calcium fly ash geopolymer paste [16]. De Silva et al. [59] sug-
gested that an increase in the content of the tetrahedrally positioned Al 
atom (low Si/Al) led to geopolymers with low strengths. 

In specimens containing hydrated borax and RHA (Fig. 7), the po-
sition of the band assigned to the Si–O-T bond shifted toward higher 
wavenumbers compared to the 20H mixture (see Fig. 6). These findings 
were supported by those of previous researchers working on geo-
polymers containing silica fume [57]. It should be noted that among the 
three mixtures, the 20H-4.8 specimen exhibited the highest wave-
number for the Si–O-T band in the chain structure of the binding phase. 
In addition, upon activation of the 20A-4.8 mixture, the band shifted to a 
higher wavenumber compared with the 20A mixture. These results 
indicated that the formation of a gel phase with a higher degree of 
crosslinking was obtained when the RHA was used. This could have been 
due to the greater silicate species in the aluminosilicate condensation 
process [60], which increased the amorphous content of the products. 

3.3. SEM observations 

SEM images of selected geopolymer paste specimens are shown in 
Fig. 8. The geopolymer specimens showed voids and unreacted fly ash 
particles, which were embedded in the continuous mass of the cemen-
titious matrix. In addition, microcracks were clearly observed on the 
surfaces of all the specimens. The cracks formed in the control mixture 
(see Fig. 8(a)) may have been the result of moisture removal during the 
curing process rather than being load-induced cracks. Rapid drying 
during heat curing generated cracks in the form of “alligator skin”. 
However, the results showed that significantly fewer cracks were 
observed in the specimens containing either hydrated borax (Fig. 8(b) 
and (c)) or anhydrous borax (Fig. 8(d)) compared to the control mixture, 
probably because the geopolymers with higher borax contents had 
relatively lower amounts of the liquid-containing compound (sodium 
silicate) and possibly because of the high moisture retention of borax 
[61]. Thus, it is no exaggeration to say that the inclusion of borax 
reduced thermal cracking. Moreover, the results showed that using 
anhydrous borax caused crystalline products with a low Si/Al ratio to 
form (see Fig. 8(d) and (i)), which will be discussed later. 

The results shown in Fig. 8(e) and (h) show that the inclusion of RHA 
led to some differences in the matrix microstructures. The geopolymers 
with RHA showed a microstructure comprising a uniformly distributed 
dense gel phase and unreacted particles. Compared with the 20A 
mixture, the binding gel phase formed in the 20A-4.8 mixture (Fig. 8(h)) 
showed a more homogeneous morphology. This indicated that the mi-
crostructures of geopolymers made from borax can be improved by 
including RHA. However, the microstructural features of specimens with 
RHA contents >3.6% did not change significantly when the RHA content 
was increased. The results also showed that the cracks induced by 
external loading were blocked by the unreacted fly ash particles, as 
clearly seen in Fig. 8(b) and (f). Cracking around the spheres can be 
observed in several fly ash-based geopolymer systems [6,14,62], which 
results in more energy being dissipated during loading. 

3.4. X-ray microanalysis (EDS) 

Table 3 lists the elemental compositions at selected areas of the 
geopolymer gel phases (free from the unreacted fly ash particles) as 
derived from the EDS microanalysis. The values presented in the table 
are the averages of 2–3 analyses. In addition to sodium (Na), silicon (Si), 
and aluminum (Al), calcium (Ca) was also observed in all the geo-
polymer specimens. This indicated that the coexistence of an amorphous 
alkali aluminosilicate gel with a C–S–H phase was possible, as suggested 
by other studies [52,63,64]. In addition, the presence of a C–S–H type 
gel was supported by the XRD patterns shown in Figs. 4 and 5. In the 

Table 3 
Atomic percentages and ratios of hardened geopolymer pastes based on EDS 
analyses.   

Sample 
Atom percentages and ratios 

Na, at% Ca, at% Si, at% Al, at% Na/Si Ca/Si Si/Al 

Control 11.27 7.68 9.53 4.40 1.18 0.81 2.17 
10H 11.44 8.55 10.20 4.83 1.12 0.84 2.11 
20H 12.99 6.76 9.83 4.99 1.32 0.70 1.97 
30H 12.66 6.57 10.08 5.18 1.26 0.65 1.95 
20H-3.6 8.67 7.95 8.94 3.41 0.97 0.89 2.62 
20H-4.8 7.95 10.62 11.40 4.15 0.70 0.93 2.75 
20H-6.0 8.86 8.25 11.61 4.25 0.76 0.71 2.73 

20A 10.92 5.17 10.61 5.48 1.03 0.50 1.94 
20A-4.8 9.25 8.47 11.16 3.86 0.83 0.76 2.89  

Fig. 9. Effects of borax content on compressive strengths of geopolymer mortars.  
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present study, amorphous aluminosilicate was the main reaction prod-
uct identified in the geopolymers; however, there was a significant dif-
ference in the elemental compositions of these aluminosilicate phases in 
specimens formed with borax and RHA. 

The Si/Al ratio for the gel phase formed in the control mixture was 
2.17 on average, while the Na/Si and Ca/Si ratios were 1.18 and 0.81, 
respectively. However, including either hydrated borax or anhydrous 
borax in the mix decreased the Si/Al ratio, partly because of the lower 
content of sodium silicate and partly inconsequence of the increase in Al 

content dissolved from fly ash, which was consistent with the previously 
discussed FTIR results (Fig. 6). The Si/Al atomic ratios for the 10H, 20H, 
and 30H specimens were in the range of 1.95–2.11. Moreover, it was 
found that the Si/Al atomic ratio of the gel phases for the 20A specimen 
was 1.94, which was close to 2. According to Davidovits [65], who 
classified the type of geopolymer structure based on the Si/Al ratio, it is 
possible that the main geopolymeric gel observed in the system made 
from borax was (Na)-poly(sialate-siloxo). 

Another interesting phenomenon is that the incorporation of 

Fig. 10. Effects of RHA on compressive strengths of geopolymer mortars containing (a) 10% borax, (b) 20% borax, and (c) 30% borax.  
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anhydrous borax resulted in the formation of crystalline hydrate phases 
with a low Si/Al ratio (see Fig. 8(i)), which had detrimental effects on 
the strengths of the geopolymers. As shown in this study (Table 3), the 
use of borax reduced the availability of the Ca2+ dissolved from the fly 
ash. The role of Ca2+ is important in hindering the formation of crys-
talline sodium aluminosilicate (zeolitic) phases, which are detrimental 
to the strength [27]. However, the peaks of the sodium-based zeolitic 
phase could not be detected in the XRD analysis because the peaks were 
weak and overlapped with the position of quartz [26,66]. 

The Si/Al atomic ratios of the gel phases for the 20H-3.6, 20H-4.8, 
and 20H-6.0 specimens were 2.62, 2.75, and 2.73, respectively, which 
were higher than that of the 20H specimen (1.97). It could be deduced 
from the results that the additional Si dissolved from the RHA contrib-
uted to the formation of a binding gel phase, producing a 3D rigid 
polymeric structure [59]. This was supported by the shifting of the 
Si–O-T band, as identified from the FTIR results, which showed that the 
position of this band shifted to a higher wavenumber when the RHA was 
incorporated. A similar trend was found in the case of specimens con-
taining anhydrous borax. A higher Si/Al ratio could be observed in the 
specimen with RHA when a comparison was made between the Si/Al 
ratios of the 20A-4.8 and 20A mixtures. 

Another important change in the elemental compositions of the 
geopolymers made with RHA was the consumption of Ca2+ ions in the 
geopolymerization process. The Ca/Si ratio of the gel phase in the 
specimens was found to increase with the use of RHA. It is possible that 
more Ca2+ ions dissolved from the fly ash were consumed during the 
reaction process when RHA was added [27]. The increased content of Ca 
incorporated into the N-A-S-H type gel derived from the activation of the 
fly ash in the presence of RHA was consistent with the XRD spectra, 
which suggested the reduction of the C–S–H type gel within the binding 
phase, along with the formation of a geopolymer product with a higher 
amorphous content. 

3.5. Compressive strength 

Fig. 9 and Fig. 10 show the influence of the borax and RHA contents 
on the compressive strengths of the geopolymer mortars, respectively. 
Including either hydrated borax or anhydrous borax in the mixture 
tended to reduce the compressive strength, especially with a 30% borax 
replacement. Compared with the control mixture, the specimens with 
30% hydrated borax and 30% anhydrous borax showed compressive 
strength decreases of 33% and 28%, respectively. This was in agreement 
with the trends previously reported for low-calcium fly ash-based geo-
polymer systems [14,15]. The reduction in the compressive strength of a 
geopolymer prepared with borax may be understood as a decrease in the 
Si/Al ratio of the gel phase formed in the system, which led to an 

increase in the crystalline nature of the geopolymer, as evidenced by the 
XRD results. However, the presence of borax appeared to hinder the 
formation of cracks due to water evaporation during heat curing. This 
may explain why the compressive strength of the mortar containing 
≤20% borax was close to that of the control mortar. 

The compressive strength was also measured for geopolymer mortar 
specimens containing various percentages of RHA (Fig. 10). The results 
showed that there was an increase in the compressive strength with an 
increase in the RHA content from 3.6% to 6.0% in the mixtures prepared 
with borax. The incorporation of RHA increased the Si/Al ratio and 
resulted in the formation of more cross-linked binding gels. The increase 
in compressive strength resulting from increasing the Si/Al ratio has 
been linked to an improvement in the microstructural homogeneity. The 
SEM images provided evidence that the change in the homogeneity of 
the geopolymer was associated with a change in the RHA content (see 
Fig. 8). The microstructural features of the specimens were observed to 
be largely homogeneous for RHA contents ≥ 3.6% (Si/Al ratios > 2.17), 
resulting in geopolymers with higher strength. 

3.6. Flexural strength 

The flexural strength results for the geopolymer mortars are shown in 
Figs. 11 and 12. Similar to the compressive strength discussed earlier, 
the use of borax to replace sodium silicate tended to reduce the flexural 
strength, mainly because a binding gel with a lower Si/Al ratio was 
produced and possibly as a result of the absence of B–O bonds, which 
would encourage the development of strength [6,55]. When the borax 
content was increased beyond 20%, a significant reduction in flexural 
strength was observed. The flexural strength values of mortar mixtures 
30H and 30A decreased by 16% and 15%, respectively, relative to the 
control mortar. The results also indicated that the flexural strengths of 
mortars with hydrated borax were close to those of mortars with 
anhydrous borax (Fig. 11). In addition, it should be noted that the 
negative effects of borax inclusion were less pronounced for the flexural 
strength than for the compressive strength of the mortar. 

In relation to the use of RHA in the geopolymer mortars containing 
borax (Fig. 12), the trends in the flexural strength of the mortars were 
similar to those for the compressive strength. Adding RHA increased the 
strength, not only because of the increase in the Si/Al ratio, but also 
because of the higher calcium content, which became incorporated in 
the N-A-S-H gel. The optimum RHA content was found to be 4.8% (by 
weight of fly ash). For example, the addition of 3.6%, 4.8%, and 6.0% 
RHA increased the flexural strength of the 30H mixture by approxi-
mately 22%, 39%, and 31%, respectively. In addition, geopolymer 
mortars with an RHA content of 4.8% showed an approximately 17–22% 
higher flexural strength than the control mortar. However, the trend of 

Fig. 11. Effects of borax content on flexural strengths of geopolymer mortars.  
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decreasing the strengths with the RHA inclusion was observed when the 
content of RHA increased beyond 4.8%, because the presence of 
excessive soluble silicate may impede geopolymer structure formation 
[67]. 

4. Conclusion 

This study developed geopolymers with lower amounts of sodium 
silicate, while maintaining the performance requirements. Borax, 
instead of sodium silicate, was used as an activator for high-calcium fly 

ash geopolymers. RHA was added to compensate for the strength- 
reducing effect of the borax in the geopolymers. Based on the experi-
mental results presented here, the following conclusions can be drawn.  

(1) The main reaction products of the geopolymers made with borax 
were an N-A-S-H type gel. The results showed that the Si/Al ratio 
of the gel phase decreased as the borax content in the mixture 
increased. In addition, there was a decrease in the availability of 
calcium due to the dissolution of fly ash when the borax content 
was increased from 0% to 30%. However, the presence of borax 

Fig. 12. Effects of RHA on flexural strengths of geopolymer mortars containing (a) 10% borax, (b) 20% borax, and (c) 30% borax.  
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appeared to hinder the formation of cracks due to moisture 
removal during the heat curing process, thus reducing its detri-
mental effect on the strengths.  

(2) The incorporation of RHA into geopolymers made with borax 
resulted in the formation of a Ca-modified N-A-S-H gel with a 
high Si/Al ratio. The increase in the Si/Al ratio of the binding gel 
due to the presence of RHA caused an improvement in the 
microstructural homogeneity. When RHA was present in the 
system, the calcium dissolved from the high-calcium fly ash first 
tended to form a Ca-modified N-A-S-H gel rather than the C–S–H 
phase. The modification of the elemental composition of the 
binding gel phase was believed to be a reason for the strength 
development.  

(3) Incorporating either hydrated borax or anhydrous borax in the 
geopolymer mixture decreased both the compressive and flexural 
strengths, especially with the 30% borax replacement. However, 
the detrimental effect appeared to be more pronounced for the 
compressive strength. The results also showed that the strengths 
of the geopolymer mortars made from hydrated borax were 
comparable to those of the mortars containing anhydrous borax.  

(4) RHA could be used to improve the strengths of the geopolymer 
mortars containing either hydrated borax or anhydrous borax. 
The optimum amount of RHA was approximately 4.8% by weight 
of fly ash. The use of 4.8% RHA improved the compressive and 
flexural strengths of the geopolymer mortars made with borax by 
30–54% and 17–22% compared to those of the control mortar, 
respectively. 
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