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Abstract 

The present study investigated the mechanical and thermal properties of geopolymer composite. 

The geopolymer composite was prepared by mixing fly ash and wollastonite with the alkaline activator, 

which was 6 M KOH:K2SiO3 in a mass ratio of 1:1 and a solid:liquid mass ratio of 3:2. The compressive 

strength at 28 days of geopolymer was 33.3 MPa and possessed the highest strength of 38.3 MPa 

when 30 wt% wollastonite was added. The flexural strength presented differently whereby it increased 

from 2.1 MPa to 6.8 MPa. It increased remarkably up to 200% with the addition of 50 wt% wollastonite. 

The geopolymer composites were exposed to high temperatures at 800℃ to 1100°C for 2 h. Cracks 

were reduced since 20 wt% wollastonite was added. A high percentage of wollastonite presented 

excellent thermal stability. The total weight loss of the geopolymer composite at temperatures  of 

30℃ to 1400°C was minimized. It decreased from 25% to 12% when 50 wt% wollastonite was added, 

and the dilatometric data resulted in a dimensional change of almost zero. The phase development of 

the geopolymer composites at high temperatures showed the crystallization of leucite, kalsilite, calcium 

silicate, calcium aluminium silicate, and calcium aluminium oxide, which were the high temperature 

stable phases. The results indicated that wollastonite reinforced fly ash-based geopolymer composites 

are promising for use in high temperature applications. 

1. Introduction  

 

 Geopolymers are one of the attractive materials and are rapidly 

becoming well-known for a half-century [1]. The utilization of waste 

materials in geopolymer synthesis has increased as mounting 

environmental concerns focus on accumulating a stockpile of industrial 

by-products. It reduces the global warming problem because it is 

energy saving and environmentally friendly. Natural and industrial 

by-product ingredients, such as pozzolanic materials, fly ash, bottom 

ash, bagasse ash, rice husk ash, and blast furnace slag, are used to 

produce geopolymers. These have the potential for preparing the 

geopolymer due to the significant aluminosilicate constituents. It is 

possible to apply geopolymers in engineering perspectives because 

of the high early compressive strength and durability, especially 

a fly ash-based geopolymer that presents properties close to Portland 

cement [2]. Geopolymers are utilized in various applications, 

particularly for thermal applications resulting from its inorganic 

nature, such as refractory, insulating, and fire-resistant products [3]. 

Many previous studies reported the geopolymer synthesis and 

properties for high temperature applications. The produced geo-

polymer always lost its stability during high-temperature exposure 

[4-7]. The main factors influencing the mechanical strength of a 

geopolymer are the shrinkage and microstructure. It resulted from 

the effect of the Si/Al ratio, alkali cation, and the evaporation of free 

water and water in the geopolymer structure [8-10]. The most straight-

forward approach proposed to minimize the shrinkage behavior is 

by incorporating thermal stability materials into a geopolymer.  

 There are many materials for geopolymer reinforcement in 

order to improve the mechanical and thermal properties. Those are 

particulate and fibrous materials such as Al2O3, quartz, refractory 

brick, and fibers [6,9]. Alomayri [11] proposed the inclusion of a 

glass microfibers in fly ash-based geopolymer. The flexural strength 

increased at an optimum glass microfiber content of 2 wt%. The 

flexural strength of the geopolymer composite decreased beyond 

the optimum reinforcement content because of the fiber agglomeration. 

A weak inter-facial bond between the fiber and the matrix consequently 

occurred. Nuaklong et al. [12] investigated the mechanical strength 

of the fly ash-based geopolymer mortar reinforced with carbon fiber. 

The compressive strength was increased 21% compared with the 

control when 0.2 wt% carbon fiber was added. Furthermore, the carbon 

fiber enhanced the flexural strength significantly. The addition of 

0.2 wt% to 0.3 wt% carbon fiber could increase the flexural strength 

up to 54% compared with the control. These resulted from the bridging 

effect of the fiber. Timakul et al. [13] reported the improvement 
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in the property of a high calcium fly ash-based geopolymer after the 

addition of basalt fiber. They found that the high Ca/Si ratio in the 

geopolymer matrix due to the high CaO content in the fly ash raw 

material resulted in the high compressive strength. The compressive 

strength was enhanced by 37% when 10 wt% basalt fiber was added 

compared to the neat geopolymer. However, the compressive strength 

slightly improved when more than 10 wt% basalt fiber was added. 

In addition, Timakul et al. [14] also prepared a high calcium fly 

ash-based geopolymer by improving the thermal stability at high 

temperatures up to 800°C. The geopolymer was reinforced by basalt 

fiber to enhance the mechanical and thermal properties. The thermal 

properties of the geopolymer composite were enhanced by adding 

about 1 wt% to 5 wt% TiO2. The thermal shock resistance of the 

geopolymer with TiO2 was up to 15 cycles of heating at 800C. 

Suthee et al. [15] reported the geopolymer-mullite composite 

synthesized from fly ash and mullite powders. They found that 40% 

to 60% mullite addition improved the compressive strength from 

around from 58 ± 21 MPa to 72 MPa to 76 MPa due to a needle-like 

structure of the mullite. The compressive strength decreased after 

high temperature exposure at 400℃ to 1000°C and maintained 

around 15 MPa. Due to the good mechanical strength, chemical 

stability, resistance to deformation, and high temperature stability 

of the geopolymer, it is an alternative material for many applications 

such as heat and fire resistance, insulating material, coating for fire 

protection, and refractory [16,17].   

 Wollastonite (CaSiO3) is a natural mineral with an acicular shape 

and a needle-like or fiber morphology. Its physical properties have 

several advantages, i.e., mostly inert in a basic condition so that 

it does not react with other components either during or after the 

manufacturing process, a high melting point at 1540C resulting in 

high temperature stability up to about 1120C, and a low coefficient 

of thermal expansion, 6.5  10-6 C-1 over a range of 25℃ to 800C 

[18]. Wollastonite has aspect ratios (the particle length to the particle 

diameter) varying from 3:1 to 20:1. Consequently, wollastonite is 

useful as an industrial mineral reinforcement in many applications, 

such as thermal insulation, refractory, a replacement for asbestos in 

cement, plastic, paint film, and roofing tile[19-21].  

 Among the applications, the use of wollastonite to improve the 

properties of cement is widely studied in order to replace the asbestos 

in cement and concrete applications [22]. Khan et al. [23] reported 

that cement replaced by 30 wt% ground wollastonite resulted in C3S 

hydration and the acceleration of the reaction of aluminate phases. 

However, it reduced the compressive strength of the cement mortar 

mixture. The particle size of wollastonite affected the compressive 

strength, with a mean particle size lower than 3.5 m reducing the 

compressive strength by only 10% after 28 days of curing. Yücel 

and Özcan [24] studied the synthetic wollastonite replaced cement 

phase. The mechanical properties of the cement mortar improved with 

9 wt% synthetic wollastonite and decreased beyond this replacement 

value. The acicular particle structure of wollastonite attributed to 

the microcrack bridging of the cement mortar. Bong et al. [25] reported 

the mechanical strength of fly ash-based geopolymer mortar using 

wollastonite as fly ash and sand replacement. The wollastonite 

improved the compressive strength of geopolymer mortar when 

used as fly ash and sand replacements. The flexural strength was 

enhanced by wollastonite when using as sand replacement. On the 

other hand, it did not improve when used as fly ash replacement 

because the reduction of fly ash which was the geopolymer precursor 

resulting in the low geopolymerization. However, there has not 

been much research done on the utilization of wollastonite in the fly 

ash-based geopolymer applications, especially in high-temperature 

applications.  

 Therefore, the aim of this research was the improvement of thermal 

stability of the fly ash-based geopolymer by adding the wollastonite 

fiber. The geopolymer specimens were prepared in the presence of 

KOH and K2SiO3 as the alkaline activator solution. The mechanical 

and thermal properties of the cured geopolymer specimens were 

investigated either before or after exposure to high temperatures. 

The thermogravimetry/differential thermal analysis (TG/DTA) and 

dilatometer were employed to analyze the thermal property. 

Compressive strength and flexural strength tests were applied to 

determine their mechanical property. The Scanning electron microscopy 

(SEM), X-ray diffractrometer (XRD), and Fourier transform infrared 

spectroscopy (FT-IR) were used to evaluate the microstructure, phase 

development, and chemical bonding of the geopolymer, respectively. 

 

2.  Experimental 

 

 Fly ash from Mae Moh power plant at Lampang province in the 

northern part of Thailand was used as a starting material to prepare 

the geopolymer in this study. The chemical composition was analyzed 

by X-ray fluorescence (XRF, S8 Tiger, Bruker, Germany), as shown 

in Table 1. The main compositions were SiO2 and Al2O3 incorporated 

with a high content of CaO, Fe2O3, and other trace elements. It was 

classified as class C fly ash in accordance with ASTM C618-03, in 

which the CaO content was higher than 10%.  

 Figure 1(a) shows the phase analysis by XRD (X'Pert Pro 

Diffractometer, Panalytical) composed of anhydrite (CaSO4, PDF# 

37-1496), lime (CaO, PDF# 37-1497), quartz (SiO2, PDF# 46-1045), 

hematite (Fe2O3, PDF# 33-0664), maghemite (Fe2O3, PDF# 39-1346), 

magnesioferrite (MgSi2-3O4, PDF# 17-0464), and portlandite (Ca(OH)2, 

PDF# 04-0733). The microstructure of fly ash evaluated by SEM 

(JSM 7800F Prime, JEOL Ltd., Japan) is shown in Figure 2(a). The 

sample was spherical in shape and showed various sizes with a multi-

modal particle size distribution. The mean particle size was 29.8 μm.  

 Wollastonite fiber was employed as a reinforcement in the geo-

polymer preparations. The chemical compositions of the wollastonite 

fiber collected from the manufacturer are shown in Table 1. The main 

compositions were SiO2 and CaO. Figure 1(b) shows the phase analysis 

of wollastonite by XRD, which the primary phase is the wollastonite 

phase. The microstructure of the wollastonite is presented in Figure 2(b). 

The fiber shape had a length and diameter of 498 μm and 40 μm , 

respectively, and the aspect ratio was about 12.  

 The fly ash-based geopolymer samples were synthesized by 

mixing class C fly ash and the alkaline activator. The alkaline activator 

was prepared from potassium hydroxide (95.5 wt% KOH, Nisso, 

Nippon Soda Co. LTD., Japan), distilled water, and a potassium silicate 

solution (K2SiO3, 13.0 wt% K2O and 26.9 wt% SiO2, C. Thai Chemicals 

Co., LTD., Thailand). 

  Firstly, KOH was mixed with distilled water at a 6 M concentration 

and cooled down by keeping at room temperature overnight before 

adding the K2SiO3 solution and mixing thoroughly. The KOH and 
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K2SiO3 were in a 1:1 weight ratio. Secondly, the geopolymer was 

synthesized by dry mixing fly ash and wollastonite fiber ranging 

from 5 wt% to 50 wt% fly ash via a food processor mixer for 3 min. 

Then, the alkaline activator was poured to the dry solid part, in which 

the solid to liquid weight ratio was 3:2 and mixed for 90 s by a handheld 

mixer. The geopolymer mixture was cast into a cube mold, which 

is 50  50  50 mm in size, for the compressive strength testing and 

a bar mold, which is 20  20  80 mm in size, for the flexural strength 

testing. The hardened specimens were de-molded and wrapped by 

plastic film to prevent water loss and kept at ambient temperature 

for 7 and 28 days.  

 Compressive strength was measured via the cement compression 

machine (ADR Auto-250, ELE International) with force applied at 

a rate of 1.0 kNs-1 at 7 and 28 days of curing according to ASTM C109. 

Flexural strength was carried out by a 3-point bending strength test 

via a Universal Testing Machine (UTM, Instron 55R4502) at a 

crosshead speed of 0.5 mmmin-1 and a span of 60 mm. Another set 

of the specimens was subjected to high temperature stability testing 

at 800℃ to 1100C for 2 h with a 5Cmin-1 heating rate in a furnace 

after 28 days of curing. The fired geopolymer composites without a 

noticeable crack were then subjected to the compressive strength test. 

The thermal properties of the geopolymers and geopolymer composites 

were analyzed after 28 days of curing.  

 The TG/DTA technique (NETZSCH STA 449C, NETZSCH) 

was performed at a temperature of 30℃ to 1400°C and a heating rate 

of 10°Cmin-1 in the air to study the change in the material under high 

temperatures. The optical dilatometer (ODP868, TA) was employed 

at a temperature of 30℃ to 1100°C and a heating rate of 10°Cmin-1 

in the air to study the thermal expansion. The phase development 

was evaluated by XRD (X’PertPro Diffractometer, Panalytical) 

at 10 to 70 2 with a scanning speed of 2min-1. The SEM (JSM 

7800F Prime, JEOL Ltd.) equipped with the Energy Dispersive X-ray 

Spectroscopy (EDS) apparatus was applied to investigate the micro-

structure and chemical composition. The chemical bonding of the 

geopolymer was identified by FT-IR (Perkin Elmer System 2000) 

from 400 cm-1 to 4000 cm-1 with the KBr pellet technique. 

 

Table 1. Chemical compositions of the raw materials. 

 

Chemical 
Component (%) 

Fly ash Wollastonite 

SiO2 34.05 49.06 

Al2O3 18.17 0.99 

CaO 21.31 45.72 

Fe2O3 13.87 1.44 

Na2O 1.69 0.019 

K2O 2.60 0.019 

MgO 2.01 0.13 

SO3 5.09 - 

Others 1.01 2.62 

LOI 0.17 3.20 

 

     

Figure 1. XRD patterns of (a) fly ash and (b) wollastonite. 

 

        

Figure 2. SEM micrographs of (a) fly ash and (b) wollastonite.
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3.  Results and discussion 

 

3.1  Mechanical strength 

 

 The mechanical properties of the geopolymer and geopolymer 

composites that were reinforced by various amounts of wollastonite 

are presented in Figure 3 and Figure 4. It can obviously be seen that 

the mechanical properties improved by adding wollastonite. Figure 3 

shows the compressive strength of the geopolymer and geopolymer 

composites. The compressive strength of the geopolymer without 

reinforcement at 7 days was 17.2 MPa and it increased about 2 times, 

33.3 MPa when the prolonged curing time increased from 7 days to 

28 days. The maximum compressive strength was about 23.4 MPa 

and 38.4 MPa with 30 wt% to 40 wt% wollastonite when the curing 

time was 7 days and 28 days, respectively.  

 Typically, construction applications require a construction brick 

with a compressive strength of 25 MPa to 40 MPa at 28 days of curing 

[26]. Therefore, these geopolymer composites appear to be potential 

materials for construction bricks. Nevertheless, a higher amount of 

wollastonite no longer contributes to the development of the compressive 

strength. Under compression, the geopolymer is destroyed by the 

formation of microcracks in the opposite side of the compression 

load, and then, the crack propagates because of the concentration of 

tensile stress in front of the broken part. The geopolymer containing 

the fiber demands a high energy of fracture to enlarge the crack and 

pull out the fiber for propagation because the fiber acts as the micro-

cracks bridging [27]. However, this also depends on the interaction 

between the fiber and matrix, the type and amount of fiber, and the 

fiber dispersion in the matrix. As a result, the wollastonite fiber 

presented the inert characteristic in the basic solution; hence, the large 

amount of wollastonite has an insignificant effect on the compressive 

strength. 

 Conversely, the addition of wollastonite was found to have a 

positive effect on the flexural strength, as presented in Figure 4. The 

flexural strength was more developed when prolonging the curing 

time to 28 days and successively increasing the wollastonite content. 

The relative flexural strength was also calculated in comparison 

to the geopolymer to point out that the wollastonite improved the 

flexural strength remarkably. The flexural strength at 7 days of the 

geopolymer without reinforcement was 1.1 MPa and it increased 

to 2.1 MPa at 28 days of curing. Moreover, the maximum flexural 

strength of 6.8 MPa was obtained at 28 days of curing when 50 wt% 

wollastonite was added. The relative flexural strength increased by 

about 200%. Therefore, this result can be explained by the fibrous 

nature of wollastonite exhibiting a crack deflection behavior of fiber-

matrix composites [28].  

 There have been previous studies supporting the improvement 

in the mechanical strength by adding wollastonite to cementitious 

materials. Archez et al. [29] revealed that a wollastonite filler improved 

the viscosity and mechanical properties of the geopolymer composites. 

The addition of wollastonite enhances the compressive strength, 

with the failure mode becoming ductile with a higher wollastonite 

content. It might be described by the acicular shape of wollastonite 

modifying the microstructure of the geopolymer. This behavior was 

similar to the wollastonite powder replaced cement or sand performed 

by Wahab et al. [19] Their study revealed the mechanical properties 

of cement mortar mixes, with the cement or sand being replaced by 

wollastonite powder. The compressive strength and flexural strength 

increased with the wollastonite replacing the sand content; however, 

both results decreased when the wollastonite amount was more than 

20 wt%. In contrast, the mechanical strength saw little improvement 

when wollastonite replaced the cement content. It drastically decreased 

when cement was replaced with the wollatonite powder due to the 

reduction of the cementitious phase. 

 In addition, Yücel and Özcan [24] studied the replacement of 

cement with 3 wt% to 15 wt% synthesized wollastonite and reported 

that the increased content of synthetic wollastonite increased the 

compressive strength and flexural strength. However, after substitution 

with 9 wt% wollastonite, the mechanical strength of the cement mortar 

started to decline. Similarly, Alomayri [11] revealed the effect of glass 

microfibers on the reinforcement of a fly ash-based geopolymer. 

The flexural strength of the geopolymer increased with the increase 

in the glass microfibers from 1 wt% to 2 wt%, although it declined 

when a higher amount of glass microfibers was added. Additionally, 

the result showed that the high viscosity of the geopolymer mixtures 

obtained from the addition of 3 wt% glass microfibers prevented 

the development of the flexural strength.  

  

 

 

Figure 3. Compressive strength of the geopolymer composites with various 

amounts of wollastonite at 7 days and 28 days of curing. 

 

 

 

Figure 4. Flexural strength of the geopolymer composites with various 

amounts of wollastonite at 7 days and 28 days of curing.
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 However, the compressive strength and the flexural strength 

slightly decreased when more than 40 wt% wollastonite fiber was 

added. This might result from the effect of the solid to the liquid 

ratio of the geopolymer mixture. The addition of the wollastonite 

increased the solid to liquid ratio from 1.5 to 2.25 such that the mixture 

was difficult to mix and cast. The effects of excessive reinforcement 

could be considered because the inert reinforcement might inhibit the 

geopolymer network structure, causing the decline in the mechanical 

strength. One of the reasons for the reduction of the flexural strength 

is because of a non-homogeneous geopolymer mixture. It can be 

described that the homogeneous geopolymer matrix of the composite 

can be obtained with a low fiber addition, and thus, the much higher 

tensile strength of the fiber is considered to increase the flexural  

strength of the composite [30]. Furthermore, the high fiber content 

resulted in the poor compaction of the fresh mixture due to the high 

solid to liquid ratio. Then, the heterogeneous fiber-matrix interaction 

may occur and cause the porous structure formation. That caused 

the deficient interfacial adhesion of the microfiber and geopolymer 

matrix and the consequent reduction in the flexural strength when 

the fiber content is high. However, the time of curing was also  

considered due to its influence on the strength development. The 

flexural strength of the high fiber reinforced was more developed at 

28 days of curing. Therefore, the type and content of the reinforcement 

for each fiber could be optimized to obtain the optimum mechanical 

properties. 

 

3.2  FT-IR analysis 

 

 Figure 5 presents the FT-IR spectra of the geopolymer and geo-

polymer composites reinforced by various amounts of wollastonite 

fiber at 28 days of curing comparing to fly ash and wollastonite. 

The characteristic absorption band of all the geopolymer and geo-

polymer composites attributed to the asymmetric stretching vibration 

of Si-O-Si and Al-O-Si is shifted from that of the original fly ash. 

In the original fly ash, this band appeared as a broad band with two 

peaks at 1098 cm-1 and 1002 cm-1. It became narrower and moved to 

a lower wavenumber around 960 cm-1 to 1000 cm-1 for the geopolymer 

due to the substitution of the [AlO4]3- groups in the [SiO4]4- groups 

by the alkaline activation as a result of the geopolymerization reaction 

[31,32].  

 In addition, the geopolymer composites containing more 

wollastonite exhibit a peak shifted to lower energy, from 995 cm-1 to 

around 968 cm-1 to 972 cm-1. These seem to be a possible result of the 

incorporation of a tetrahedral coordination framework of calcium cations, 

which increase the bond length and decrease the bond angle of T-O-Si 

[33,34]. The vibration band appears as the shoulder located at 1100 cm-1 

to 1160 cm-1 representing the formation of [SO4]3-. It is the asymmetric 

stretching vibration of S-O that also is found in cement [35].  

 The intense vibration band at 454 cm-1 reflected the bending 

vibration of O-Si-O persisting in the geopolymer and geopolymer 

composites due to the lower reaction of quartz in the alkaline activation 

[36,37]. The band located at 595 cm-1, 611 cm-1, and 678 cm-1 of fly ash 

represented the symmetric stretching vibration of Si-O-Si and Al-O-Si 

that were the silicate and aluminosilicate glasses possessing a long-

range order structure in the form of tetrahedral or octahedral rings 

[7,38].  

 The new band at 1410 cm-1 to 1450 cm-1 found in the geopolymer 

is attributed to the stretching vibration of O-C-O due to the presence 

of high calcite [14,35]. The band appearing at 1644 cm-1 and the 

broad region centered at around 3437 cm-1 are assigned to the bending 

vibration and stretching vibration of the hydroxyl group, respectively. 

This hydroxyl group was absorbed in the surface and entrapped in 

pores or the large cavity of the geopolymer structure.  

 The infrared spectra of the geopolymer composite with high 

wollastonite content presented closely the vibration band to the 

vibration band of the original wollastonite, where the broad geopolymer 

characteristic band was presented. Moreover, the broader peak was 

obviously seen when more wollastonite fiber was added due to the 

geopolymer composite containing multiple overlapping components 

corresponding to the study of Siyal et al. [39]. The broad peak of 

the original wollastonite occurred around 900 cm-1 to 1083 cm-1 

indicating the asymmetric stretching vibration of Si-O-Si. The band 

at the low wavenumber located at 450 cm-1 and 566 cm-1 represented 

the bending vibration of Si-O and the stretching vibration of Ca-O, 

respectively [40]. Therefore, it can be summarized that the wollastonite 

has presented a disperse phase to the geopolymer matrix with less 

chemical reaction, resulting in a small improvement in the compressive 

strength as described in 3.1. 

 

3.3  XRD analysis 

 

 Figure 6 shows the XRD patterns of the geopolymer and geo-

polymer composites reinforced by various amounts of wollastonite 

fiber at 28 days of curing. From the XRD results, the geopolymer 

revealed the characteristic broad hump of the geopolymer, which 

was an amorphous phase centered at about 28 to 30 2 incorporated 

with the reaction product phases i.e., arcanite (K2SO4, PDF# 05-0613), 

calcium silicate hydrate (C-S-H, PDF# 33-0306), and calcite (CaCO3, 

PDF# 47-1743) and the remaining crystalline phases from the original 

fly ash i.e., quartz (SiO2, PDF# 46-1045) and magnesioferrite 

(MgSi2-3O4, PDF# 17-0464). According to the Ordinary Portland 

Cement (OPC) reaction, which is the hydration reaction, calcium is 

strongly reacted with silicon and aluminium to form various phases 

of calcium silicate hydrate and calcium aluminate hydrate.  

 

 

 

Figure 5. FT-IR spectra of the geopolymer and geopolymer composites with 

10 wt% to 50 wt% wollastonite (WL) at 28 days of curing compared to fly 

ash and wollastonite. 
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Figure 6. XRD patterns of the geopolymer and geopolymer composites at 

28 days of curing [●  wollastonite (CaSiO3),  quartz (SiO2),  calcite 

(CaCO3), ♦ arcanite (K2SO4),  magnesioferrite (MgFe2-3O4), ■ calcium 

silicate hydrate]. 

 

 Similarly, there was a calcium silicate hydrate phase occurring 

in the geopolymer due to the reaction of calcium present in the original 

fly ash, which was the class C fly ash and the soluble silicate in the 

alkaline activator [41]. In addition, the presented calcium obviously 

affected the setting time of the class C fly ash-based geopolymer [42].  

 The XRD patterns of the geopolymer composites reinforced by 

various amounts of wollastonite fiber showed the wollastonite 

phase (CaSiO3, PDF# 43-1460) coexisting with the phases found in 

the fly ash-based geopolymer. The intensity of the wollastonite 

phase increased with the increase in the wollastonite content. The 

broad hump of the amorphous geopolymer still occurred whenever 

the wollastonite fiber increased. The wollastonite exhibits good 

chemical stability. It does not react with the environment, especially 

in a basic solution [18]. Consequently, new reaction phases did not 

occur; this infers that the improved mechanical strength is resulting 

from the wollastonite morphology and content. 

 

3.4  SEM analysis 

 

 Figure 7 shows the microstructure of the geopolymer and  

geopolymer composites examined on the fracture surfaces of the 

compressive strength testing specimens by SEM. The morphology 

of the geopolymer in Figure 7(a) shows dense structures and some 

long cracks. The cracks might be formed during specimen breaking 

rather than during the curing and drying process. The presented dense 

structure was a geopolymer matrix with an Si/Al of 2.4 compared 

to the original fly ash particle with an Si/Al of 1.4, according to the 

EDS analysis as shown in Figure 8. It infers that fly ash was activated 

by the alkaline activator and forms the geopolymer phase related to 

the XRD and FT-IR results. The geopolymer microstructure not only 

revealed the geopolymer matrix part but also presented other reaction 

products, non-completely reacted fly ash particles, and unreacted 

fly ash particles that were embedded in the geopolymer matrix. 

According to the XRD results, the major reaction products were 

arcanite, calcite, and calcium silicate hydrate. 

  

  

   

Figure 7. Microstructure of (a) geopolymer and geopolymer composites with (b) 10 wt%, (c) 30 wt%, and (d) 50 wt% wollastonite. 
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Figure 8. EDS analysis of (a) original fly ash and (b) geopolymer.

 In comparison, the geopolymer composites reinforced by 

wollastonite fiber at 10 wt%, 30 wt%, and 50 wt%, respectively, were 

chosen to evaluate the microstructure, as presented in Figure 7(b)-(d). 

The geopolymer matrix part appeared to have a similar microstructure 

to the geopolymer without wollastonite, but there were wollastonite 

fibers that were embedded in the geopolymer matrix. The geopolymer 

composite microstructure showed some of the smooth surface fibers, 

suggesting that there was poor bonding of the wollastonite fibers to the 

geopolymer matrix due to the basic solution resistance of wollastonite.  

 The evidence of the attachment of the geopolymer matrix and 

wollastonite fibers was presented in Figure 7(c). The rupture and pullout 

of wollastonite fibers were observed, as shown in Figure 7(d). These 

results reflect the effect of the wollastonite fiber on the flexural strength. 

Although, the wollastonite fibers occur the weak bonding to the 

geopolymer matrix, the flexural strength appears to be increased by 

more than 200% because of its fibrous microstructures. Similarly, 

Kwon et al. [23,43] reported that the microstructure of wollastonite 

microfibers improved the mechanical properties of cement. There was 

the hydration reaction occurring at the interface of the cement and 

wollastonite, which was the microfiber-matrix interfacial bonds to 

form the C-S-H phase. Therefore, the microstructure was favorable 

for improving the flexural strength, which was mostly comprised of 

the rupture, pullout, and adhesion of the fiber-matrix interface. 

 

3.5  Compressive strength after high temperature exposure 

 

 Compressive strength is an important property that plays an 

essential role in all geopolymer applications. The fly ash-based geo-

polymer with an optimum preparation condition gives a high compressive 

strength at ambient temperature, although it lacks stability when 

exposed to high temperatures. The appearance of those geopolymer 

specimens after firing at 800°C and 1000°C is shown in Figure 9. It is 

noticeable that severe cracks occurred at high temperatures, causing 

these geopolymers to be too weak to measure their compressive 

strength. It is well known that the shrinkage and cracking of the 

geopolymer result from water loss over time by evaporation during 

heating. The insufficient durability at high temperatures corresponded 

to the repulsion of water in the small pores and structure, causing 

the partial collapse in the geopolymer structure [44]. Therefore, 

wollastonite was chosen as the thermally stable filler to maintain 

the properties at the optimum value.  

 The geopolymer specimens were exposed to high temperatures 

of 800℃ to 1100°C for 2 h and a 5°Cmin-1 heating rate. Figure 10(a) 

shows the appearance of geopolymer composites after thermal 

treatment at 800°C. There were visible cracks on the specimen surfaces 

that contained 0 wt% to 15 wt% wollastonite. The crack was gradually 

reduced when the wollastonite was increased and eventually disappeared 

when the wollastonite was increased more than 20 wt%. It was eliminated 

when the wollastonite was added beyond these amounts. Figure 10(b) 

presents the geopolymer composite with 40 wt% wollastonite after 

exposure to high temperatures, 800℃ to 1100°C. The specimens  

maintained their shapes without cracking at those high temperatures. 

It implied that the geopolymer composite with wollastonite was 

stable at high temperatures. 

 

 
 

Figure 9. Geopolymer specimens after high temperature exposure, (a) 

800C, and (b) 1000C. 

 

 
 

Figure 10. Appearance of the geopolymer composites with (a) 0 wt% to 40 wt% 

wollastonite after exposure to 800°C, and (b) 40 wt% wollastonite after exposure 

to high temperatures. 
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 Figure 11(a) illustrates the compressive strength of the geopolymer 

and geopolymer composites after 28 days of curing and after exposure 

to 800℃ to 1100°C for 2 h. As aforementioned, the geopolymer lost 

its strength at high temperatures, the compressive strength was 

less than 2 MPa after exposure to 800C. The geopolymer composite 

specimens contained wollastonite less than 20 wt% were not strong 

enough to be subjected to the compression test after exposure to 

temperature of 800℃ to 1100C. Therefore, the compressive strength 

of the thermally stable geopolymers was carried out on only geo-

polymer composites reinforced with 20 wt% 50 wt% wollastonite 

because they were tolerated, and no visible cracks were observed at 

high temperatures.  

 The compressive strength of geopolymer composite with 50 wt% 

wollastonite was decreased from about 37.5 MPa to 6.4 MPa after 

exposure to 1000C. Although the compressive strength of all geo-

polymer composites decreased drastically upon heating to high 

temperatures, these geopolymer composites showed higher residual 

compressive strength than the controlled geopolymer. The residual 

compressive strength increased with the addition of wollastonite; 

it was more than 5 MPa when 40 wt% to 50 wt% wollastonite was added.  

 Furthermore, the compressive strength after firing compared to 

non-firing was indicated as the relative residual compressive strength. 

Figure 11(b) shows the relative residual compressive strength, which 

is the ratio calculated from the compressive strength after firing and 

the compressive strength of each composition at 28 days of curing 

[45]. The relative residual compressive strength of the geopolymer 

without reinforcement decreased with increasing temperature. 

It was eventually destroyed at 1000°C where the compressive 

strength could not be determined. On the other hand, the relative 

residual compressive strength of the geopolymer composites 

increased with increasing wollastonite content. The maximum value 

was up to 20% at 1100°C when 50 wt% wollastonite was added. 

It infers that the strength reduction of the geopolymer after high 

temperature exposure resulting from the internal fracture occurred 

due to the different thermal stresses between the outer and the inner 

surface during firing. The internal crack took place due to the outer 

surface contracting, and the internal stress was developed upon heating, 

which damaged the geopolymer structure. For a better understanding 

of the thermal stability of the geopolymer, the optical dilatometer 

was applied to evaluate the dimensional changes of the geopolymer 

during heating up to 1100°C. 

 

3.6  Thermal expansion analysis 

 

 Figure 12 shows the dilatometric curves of the geopolymer and 

geopolymer composites with 30 wt% and 50 wt% wollastonite 

at 28 days of curing. The thermal deformation of the geopolymer 

differed from the geopolymer composites. The geopolymer without 

reinforcement presented significant shrinkage of about 1.0% at 

the temperature ranging from 90℃ to 250°C due to the dehydration 

of free water. The shrinkage occurred sharply until 250°C that involved 

the evaporation of water trapped in the pores resulting in the partial 

collapse of the pores when the solution in the pores was removed.  

 At 250℃ to 650°C, the geopolymer dimension was slightly 

contracted due to the hydroxyl group being slowly dehydroxylated, 

which is associated with the pore structure changes because the 

water was removed. The minimum dimensional change occurred in 

this temperature range. Moreover, the release of water caused the 

compaction of the structure from the condensation of hydroxyl 

groups on the surface of the geopolymer gel, resulting in the creation 

of a T-O-T linkage where T is a silicon or aluminium atom [37,46]. 

A shrinkage of about 1.5% obviously occurred at a temperature of 

650℃ to 900°C, which was involved in the sintering and densification 

of the geopolymer gel. At this temperature range, the viscous flux 

and viscous sintering of the geopolymer matrix occurred, where the 

viscous flux filled the pores and voids in the geopolymer. This was 

due to the viscous glass-like behavior of the geopolymer, which 

implied the glass transition temperature (Tg) of the geopolymer.   

 The small expansion was observed when a further high temperature 

was applied, over 900°C. The expansion after the sintering and 

densification region might result from the crack formation, some 

crystallization of the geopolymer phases, an increase in porosity, 

or a combination of the reasons mentioned above. These results 

corresponded to the appearance of the fly ash-based geopolymer, 

as shown in Figure 9, in which the large cracks appeared on the 

geopolymer surface.  

 

    
 

Figure 11. (a) Compressive strength, and (b) relative residual compressive strength of the geopolymers and geopolymer composites after exposure to 800℃ 

to 1100C. 
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Figure 12. Dilatometric data of the geopolymer and geopolymer composites. 

 

 Comparing the thermal property of the geopolymer composite 

to the controlled geopolymer in Figure 12, the overall shrinkage 

of the geopolymer composites was particularly improved by the 

wollastonite reinforcements. The 30 wt% and 50 wt% wollastonite 

present the same thermal expansion behavior. The first shrinkage 

was found at 150℃ to 250°C, which is related to the free water loss. 

The shrinkage was reduced by 95%, which was lower than the 

controlled geopolymer. It decreased from 1.0% to 0.05% when 

30 wt% 50 wt% wollastonite was added. Based on this evidence, 

high wollastonite content results in a high solid-to-liquid mass ratio 

and reflects the smallest overall shrinkage. The minute thermal 

expansion is exhibited beyond 250°C; that plateau occurred until 

700°C with the thermal expansion of 0.14%. However, the thermal 

expansion behavior was significantly smaller than observed in the 

controlled geopolymer.  

 This small expansion was also obtained by Vicker et al. [10] on 

a fly ash-based geopolymer reinforced with alumina and wollastonite. 

The alumina and wollastonite fillers exhibited the plateau until the 

temperature rose to 700°C, and this plateau was extended up to 15°C 

depending on the filler addition. Accordingly, the thermal resistance 

was increased with the addition of ceramic powder. The second 

shrinkage was found at 700℃ to 800°C, in which the geopolymer 

phase was sintered, and densification occurred. Similarly, the small 

thermal expansion also occurred at high temperatures beyond 800°C, 

while the large cracks did not appear, and the geopolymer was not 

damaged. It corresponded to the appearance of the geopolymer 

composites, as shown in Figure 10. As a result, the dilatometric curve 

of the geopolymer composite exhibited a lower thermal expansion 

than the controlled geopolymer. 

 

3.7 Thermogravimetric and differential thermogravimetric 

analysis 

 

 Figure 13 presents the thermogravimetric analysis (TGA) and 

differential thermogravimetry (DTA) curves of the geopolymer and 

geopolymer composites. The TGA curve, Figure 13(a), shows the weight 

loss of all geopolymers up to 1400°C. The first weight loss started 

and proceeded until the temperature reached 200°C, which is related to 

free water removal that was adsorbed at the surface and in the pores 

of the geopolymer. The hydroxyl groups in the silicate and aluminate 

structure were then removed at a temperature ranging from 200℃ 

to 500°C, resulting in the slow continuous weight loss [47,48]. The 

resulting weight loss was 22% for the geopolymer. It was reduced to 

8% and 11% when 30 wt% and 50 wt% wollastonites were added at 

the similar temperature range due to the increasing solid to liquid ratio. 

Accordingly, the overall geopolymer weight loss under a temperature 

up to 500°C mainly corresponded to the dehydroxylation.  

 The second and third weight loss were found at 500℃ to 900°C 

and 1000℃ to 1200°C, respectively. It was determined to be lower 

than 2% for all geopolymers. The total weight loss at 1400°C of the 

geopolymer and geopolymer composites reinforced with wollastonite 

of 30 wt% and 50 wt% were 25%, 13%, and 12%, respectively.  

 That corresponded to the DTA curves in Figure 12(b), which 

showed the remarkable endothermic peaks centered at 140°C for 

the geopolymer and 120°C for the geopolymer composites. The latter 

presents at lower temperatures due to the smaller water content and 

compact structure. The next endothermic peak took place at 440°C. 

It was the lowest intensity of all geopolymers, correlated with the 

dehydration of Ca(OH)2 due to the high calcium content of the fly 

ash raw material [47]. The broadened endothermic peaks that occurred 

at around 700℃ to 1100°C represented the viscous sintering of the 

geopolymer phase. In addition, the distinct endothermic peaks were 

observed at 700℃ and 710°C when 30 wt% and 50 wt% wollastonite 

were added. That might refer to the decarbonation of CaCO3 due to 

the high calcium content in the geopolymer compositions, which is 

almost generally found in cement upon heating [47,49]. 

    

Figure 13. (a) TGA, and (b) DTA data of the geopolymer and geopolymer composites.
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 Above 1200°C, another endothermic peak transformation occurred, 

which is related to the crystallization during heating, and product phases 

such as leucite (K2O.Al2O3.4SiO2) and kalsilite (K2O.Al2O3.2SiO2) 

were formed [47]. The evidence of phase transformation of the geo-

polymer and geopolymer composite after exposure to high temperatures 

was shown in Figure 14 and Figure 15. 

 

3.8  XRD analysis after high temperature exposure 

 

 The XRD technique was applied to the non-fired geopolymers 

and the fired geopolymers that were fired at temperatures from 800℃ 

to 1100C, as presented in Figure 14. The crystalline phases of the non-

fired geopolymer reflected the fly ash starting material, as described 

before in Figure 6. There were the phases of quartz, calcite, arcanite, 

magnesioferrite, and calcium silicate hydrate.  

 After firing, the characteristic amorphous broad hump of the geo-

polymer was not noticeable since 800°C, but some crystalline phases, 

which were found in the non-firing geopolymer, still occurred i.e., 

quartz and magnesioferrite. The significant peaks that appeared at 

the temperature range between 800℃ and 900C were gehlenite 

(Ca2Al2SiO7, PDF# 35-0755), kalsilite (KAlSiO4, PDF# 11-0579), 

potassium aluminium silicate (K4Al2Si2O9, PDF# 50-0437), mayenite 

(Ca12Al14O33, PDF# 09-0413), potassium iron oxide (K2FeO4, PDF# 

25-0652), and calcium iron oxide (CaFe4O7, PDF# 35-1277). These 

phases were more developed in the geopolymer when increased the 

firing temperature to 1100C.  

 In addition, there were new phases appearing at this high 

temperature, which were leucite (KAlSi2O6, PDF# 38-1423), augite 

(CaFeSi2O6, PDF# 24-0201), andradite (Ca3Fe2+3(SiO4)3, PDF# 

10-0288), vuagnatite (CaAlSiO4(OH), PDF# 29-0289), wollastonite 

(CaSiO3, PDF# 43-1460), tricalcium aluminate (Ca3Al2O6, PDF# 

38-1429), and calcium aluminate oxide (Ca2Al2O5, PDF# 01-0572).  

 In the previous study, the amorphous geopolymer tended to 

develop crystallinity phases starting from 800C [50]. The XRD patterns 

of the potassium based geopolymer after exposure to high temperatures 

demonstrated that the leucite (KAlSi2O6), kalsilite (KAlSiO4), and 

kaliophilite (KAlSiO4) occurred in an amorphous matrix whose 

intensity increased with temperature [6,51]. Although these phases 

were the high temperature stable phase, the development of crystalline 

phases also caused the densification resulting in the large shrinkage, 

as shown in Figure 12, and destroyed the specimens, as shown in 

Figure 9. The damage of the geopolymer might be caused by the 

presence of a high calcium content of the original fly ash, resulting 

in the C-S-H formation in the geopolymer. The C-S-H shrank rapidly 

at 500C and occurred the phase transformation from C-S-H to -

CaSiO3 at 800℃ to 900C [52,53] which might be the one reason 

for the loss of mechanical strength of the geopolymer. Furthermore, 

the major reaction was the de-carbonation of calcite at a temperature 

around 800C to form free lime, which is ready to react with any 

accessible ion to form various compound phases of cement, i.e., 

mayenite, tricalcium aluminate, and calcium aluminate oxide [49]. 

Therefore, the new crystalline peaks of the geopolymer were formed 

via the reaction of calcium ions with other available ions, while the 

amorphous hump of the geopolymer was lost, and some crystalline 

peaks were also unobserved when exposed to high temperatures. 

 A comparison of the XRD patterns of the geopolymer and geo-

polymer composites reinforced with 30 wt% and 50 wt% wollastonite 

after firing at 1000°C is illustrated in Figure 15. Some phases found in 

the geopolymer also appeared in the geopolymer composites, which 

were quartz, gehlenite, kalsilite, and potassium aluminium silicate. 

The significant peak occurring in the geopolymer composites was 

wollastonite that was reflected from the filler addition. Calcium silicate 

(Ca2SiO4, PDF# 49-1672) was a new crystalline phase that might be 

the reaction product phase of the wollastonite and geopolymer matrix. 

As seen in Figure 10, the geopolymer composites reinforced with 

30 wt% and 50 wt% wollastonite can maintain their shape after high 

temperature exposure. It can be summarized that the thermal stability 

of the geopolymer composite was found to be influenced by not only 

the fiber nature and amount of the wollastonite reinforcement phase but 

also by the presence of crystalline phases after high temperature exposure. 

 

 

Figure 14. XRD patterns of the geopolymer after 28 days of curing at room 

temperature and after high temperature exposure [  arcanite (K2SO4),  calcium 

silicate hydrate,  quartz (SiO2),  calcite (CaCO3),  magnesioferrite (MgFe2-3O4), 

 gehlenite (Ca2Al2SiO7), m mayenite (Ca12Al14O33),  kalsilite (KAlSiO4), 

 leucite (KAlSi2O6),  potassium aluminium silicate (K4Al2Si2O9), ♥ calcium iron 

oxide (CaFe4O7),  potassium iron oxide(K2FeO4),  augite (CaFeSi2O6), 

 wollastonite (CaSiO3),  andradite (Ca3Fe2+3(SiO4)3), ⁎ vuagnatite 

(CaAlSiO4(OH)), tricalcium aluminate (Ca3Al2O6),  calcium aluminate oxide 

(Ca2Al2O5)]. 

 

 

Figure 15. XRD patterns of the geopolymer and geopolymer composites 

reinforced with 30 wt% and 50 wt% wollastonite after firing at 1000C 

[ gehlenite (Ca2Al2SiO7),  kalsilite (KalSiO4),  wollastonite (CaSiO3), 

m mayenite (Ca12Al14O33),  quartz (SiO2),  magnesioferrite (MgFe2-3O4), 

 andradite (Ca3Fe2+3(SiO4)3), ⁎ vuagnatite (CaAlSiO4(OH)),  potassium 

aluminium silicate (K4Al2Si2O9),  tricalcium aluminate (Ca3Al2O6), ♥ calcium 

iron oxide (CaFe4O7),  calcium aluminium oxide (Ca3Al2O6),  calcium 

silicate (Ca2SiO4),  calcium aluminate oxide (Ca2Al2O5)]. 
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4.  Conclusions 

 

 The geopolymer composite synthesized from high calcium fly 

ash reinforced by wollastonite fiber can improve the thermal stability 

up to 1100°C. The results revealed that the addition of wollastonite 

fiber enhanced the thermal stability of the geopolymer by minimizing 

the thermal expansion by less than 0.5%. The total weight loss was 

shifted from 25% of the geopolymer to 12% of the geopolymer 

composite at 1400°C, which was about a 50% decrease in the value. 

Although the use of wollastonite significantly improved the thermal 

stability of the fly ash-based geopolymer, it did not adversely affect 

mechanical strength. The compressive strength was slightly improved, 

increasing from 33.3 MPa to 38.4 MPa when 40 wt% to 50 wt% 

wollastonite fiber was added. In contrast, the flexural strength was 

particularly enhanced; it increased from 2.1 MPa to 6.8 MPa for the 

same amount of wollastonite fiber as the compressive strength. The 

relative residual compressive strength after high-temperature exposures 

was likely to increase with the amount of wollastonite fiber. The 

presence of wollastonite fiber acted as the micro-crack bridging 

leading to the enhancement of the relative residual compressive 

strength after exposure to high temperatures. Moreover, the thermal 

stability at 1100°C was clearly seen when added wollastonite fiber 

more than 30 wt%. Therefore, the addition of wollastonite in a geo-

polymer almost indicated the prospect of using this geopolymer 

composite for high-temperature applications. 
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