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Highlights 

 Geopolymer composites based on wollastonite and glass fibers were synthetized 

 Influence of the MK and additives on viscosity and working properties was studied 

 The wollastonite ensures a better dissolution of the metakaolin 

 The glass fibers act as an anchoring site during the geopolymerization reaction 

 The aluminum concentration enables to monitor the viscosity and compressive 

strength 

Abstract  

This work aims to synthetize geopolymer composites and study the influence of the 

aluminum concentration, wollastonite and glass fibers on the properties of the fresh and 

hardened material. To this end, different metakaolin, wollastonite and glass fibers contents were 

used to synthesize geopolymer composites. The effect of reinforcement elements on the 

geopolymerization reaction has then been studied with FTIR spectroscopy and thermal analysis 

(DTA-TGA). Moreover, the viscosity and the setting time of the reactive mixture, as well as 

the compressive strength of the hardened material, have been measured for the different 

compositions. The results showed that the nature of the reinforcement added induces different 

polycondensation reactions. The wollastonite improves the viscosity and the mechanical 

properties by ensuring a better dissolution of the metakaolin, whereas the glass fibers act as an 

anchoring site during the geopolymerization reaction, leading to a ductile failure of the material. 

Finally, the aluminum concentration enables to monitor the viscosity and setting time of the 

reactive mixture and has a significant influence on the microstructure and the compressive 

strength. Thus, the initial formulation of the geopolymer composites allows controlling the 

properties of the fresh and hardened geopolymer composites.    
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I. INTRODUCTION 

 The French National Radioactive Waste Management Agency (Andra) has plans for a 

long-term management of the high- and intermediate-level radioactive wastes in a deep 

geological disposal. This project, named Cigéo (industrial waste disposal facility) has been 

studied for decades and will be built in the eastern Parisian Basin (France). The design concept 

for this high-level disposal consists of a seventy-centimeter steel liner in which waste packages 

will be placed. However, this steel liner can present corrosion. An alternative material such as 

previously studied alkali-activated materials [1] is therefore investigated to prevent corrosion. 

For this application, the material properties prevail on its price. The material has to be inorganic, 

be resilient to radial flexion and anisotropic mechanical stress and required mechanical stability 

for, at least, as long as the operating period. Thus, the geopolymers’ structures have to be 

examined in order to satisfy the specifications required. 

 Geopolymers are mineral amorphous three-dimensional aluminosilicate materials, 

synthetized by the activation of an aluminosilicate source by an alkaline solution at ambient 

temperature and present acid and fire resistance [2, 3]. FTIR spectroscopy has previously been 

used to study the synthesis of gels and geopolymer materials, in order to analyze the 

geopolymerization reaction over time [4]. The following of the spectra over time permit to 

follow the evolution of the various contributions relating to the intense bond of the Q² species 

(Si-O-Si). During this reaction, the substitution of the silicon by the aluminum atoms issue from 

the metakaolin favors the formation of Si-O-Al bonds, as the FTIR band at 984 cm-1 (Q2 type 

Si-O-M, M=Si or Al) shifts to a lower value [5]. Besides, it has been shown that a shift value 

close to 22 cm-1 is characteristic of the formation of a geopolymer network, whereas higher 

values outline the formation of several networks. Moreover, the concentration of aluminum 

(AlOH4
- species) is an important parameter in the geopolymer formation, as it is involved in the 

geopolymerization reaction. Indeed, an increase in the aluminosilicate source content, such as 
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fly ash [6] or metakaolin [7], leads to an increase in reactive aluminum rate in the reactive 

mixture and the viscosity increases. Similarly, the decrease in alkali and aluminum 

concentrations delays the geopolymer’s solidification [8]. Furthermore, the quantity of reactive 

aluminum in the raw materials allows having an influence on the mechanical properties of the 

geopolymer binder [9]. Autef et al. [10] studied various metakaolins and have shown that their 

reactivity can lead to different network structures, and thus to different mechanical properties. 

Gharzouni et al. [11] studied different formulations for different alkaline solution-metakaolin 

mixtures, and concluded that the high reactivity of the precursors induces a higher densification 

degree through the apparition of small colloids. Jaya et al. [12] suggested that a balanced 

metakaolin to alkali activator ratio shall ensure the optimum dissolution of the metakaolin and 

the limitation of unreacted particles. All in all, it is possible to decrease the solid to liquid ratio 

(S/L), thus slowing down the polycondensation reaction, and resulting in the creation of several 

networks, as well as the withholding of a higher amount of water in the geopolymer [5, 13]. On 

the contrary, increasing the reactive aluminosilicate source promotes the polycondensation 

reaction and thus lowers the water content retained in the samples. This water content can be 

determined with differential thermal analysis (DTA) and thermogravimetric analysis (TGA), 

where the weight loss measured is specific to the quantity of physisorbed, poral and structural 

water in the geopolymer, which can then be related to the geopolymer network and may have 

an influence on its mechanical properties [14]. The workability (viscosity, setting time) of the 

geopolymer can be determined by following the viscosity value as a function of time with a 

viscometer apparatus [8]. Viscosity values of the reactive mixture depend on the viscosity of 

the alkaline solution [15], the fraction volume [16] but also the water content and the alkaline 

concentration of the reactive mixture [7]. Viscosity and setting can also be modified with the 

use of additives such as orthophosphoric acid or decahydrated borax [17]. The workability and 

the mechanical properties of geopolymers binders are already well studied and achieved in the 
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literature [18, 19]. However, geopolymer binders present a brittle behavior. Reinforcement 

elements are therefore needed to be added to form a composite based on a geopolymer matrix, 

to enhance the mechanical strength to validate the specifications.  

Reinforcement fibers have first been used in 1982 by J. Davidovits [20], to develop 

molding tools for the plastic industry, enabling an increase in tensile and flexural strength, thus 

preventing brittle failure by monitoring the crack opening and its diffusion throughout the 

material [21]. Similarly, Li et al. [22] used polyvinyl alcohol short fibers to elaborate a 

reinforced geopolymer, improving the flexural strength and the ductility of the material. 

Moreover, introducing those reinforcement elements modifies the granular skeleton of the 

material. Santos et al. [23] have indeed demonstrated that a continuous granular skeleton leads 

to a better compressive strength in the case of self-compacting concrete. Short fibers (length < 

20 mm) are the most commonly used reinforcement elements for castable materials, as they can 

be easily mixed and casted within the geopolymer matrix. Different types of short inorganic 

fibers, such as carbon fibers [24], silicon carbide fibers [25], basalt fibers [26, 27] or glass fibers 

[28, 29], have been successfully utilized with metakaolin-based geopolymers. Moreover, glass 

fibers have been used with alkali-activated composites based on fly ash [30, 31] to improve the 

flexural modulus, thus modifying the post-cracking response by enhancing the ductility of the 

material after the first crack. Needles of wollastonite have been used as well, in order to enhance 

the mechanical performance of hydrated cements [32], alkali-activated mortars [33] or 

composites [34]. According to a review on fiber-reinforced metakaolin-based geopolymer 

composites [18], the compressive and flexural strength values range from 14 to 109 MPa and 

from 3 to 14 MPa respectively, depending on the matrix and the nature and quantity of the fibers 

used. Moreover, the addition of fibers into the matrix improves the viscosity of the mixture 

prior to setting, depending on the quantity, type and aspect ratio of the fibers [35]. The use of 

mineral reinforcement elements could therefore increase the mechanical properties of the 



6 

 

geopolymer binder. However, the addition of wollastonite [36] or glass fibers [30] increases the 

viscosity and decreases the workability.  

Few studies have been carried out in order to evaluate the influence of the wollastonite and 

glass fibers on the availability of aluminum on the geopolymerization reaction. Thus, the aim 

of this work was to assess the impact of the formulation (metakaolin and reinforcement 

elements) on the workability and on the mechanical properties of the geopolymer composites. 

II. Experimental  

1. Raw materials and samples preparation 

Two mineral reinforcement elements with different dimensions and compositions (glass 

fibers and wollastonite) have been used to reinforce the metakaolin-based geopolymer binders 

previously studied [37]. Glass fibers are alkaline resistant (L. = 6 mm, D. = 13-15 µm) and 

wollastonite are acicular particles (L. = 5-170 µm, D. = 3-15 µm). The different raw materials 

used to prepare the geopolymer binders and composites are gathered in Table 1. A fixed 

quantity of a commercial solution, with a silicon to potassium (Si/K) molar ratio of 1.70 

reduced to 0.58 by dissolving pellets of KOH via magnetic stirring during five minutes, has 

been mixed with different quantities of a commercial metakaolin (Si/Al = 1.17) (Table 1). A 

commercial metakaolin (M1000) provided by Imerys was added in different ratios. 

 The experimental process to prepare the geopolymer samples is described in Figure 1. 

The geopolymer binders were synthetized by adding the metakaolin in the silicate alkaline 

solution, then mixing it with a stirring blade to obtain 60 cm3 of reactive mixture. Three 

geopolymer binders, already studied in the IRCER laboratory [38], were used in this work. 

They present different amount of metakaolin in a fixed volume of solution (solid to liquid ratio 

equals to 0.6, 0.8 and 1.0). Different amount of glass fibers and/or wollastonite (Table 1) were 

then added to this geopolymer binders to obtain a geopolymer composite and to study the 

influence of these reinforcement elements on geopolymer binders. The resulting mixture was 
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mixed until obtaining a homogenous mixture during a total time of ten minutes and was then 

casted in a closed sealable polystyrene mold at room temperature (20°C). 

The nomenclature used is aMxWyGz, where M, W and G stand for the Metakaolin, the 

Wollastonite and the Glass fibers respectively, whereas a refers to the metakaolin to alkaline 

solution mass ratio (a being 0.6, 0.8 or 1.0), with a = 0.6 and a = 1 defining respectively a low 

metakaolin amount (low aluminum concentration) and a high metakaolin amount (high 

aluminum concentration). Finally, x, y and z represent the weight percentage of metakaolin, 

wollastonite and glass fibers respectively, with their sum being 100. The compositions, codes 

and nomenclatures of the different aMxWyGz samples are presented in Table 2. As an example, 

for 19 g of solution, 12 g of metakaolin, 2.70 g of wollastonite and 0.68 g of glass fibers, a will 

be equal to 0.6 and the composite will be referenced as 0.6M78W18G4. 

2. Sample characterization 

The viscosity measurements were carried out on a Brookfield DV-II viscometer (with an 

estimated error of 1 %) on 60 cm3 of reactive mixture in a cylindrical container, every 30 

minutes, in agreement with the setting time, while maintaining the stirring on a lab roller at 60 

rpm in an air conditioned room at 20 °C. The average viscosity value was determined over a 

one-minute measurement, and the spindle’s speed was set according to the viscosity, with 

values ranging from 0.1 to 100 rpm. The maximum viscosity value measurable was 6000 Pa.s, 

which would be the case for an almost consolidated material. The initial viscosity of the reactive 

mixture was determined twenty minutes after mixing the raw materials, and the setting time 

was calculated with the tangent method applied to the curve showing the viscosity as a function 

of time [7]. 

Fourier-transform infrared (FTIR) spectra were collected with the Attenuated Total 

Reflectance (ATR) mode, with a 4 cm-1 resolution over a range from 400 to 4000 cm-1. The 

contribution of the atmospheric CO2 was removed via a straight-line fit between 2400 and 2280 
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cm-1. The spectra were then baseline corrected and normalized to ease further comparisons. 

Besides, in order to monitor the geopolymer’s formation, a software was used to acquire a 64-

scans spectrum every 10 min during 12 hours.  

Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) were carried 

out in platinum crucibles on an SDT Q600 apparatus from TA Instruments, using Pt/Pt - 10 % 

Rh thermocouples under a flowing dry-air atmosphere (100 cm3/min). The powder samples 

were stored at 20°C and 80 % relative humidity, and then heated up to 1000 °C with a 5 °C.min-

1 heating slope. 

The normal compressive strengths were evaluated using an Instron 5969 with a 50 kN load 

cell at a constant speed of 0.5 mm.min-1, and were measured for every compositions after seven 

days on ten cylindrical samples, with a 15 mm diameter and a 30 mm height. The final 

compressive strength values represent an average over ten measurements. 

The morphology of the final material was analyzed using a JEOL IT 300 LV scanning 

electron microscope at 10 kV. The fractured samples were kept after their compressive strength 

tests, set on carbon paste and then sprayed with a 10 nm layer of Pt before observations.  

 

III. RESULTS  

1) Effect of reinforcement elements on the polycondensation reaction 

A geopolymer binder and three geopolymer composites based on wollastonite and/or glass 

fibers (0.6M100, 
0.6M70W30, 

0.6M90G10 and 0.6M78W18G4) were selected to analyse the influence of 

the mineral reinforcement elements on the geopolymer network. To this end, FTIR analyses 

and thermal measurements were carried out on the reactive mixture to determine the water 

content, in order to understand the effect of reinforcement elements on the polycondensation 

reaction.  
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The FTIR spectra at t = 0 and t = 700 min relative to the compositions 0.6M100, 
0.6M70W30, 

0.6M90G10 and 0.6M78W18G4, are gathered in Figure 2. All the spectra present modifications over 

time for the Si-OH and H2O contributions, as well as for the Si-O-M (with M = Si, Al) bond. 

At t = 0 min, the 0.6M100 sample displays three contributions centered at 3400, 1600 and 984 

cm-1, that can be assigned to the and Si-O-M bonds, respectively [4]. After 700 

minutes, the same features are observed; however, the intensity of the water contributions 

decreases and the Si-O-M (with M = Si, Al) bond shifts to lower wavenumbers, due to the 

polycondensation reaction [5]. Concerning the 0.6M100 geopolymer, the Si-O-M shift is equal to 

45 cm-1, whereas the 0.6M70W30, 
0.6M90G10 and 0.6M78W18G4 samples, though exhibiting the same 

behavior, have lower shift values of 33, 16 and 22 cm-1, respectively. Those different variations 

underline the formation of Si-O-Al bonds, characteristic of the geopolymer network formation, 

and emphasize the influence of the aluminum concentration on this network.  

The evolution of the Si-O-M bond’s position as a function of time for the different 

compositions is displayed in Figure 3. The 0.6M100 geopolymer reaches a shift of 45 cm-1 

following a 0.16 cm-1.min-1 slope, whereas, with the presence of wollastonite (0.6M70W30), the 

shift presents a delay before reaching 33 cm-1 following a similar slope (0.15 cm-1.min-1). These 

differences may be due to a change in the reactional mixture and a modification of the speciation 

equilibrium of species. Furthermore, the composite 0.6M90G10 displays a lower shift of 16 cm-1 

with a 0.03 cm-1.min-1 slope, due to the steric hindrance caused by the integration of the glass 

fibers [7]. This can be considered to be the result of two effects. On the one hand, the reaction 

between the species forming the network and the Si-O-Si sites from the glass fibers does not 

change the initial wavenumber value. In effect, the fibers may act as an anchoring site without 

any chemical reactivity [7]. On the other hand, the polycondensation reactions are inhibited by 

the Si-O-Si sites of the glass fibers, inducing the shift and modifying the geopolymer network. 

Finally, the mixture with both the wollastonite and the glass fibers (0.6M 78W18G4) presents a 
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shift of 22 cm-1 and a 0.03 cm-1.min-1 slope which are characteristic of the effects attributed to 

the reinforcement elements. Thus, the addition of wollastonite and glass fibers seem to 

respectively promote and initiate the polycondensation reactions.  

Differential thermal and thermogravimetric analyses were carried out for the 0.6M100, 

0.6M70W30, 
0.6M90G10 and 0.6M78W18G4 samples between 25 and 1000 °C (Figure 4). All the 

samples present the same trend, with a major weight loss between 20 and 200 °C, which can be  

related to an endothermic peak typical of the loss of water described in the literature [5]. Above 

900 °C, an exothermic peak can be assigned to the transformation of the amorphous silica 

structure into a aluminosilicate-type phase (spinel or mullite) [5]. The weight loss of the 

geopolymer without reinforcements (Figure 4a), can be attributed to the losses of physisorbed 

water between 25 and 42 °C, of poral water between 42 and 200 °C (I) and of structural water 

between 200 and 1000 °C (II) [5]. Thus, as for the 0.6M100 sample, the poral and structural 

combined weight loss between 42 and 1000 °C (I + II) is equal to 29 %, whereas it is lower, 22 

% in the same interval of temperature, with the addition of the wollastonite (0.6M70W30) as 

shown on Figure 4b. However, it is to be noticed that, concerning this last sample, considering 

only geopolymer matrix with no interaction induced by wollastonite, the combined weight loss 

would be equal to 25%. Thus, the difference in weight losses (25 and 22 %) can underline the 

influence of the addition of wollastonite on the polycondensation reaction. Finally, the 

0.6M90G10 composition with glass fibers presents the same weight loss as the 0.6M100 geopolymer 

(28 and 29 % respectively as shown on Figure 4c), whereas the 0.6M78W18G4 sample displays a 

weight loss of 24 %, which is an intermediate value standing between the composites containing 

wollastonite (0.6M70W30) and glass fibers (0.6M90G10) (Figure 4d).  

2) Workability in function of metakaolin and reinforcement elements  

In order to understand the effect of metakaolin and reinforcement elements on 

workability, Figure 5 presents the logarithmic evolution of the viscosity as a function of time 
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for the different formulations of the reactive mixture, i.e. 0.6M100, 
0.8M100, and 

1M100 (Figure 5a), 

0.6M70W30, 
0.6M45W55, 

0.6M90G10 (Figure 5b) and 0.6M78W18G4, 
0.8M85W11G4 and 1M87W10G3 

(Figure 5c). All the geopolymer mixtures display the same tendency: their curves display a 

quasi-plateau followed by a steep raise up to the viscometer’s measurement limit of 6000 Pa.s. 

The setting time has been determined as the point of intersection of the tangent lines to the two 

parts of the curve [8]. Thus, the initial viscosity and the setting time of the 0.6M100 sample 

(Figure 5a), are equal to 0.17 Pa.s and 487 minutes respectively. Moreover, it appears that an 

increase in the metakaolin quantity in the initial mixture (0.6M100 to 1M100), leads to an increase 

in the initial viscosity from 0.17 to 2.66 Pa.s and a decreased setting time from 487 down to 

273 minutes. These two effects can be explained by the greater amount of reactive aluminum 

introduced through the metakaolin, thus promoting the polycondensation reactions. Similarly, 

the influence of wollastonite on the evolution of the 0.6M100 reactive mixture can be deduced 

from Figure 5b, where an increase in the wollastonite content (from the mixture 0.6M70W30 to 

0.6M45W55) leads to a higher initial viscosity raising from 1.28 to 21.8 Pa.s and to a lower setting 

time from 469 down to 396 minutes. This may be linked to the water demand of the wollastonite 

and the greater availability of the reactive species [7]. On the other hand, the addition of glass 

fibers (0.6M90G10) has only a slight impact on the initial viscosity and the setting time, which 

may be linked to a low content and a homogenous dispersion of the glass fibers in the mixture 

[39]. Finally, the influence of the addition of both the wollastonite and the glass fibers mixed 

with different metakaolin amounts (0.6M78W18G4, 
0.8M85W11G4 and 1M87W10G3) can be 

extracted from Figure 5c. As seen previously, both the additions of metakaolin (0.8M and 1M) 

and of reinforcement elements increase the viscosity. Additionally, the composite 1M87W10G3 

has an initial viscosity three times higher than the 1M100 sample, thanks to the effect of both 

reinforcement elements.  
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In the end, the viscosity of the reactive mixture is enhanced by the addition of both the 

metakaolin and the reinforcement elements, while the setting time is mainly controlled by the 

sole metakaolin amount introduced. 

3) Microstructure and mechanical properties of the geopolymer composites 

Compressive strength tests were carried out in order to evaluate the influence of the quantity 

of the metakaolin and/or the reinforcement elements on the mechanical properties of the 

hardened material. The compressive strength of the different composites as a function of the 

strain (measured with the displacement of the machine), is shown in Figure 6, varying quite 

significantly depending on the binder and the nature and quantity of the reinforcement elements. 

It appears that the geopolymer binders (Figure 6a) are characterized by a linear variation, 

typical of an elastic regime, followed by a non-linear deformation and a brittle failure, while a 

higher quantity of metakaolin introduced induces a higher compressive strength (55 and 32 

MPa for 1M100 and 0.6M100, respectively). This result is in agreement with the work carried out 

by Gharzouni et al. [37], who have demonstrated that an increase in the reactive aluminum 

amount leads to an increase in the compressive strength of the geopolymer. The addition of 

wollastonite (Figure 6b) in the 0.6M geopolymer leads to a higher compressive strength (from 

32 ± 3 for 0.6M100, to 47 ± 3 MPa for 0.6M45W55). The failure mode remains fragile for a small 

amount of wollastonite (0.6M70W30) and becomes ductile with a higher amount (0.6M45W55). This 

might be explained by the modification of the granular skeleton by the micrometric acicular 

wollastonite [23], and by the modification of the geopolymer network, as previously seen with 

FTIR spectroscopy and thermal measurements. The addition of glass fibers in the 0.6M 

geopolymer (0.6M90G10) leads to a decrease in both the compressive strength by 56% and in the 

slope of the elastic regime (Young modulus). This effect may be a consequence of the 

modification of the granular skeleton due to the steric hindrance of the glass fibers [35], 

transforming the brittle failure into a ductile failure [30]. Mixing wollastonite and glass fibers 
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within the 0.6M, 0.8M and 1M geopolymer binders leads to different behaviors, depending on the 

amount of metakaolin and reinforcement elements (Figure 6c), thus, the addition of 

wollastonite and glass fibers (0.6M78W18G4) exhibits a ductile failure typical of composites. A 

similar behavior is observed for the 0.8M85W11G4 composition, whereas a higher metakaolin 

amount coupled with lower reinforcement elements amounts (1M87W10G3) results in a brittle 

failure. Therefore, the metakaolin amount has a significant influence on the maximum stress of 

the geopolymer composites, while the compressive strength and failure mode are mainly driven 

by the reinforcement elements, especially in the case of the low metakaolin content samples 

(0.6M and 0.8M). 

The addition of both metakaolin and mineral reinforcements has a direct impact on the 

aluminum concentration, respectively raising it or reducing it slightly. The metakaolin brings 

silicon and reactive aluminum and increase the aluminum concentration. However, the 

reinforcement elements bring no reactive aluminum and the volume (calculated with the 

density) increases. That leads to a slight decrease of the aluminum concentration. Moreover, 

modifying this concentration enables to obtain diverse geopolymer formations differentiated by 

their viscosity or setting time, thus resulting in different mechanical properties. In order to have 

a more precise understanding of the effect of the amount of metakaolin and reinforcement 

elements introduced in the mixture, the initial viscosity, the density and the maximum 

compressive strength are presented in Figure 7 as functions of the aluminum concentration for 

aMxWyGz samples (Table 2).  

With the addition of wollastonite forming the compounds 0.6M45W55 and 1M78W22, the initial 

viscosities of the 0.6M100 (0.18 Pa.s) and 1M100 (2.66 Pa.s) geopolymers increase to 21.9 and 23.8 

Pa.s, respectively (Figure 7a). Similarly, the addition of glass fibers leading to the 0.6M90G10 

and 1M94G6 samples increases the initial viscosity to 0.28 and 5.63 Pa.s from 0.18 and 2.66 Pa.s, 

respectively. Thus, the addition of wollastonite raises strongly the viscosity of the reactive 
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mixture, depending on the percentage of wollastonite added and regardless of the amount of 

metakaolin. The glass fibers appear to share the same effect, but have to be used in limited 

quantity because of the steric hindrance of the fiber. Three tendencies (a = 0.6, 0.8 or 1) are 

then observed for the initial viscosity, where the higher the aluminum concentration (directly 

linked to the amount of metakaolin introduced) in the initial blend is, the higher the viscosity 

is. Moreover, for an equal amount of metakaolin, the viscosity improves with the addition of 

reinforcement elements, while the concentration of aluminum drops slightly. Thus, glass fibers 

seem to increase the viscosity due to the steric hindrance, whereas the wollastonite induces an 

increase due to the water demand of the reinforcing element.  

The density of the geopolymer binders 0.6M100, 
0.8M100 and 1M100, presented in Figure 7b, 

increases with the aluminum concentration, displaying values of 1.57, 1.64 and 1.72 g.cm-3 for 

7.3, 8.9 and 10.3 mol.L-1, respectively. Furthermore, both the additions of wollastonite 

(0.6M45W55) and glass fibers (0.6M90G10) increase the density to 1.86 g.cm-3 and 1.60 g.cm-3 

respectively, regardless of the metakaolin content. Similarly, diminishing the aluminum 

concentration with the addition of wollastonite and fibers leads to an enhancement of the 

geopolymer composite’s density by modifying its granular skeleton [23].  

The compressive strength of the binders 0.6M100, 
0.8M100 and 1M100 raises with the aluminum 

concentration from 32 to 55 MPa, in agreement with the relation between the aluminum rate 

and the geopolymerization reaction (Figure 7c) [40]. The addition of wollastonite (0.6M70W30 ) 

in low metakaolin compositions (0.6M) increases the compressive strength up to 40 ± 3 from 32 

± 3 MPa respectively, whereas it appears to have no influence on compositions with high 

metakaolin (1M), reaching respectively 55 ± 3 and 53 ± 3 MPa for the 1M100 and 1M70W30 

samples. Thus, the granular skeleton of a high metakaolin composition does not seem to be 

enhanced by the addition of wollastonite. Besides, the addition of glass fibers (aMxGy with a = 

0.6, 0.8 or 1) leads to a slight decrease in the compressive strength (32 ± 3 MPa down to 22 ± 
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3 MPa for 1M100 and 1M90G10 respectively), due to the steric hindrance of the glass fibers [7]. 

The aluminum and compressive strength both decrease slightly with the additions of 

wollastonite and glass fibers (aMxWyGz with a = 0.6, 0.8 or 1). Thus, the viscosity, the density 

and the mechanical properties are driven by the aluminum concentration, potentially modified 

by the quantities of metakaolin and reinforcement elements introduced 

SEM micrographs are displayed in Figure 8 for the 0.8M100, 
0.8M74W26, 

0.8M92G8, 

0.8M85W11G4, 
0.6M70W30, and 

1M78W22 composites. The microstructure of the 0.8M100 

geopolymer binder observed in Figure 8a is typical of geopolymer materials [41]. Moreover, 

while the microstructure of the 0.8M74W26 sample (Figure 8b) is similar to the 0.8M100 binder, 

suggesting that the wollastonite is dispersed throughout the geopolymer matrix, the 

microstructure of 0.8M92G8 seems different, due to the addition of glass fibers (Figure 8c), 

which seem to have low adhesion, resulting in small voids appearing between them and the 

geopolymer matrix. Finally, the 0.8M85W11G4 sample, containing both reinforcement elements 

(Figure 8d), displays a similar microstructure with dispersed wollastonite and glass fibers 

within the matrix, whereas 1M78W22 presents a denser microstructure than 0.6M70W30 (Figures 

8b’ and 8b’’), which is corroborating the role of the metakaolin suggested by the study in 

compressive strength.  

All these observations underline the chemical effect of wollastonite, assuring a better 

dissolution of the metakaolin, and the steric hindrance effect of glass fibers acting as an 

anchoring site. 

IV- DISCUSSION 

In order to understand the influence of the metakaolin and the reinforcement elements on 

the polycondensation reactions and the properties of geopolymers, the weight loss measured 

with TGA analysis (42-1000 °C) and the mechanical resistance of geopolymer binders and 

composites aMxWyGz with a = 0.6, 0.8 or 1 (see table 2) has been plotted as function of the 
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volume of the solution divided by the occupied volume of the metakaolin, the wollastonite and 

the glass fibers taking into account their water demand (Figure 9). The more this ratio is low, 

the more the species in solution are concentrated. The more the species in solution are 

concentrated (low ratio), the more the weight loss is low (Figure 9-a) and the mechanical 

strength is high (Figure 9-b). As seen previously, the weight loss is linked with the presence of 

water in the geopolymer network and therefore the polycondensation reaction. The more the 

available volume is low, the more the weight loss is low. The polycondensation reactions are 

therefore promoted associated with a high mechanical strength. However, the mechanical 

properties depend also on the granular skeleton and on the steric hindrance of the glass fibers. 

This is manifested by a scattering of the points around a general trend. The maximum stress 

values for a ratio between 0.60 and 0.85 can be explained by the high content of aluminum 

which governs the mechanical properties as seen in many studies [9, 10, 12]. Thus, the impact 

of adding reinforcement elements is limited and a maximum value of 55 MPa seems to be 

reached. The polycondensation reactions as well as the mechanical properties of the material 

are dependent of the reaction volume. It is therefore possible to control the polycondensation 

reaction with the metakaolin, wollastonite and glass fibers content which induce the workability 

and the mechanical properties of the geopolymer composite. 

V. CONCLUSION  

This study is based on the synthesis of geopolymer composites with different metakaolin, 

wollastonite and glass fibers contents, and on the investigation of the properties of the fresh and 

hardened material. FTIR spectroscopy and thermal analyses (DTA and TGA) have been carried 

out in order to understand the influence of those reinforcement elements on the 

geopolymerization reactions. Moreover, the viscosity and setting time of the reactive mixtures 

have been measured to determine their workability, while another part of this study focused on 

the mechanical strength and the microstructure of the geopolymer composites. 
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The results highlight that different polycondensation reactions occurred, depending on the 

nature of the reinforcements used. Adding wollastonite increases the viscosity of the mixture 

before the setting time on one hand, as well as the mechanical strength of the geopolymer 

composites by ensuring a better dissolution of the metakaolin on the other hand. Furthermore, 

the glass fibers lead to a slight enhancement of the viscosity, a ductile failure of the geopolymer 

composites and act as anchoring sites during the geopolymerization reactions. Finally, the 

aluminum concentration allows controlling the initial viscosity of the reactive mixture and its 

setting time, increasing them from 0.18 to 23.82 Pa.s and from 273 to 560 minutes, respectively. 

This aluminum content has also a significant impact on the microstructure and the compressive 

strength of the geopolymer composites, raising the later from 22 to 55 MPa.  

Thus, for specific applications, the formulation of the geopolymer composites can be 

monitored and tailored by choosing not only the initial aluminum concentration, but also the 

nature and amount of reinforcement elements. 
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Figure 1. Protocol used to synthesize geopolymer composites.  
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Figure 2.  FTIR spectra obtained at ▬ t = 0 and at 700 min for the 0.6M100, 
0.6M70W30, 

0.6M90G10 and 0.6M78W18G4 samples. 
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Figure 3. Si-O-M band wavenumber (± 4 cm-1) as a function of time for  0.6M100,  

0.6M70W30,  0.6M90G10 and  0.6M78W18G4 samples. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4. Thermal analysis curves (DTA-TGA) as functions of the temperature for the (a) 

0.6M100, (b) 0.6M70W30, (c) 0.6M90G10 and (d) 0.6M78W18G4 samples. 
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(a) (b) 

  

(c) 

 

Figure 5. Viscosity η (± 1%) as a function of time (± 30 min) for aMxWyGz samples: (a) aM100 

(a = () 0.6, () 0.8 and () 1), (b) ( ) 0.6M 70W30, () 0.6M 45W55, () 0.6M 90G10 and (c) () 

0.6M 78W18G4, () 0.8M 85W11G4 () 1M 87W10G3. 
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(a) (b) 

  

(c)  

 

Figure 6. Compressive strength value as a function of the strain for the geopolymer (a) aM100 

binders and (b) 0.6MxWy, 
0.6MxGz and (c) aMxWyGz, geopolymer composites. 

  

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

0

10

20

30

40

50

60

0.6
M

100

0.8
M

100

1
M

100

c
o

m
p

re
s
s
iv

e
 s

tr
e
n

g
th

 (
M

P
a
)

strain

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

0

10

20

30

40

50

60

0.6
M

45
W

55

0.6
M

90
G

10

0.6
M

100

0.6
M

70
W

30

c
o

m
p

re
s
s
iv

e
 s

tr
e
n

g
th

 (
M

P
a
)

strain

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

0

10

20

30

40

50

60

0.6
M

78
W

18
G

4

0.8
M

85
W

11
G

4

c
o

m
p

re
s
s
iv

e
 s

tr
e
n

g
th

 (
M

P
a
)

strain

1
M

87
W

10
G

3



24 

 

a) (b) 

  

(c) 

 

 

Figure 7. Evolution of (a) the initial viscosity ηi (± 1%), (b) the density (± 1 g/cm3) and (c) the 

compressive strength σ (± 3 MPa) as functions of the aluminum concentration [Al] for the () 

aMx, () aMxWy, () aMxGz and () aMxWyGz geopolymer composites, with a =   0.6,  0.8 

and  1 (see Table 2). 
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(A) (B) 

(a) (b) (b’) 

   

(c) (d) (b’’) 

   

Figure 8. SEM micrographs of the (A) (a) 0.8M 100, (b) 0.8M 74W26, (c) 0.8M 92G8, (d) 0.8M 85W11G4, and (B) (b’) 0.6M 70W30 and (b’’) 1M 78W22 

various formulations.
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(a) 

 

(b) 

 

Figure 9. Evolution of (a) the weight loss (± 2 %) and (b) the compressive strength (± 3 MPa) 

as function of the ratio  
Vsolution

VM + VG and W
  for the () aMx, () aMxWy, () aMxGz and () aMxWyGz 

geopolymer composites, with a =   0.6,  0.8 and  1 (see Table 2). 
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Table 1. Name supplier and composition of alkaline solution, metakaolin and reinforcement 

elements. 

 Name Supplier Composition (%wt) 

Potassium Silicate S Woellner 

H2O: 76 

SiO2: 16 

K2O: 8 

Potassium hydroxide KOH Sigma-Aldrich 
KOH : 85 

H2O : 15 

Metakaolin M1000 M Imerys 
SiO2: 55 

Al2O3: 40 

AR glass fiber G Owens Corning 

SiO2: 57 

Na2O: 13 

ZrO2: 23 

Wollastonite W Imerys 
SiO2: 55 

CaO: 45 
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Table 2. Nomenclature and codes of samples aMxWyGz where a (= 0.6, 0.8 or 1) represents the 

metakaolin to alkaline solution ratio in the binder and x, y and z the weight percentage of 

metakaolin (M), wollastonite (W) and glass fibers (G), respectively. 

Nomenclature x (%wt) y (%wt) z (%wt) Code 

0.6M x 100 0 0   

0.6MxWy 85 – 45 15 – 55 0  

0.6MxGz 90 0 10  

0.6MxWyGz 83 – 73 10 - 25 7 - 2  

0.8Mx 100 0 0  

0.8MxWy 74 26 0  

0.8MxGz 92 0 8  

0.8MxWyGz 85 11 4  

1Mx 100 0 0  

1MxWy 93 – 70 7 – 30 0  

1MxGz 94 0 6  

1MxWyGz 91 - 84 5 - 15 4 - 1  
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