
 

 

Abstract—Geopolymers are new types of materials which can 

be synthesized by various natural materials or by-products as 

source material. Fly ash is a type of by-product can be used in 

the synthesis. Source materials are activated by alkaline 

solutions and silicate solutions. In this experimental study, fly 

ash was used for geopolymerisation. By this way, most 

generated by-product was converted to valuable product. As an 

activator solution, 4M sodium hydroxide and sodium silicate 

were used. Alkaline solution was selected in low molarity 

because of the corrosive effect of hydroxide solution. The 

geopolymer pastes cured at 120°C for 6h, 15h and 24 hours. 

X-ray Diffraction Spectroscopy and Scanning Electron 

Microscopy techniques were used to investigate the structure of 

the samples. As a result of analysis, geopolymeric structure was 

obtained by this synthesis conditions. It was found that the 

higher compressive strength values can be obtained with higher 

molarities if desired for applications like building materials. 

Also some fillers may be added to increase the compressive 

strength values. Test results have also revealed that the 

compressive strengths increased with increasing curing 

duration.  

 
Index Terms—Geopolymer, activation, mechanical 

properties, microstructural properties.  

 

I. INTRODUCTION 

Each year, more than 100 million tons of coal ashes and 

desulphurization products which called coal combustion 

products (CCP) are produced throughout the European 

Union. The utilization of CCPs results in economic and 

environmental benefits like saving of energy and reduction in 

emissions of pollutants and CO2 emissions. [1]. CCPs are 

used in many applications due to their physical and chemical 

properties. The main applications are cement and concrete 

technology and in the production of lightweight aggregates 

[1], [2]. 

Fly ash is a fine grained dust consisted of melted vitreous 

particles of spherical shape [1]. The very large quantities are 

generated from coal-combustion in power plants [3]. 

American Coal Ash Association declared that 71, 7 million 

tons of fly ash was produced but only 31 million was used in 

several applications [2]. The rest is disposed in landfills and 

storage lagoons [4]. 

Fly is classified as pozzolans which form cementitious 

products at ambient temperatures [5]. Fly ash contains 
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amorphous and crystalline elements like quartz, mullite, 

magnetite and hematite. The presence of silica and alumina 

lead to usage of fly ash in geopolymers [3].  

Geopolymer technology has very low cost and significant 

contributions to reduce CO2 emissions compared with 

Ordinary Portland Cement (OPC) Technology [3]. In cement 

production, about 5-8% of global CO2 emissions result from 

decomposition of limestone and combustion of fossil fuels. 

Concrete made from OPC is the most common product used 

around the world. In the countries where the population 

increases rapidly like China and India, concrete industry is 

expected to grow widely [6]. 

Geopolymers are new materials comprise of source 

materials which include high amount of silica and alumina 

combined with alkaline and silicate solutions [4]. Many 

materials like kaolinite, metakaolinite, several rocks, fly ash, 

biomass ash can be used as source materials for 

geopolimerization. Sodium hydroxide and potassium 

hydroxide are most common alkaline solutions. The mixture 

of sodium hydroxide with sodium silicate has been preferred 

as most effective activator for high strength [7]. 

The alkaline activation can be defined as a chemical 

process which specific structures changes rapidly and a new 

structure becomes partially or totally amorphous. Alkali 

activation of fly ash is different process from Portland 

cement but is similar to zeolite synthesis [8]. 

Geopolymer synthesis can occur at ambient temperature 

and relatively low temperatures; so it can be called as low 

energy system [7]-[9]. Starting materials and processing 

conditions affect the physical and chemical properties of 

alkali activated systems [10]. Both the curing time and the 

curing temperature affect the compressive strength [11]. 

Compressive strength increases with curing temperature. 

Curing temperature also reduces the time needed for a 

specific value. Structure of geopolymers are also affected by 

curing conditions for transition from amorphous to 

crystalline state [12]. 

Geopolymerization can be defined as polycondensation 

process. Aluminate and silicate species originated from raw 

material react with alkaline activator solution. to form 

three-dimensional network. [13], [14]. The 

three-dimensional polymer chain Si-O-Al-O, was proposed 

by Davidovits in 1978. These structures occur in three types: 

poly (sialate) (-Si-O-Al-O-), poly (sialate-siloxo) 

(Si-O-Al-O-Si-O) and poly (sialate-disiloxo) 

(Si-O-Al-O-Si-O-Si-O). The typical geopolymer 

composition is generally expressed as 

nM2O.Al2O3-.xSiO2.yH2O, where M is an alkali metal [11]. 

Geopolymers have many mechanical and chemical 

properties which are equal or even better than OPC Concrete. 

The advanced properties of geopolymers are quick 

 

E. Arioz, Ö. Arioz, and Ö. M. Koçkar 

397

International Journal of Chemical Engineering and Applications, Vol. 4, No. 6, December 2013

Mechanical and Microstructural Properties of Fly Ash 

Based Geopolymers

DOI: 10.7763/IJCEA.2013.V4.333



 

compressive strength development, fire resistance, acid and 

sulphate resistance and low shrinkage. Most heavy metal ions 

can be immobilized in geopolymeric structure [2]-[4]. 

Geopolymer concrete resists up to 1200°C with suitable 

formulations which OPC Concrete explodes at temperatures 

higher than 300°C [3]. 

Various types of tiles, blocks, panels and sculptors can be 

produced by geopolymers. Besides technological advantages, 

geopolymers synthesized with suitable materials can also be 

used in arts and decoration [3]. The applications of 

geopolymer materials vary in wide range due to excellent 

properties [15]. 

 

II. EXPERIMENTAL STUDY 

F class fly ash, techniqual grade sodium hydroxide and 

sodium silicate solutions were used for geopolymerisation. 

4M NaOH was prepared as an alkaline solution. Sodium 

hydroxide was added to sodium silicate and mixed for 15 

minutes to get activator solution. Then activator solution 

poured into fly ash and again mixed until homogenous paste 

was obtained. Geopolymer paste was cast into steel molds 

and cured at 120°C for 6, 15 and 24 hours. Experimental 

procedure is given in Fig. 1.The authors of the accepted 

manuscripts will be given a copyright form and the form 

should accompany your final submission. 

 

 
 

Fig. 1. Flow chart of the experimental study. 

 

After 7 and 28 days aging, compressive strength test was 

performed on the specimens. To investigate the 

mineralogical and morphological structure of the geopolymer 

samples, XRD and SEM techniques were employed to the 28 

days aged samples. 

 

III. RESULTS AND DISCUSSIONS 

The compressive strength values of geopolymeric samples 

cured at 120°C after 7 days aging are given in Table I.  

 
TABLE I: THE COMPRESSIVE STRENGTH VALUES OF GEOPOLYMERIC 

SAMPLES AGED FOR 7 DAYS 

Curing Duration 

(hour) 

Compressive Strength 

(MPa)  

6 3,61 

15 9,69 

24 10,61 

 

The compressive strength value of the sample cured for 6 

hours is low as seen in the table. When the curing duration 

was increased to 15 hours, the compressive strength was 

increased nearly 3 times and reached to 9, 69 MPa. The 

increment of the duration to 24 hours did not affect the 

compressive strength very much. 10, 61 MPa was obtained 

for the sample cured for 24 hours. 

Fig. 2 shows the compressive strength values of the 

geopolymer samples aged for 7 days. 

 

 
Fig. 2. Compressive strentghs of the geopolymer samples aged for 7 days. 

 

The sharp increase of the compressive strength when the 

duration was increased from 6 hours to 15 hours can be 

observed clearly in the Fig.  

The compressive strength values of geopolymeric samples 

cured at 120°C after 28 days aging are given in Table II. 

 
TABLE II: THE COMPRESSIVE STRENGTH VALUES OF GEOPOLYMERIC 

SAMPLES CURED AT 120°C 

Curing Duration 

(hour) 

Compressive Strength 

(MPa)  

6 7,13 

15 11,06 

24 12,53 

 

The minimum compressive strength was obtained at 6 

hours (7, 13 MPa). The maximum compressive strength was 

seen when the duration increased from 6 hours to 15 hours 

(11, 06 MPa). The strength increased to 12, 53 MPa 

whenever the curing duration increased to 24 hours. The 

variations in the strength values are given schematically in 

Fig. 3. 

 
Fig. 3. Compressive strengths of the geopolymer samples aged for 28 days. 

 

As seen in the Fig., the compressive strengths were 

increased with the curing duration. The increase in the 

strength values is sharp in the first period. When the duration 

increased from 15 hours to 24 hours, the compressive 

strength increased slightly. 

Also the effect of aging the geopolymer samples can be 

determined from the compressive strength results as given in 

Fig. 4. 
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Fig. 4. The effect of aging. 

 

For 6 hours curing duration, the compressive strength was 

increased significantly with aging. At 7 days the compressive 

strength was 3,61 MPa, and reached to 7,13 MPa at 28 days 

aging. Both for 15 hours and 24 hours curing durations, the 

strengths were increased slightly.  

The XRD pattern of the geopolymeric sample cured for 15 

hours after 28 days aging is given in Fig. 5. As seen in the 

Fig., the sample was amorphous and a broad peak between 

18-36° 2 Ɵ  was observed which is a common characteristic 

of geopolymers [16], [17].  

Fig. 6 shows the XRD pattern of the geopolymeric sample 

cured for 24 hours The two pattern displayed that the 

geopolymer sample consisted of quartz and mullite crystals. 

The curing duration did not change the crystalline structure. 

 

 
Fig. 5. XRD pattern of the geopolymer sample cured at 120°C for 15 hours. 

 

 
Fig. 6. XRD pattern of the geopolymer sample cured at 120°C for 24 hours. 

 

The SEM image of the sample cured for 15 hours is given 

in Fig. 7. In the micrograph, the geopolymer matrix was not 

homogenous and unreacted fly ash particles were observed. 

The needle shaped crystals were also seen in the image of the 

sample. 

 
Fig. 7. SEM image of the geopolymer sample cured at 120°C for 15 hours. 

 

Fig. 8 shows the SEM image of the sample cured at 120°C 

for 24 hours. The unreacted sodium hydroxide was 

precipitated in the geopolimeric gel due to evaporation of 

water at high temperature [15]. The pores were observed 

beside unreacted fly ash particles and crystals. The needle 

shaped crystals were also seen as in the geopolymer sample 

cured for 15 hours. 

 

 
Fig. 8. SEM image of the geopolymer sample cured at 120°C for 24 hours. 

 

IV. CONCLUSIONS 

Geopolymers were obtained by using F class fly ash, 

sodium silicate and sodium hydroxide which has low 

molarity. The compressive strength values were low as 

expected because of the low molarity of alkaline solution. 

The higher compressive strength values can be obtained 

with higher molarities if desired for applications like building 

materials. Also some fillers may be added to increase the 

compressive strength values. 

The compressive strengths increased with increasing 

curing duration. The increment was much higher when the 

duration increased from 6 hours to 15 hours. Also aging 

affected the compressive strengths positively and similar to 

the effect of curing duration. The strength values increased 

much higher for the samples cured for 6 hours. The 

compressive strength increased 97,5% when aging increased 

to 28 days for 6 hours curing. The increments were 14,1% 

and 18,1% for 15 hours and 24 hours respectively. These 

could be caused from geopolymeric reactions.  

The geopolymeric reactions might be uncompleted in low 

curing durations like 6 hours and in early ages. Because of 

uncompleted reactions, the compressive strengths increased 

when the durations increased and did not change when the 

durations prolonged. The reason of the effect of the aging 

may be similar to the curing duration.  

XRD analysis showed that geopolymerisation was 

achieved according to the amorphous phase and a broad 

hump. The curing time did not affect the crystal structure of 

geopolymer samples. 
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SEM image showed that all fly ash particles not reacted in 

the activator solution. It could be due to insufficient molarity 

or mixing time. The more homogenous gel phase can be 

achieved with higher molarities of the activator solution. In 

the SEM images of two samples the precipitation of sodium 

hydroxide was observed. The precipitation may be prevented 

when the geopolymer samples cured at the lower 

temperatures. The high curing temperature caused to the 

evaporation of water in the geopolymeric gel.  
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