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 19 

Abstract 20 

The relationship between the properties of geopolymers and the characteristics of metakaolin 21 

samples used in their preparation has been investigated. Three commercial metakaolin 22 

samples have been characterised using 
27

Al-NMR to determine the coordination number of 23 

Al (IV, V and VI), and by acid and alkali dissolution to determine the reactive Si and Al 24 

content. The setting and mechanical properties of geopolymers formed from the metakaolin 25 

samples under identical conditions are reported, using Weibull statistics to analyse strength 26 

data. Although the metakaolin samples contained different levels of five coordinated 27 

aluminium (Al (V)) the mechanical properties of the geopolymers formed were very similar. 28 

The reactive fraction of metakaolinite determined by dissolution in 8M NaOH provides the 29 

most relevant long-term indicator of geopolymer performance. 30 

 31 

Keywords: Metakaolin; Geopolymer; Reactive content; Weibull Statistics 32 

 33 

 34 

1.  Introduction 35 

Geopolymers made from a range of different aluminosilicates that have received 36 

significant attention in recent years (Komnitsas and Zaharaki, 2007, Khale and Chaudhary, 37 

2007, Duxson et al., 2007a). Forming geopolymers involves mixing an aluminosilicate with 38 

highly alkaline activating solution to form a flowable paste. Dissolution/precipitation 39 

reactions cause the paste to harden to a solid geopolymer network structure that can have 40 

excellent mechanical properties. The majority of geopolymer research has investigated the 41 

use of coal fly ash, blast furnace slag and metakaolin (MK) based systems (Somna et al., 42 

2011, Kuenzel et al., 2012). Coal fly ash and slags are relatively cheap and readily available 43 

industrial by-products, but they exhibit significant variations in chemical and physical 44 



3 
 

properties. MK is produced by controlled calcination of naturally occurring kaolinite, and has 45 

the advantage of consistent chemical composition and properties. Coal fly ash and slag-based 46 

geopolymer concretes are proposed as alternatives to Portland cement concrete and have 47 

potential to reduce the carbon footprint of construction ( Palomo et al., 1999b, van Jaarsveld 48 

et al., 2004, Hardjito et al., 2004, Chindaprasirt et al., 2007,). More expensive MK based 49 

geopolymers have been investigated for use in specialist applications such as the 50 

encapsulation/immobilisation of nuclear wastes, where chemical/physical property 51 

consistency and long-term availability of raw materials is required (Perera et al., 2005, Perera 52 

et al., 2006, Blackford et al., 2007, Bell et al., 2009a, Bell et al., 2009b, Kuenzel et al., 2010). 53 

Additional important geopolymer properties are excellent resistance to fire and bacterial 54 

attack, and the development of rapid early strength (Hermann et al., 1999, Palomo et al., 55 

1999b, Cheng and Chiu, 2003).  56 

Although the chemical composition of MK is generally consistent, very little has been 57 

reported on the comparative performance of geopolymers made from different MK samples 58 

or the desirable characteristics of MK for geopolymer production. International standards are 59 

not currently available to regulate production of MK from kaolinite and therefore the content 60 

of reactive Al and Si can vary significantly due to changes in feedstock purity and processing 61 

conditions (Sanz  et al., 1988).  62 

An important factor that determines the reactivity of MK is reported to be the Al 63 

coordination number (Davidovits, 2008). This can be tetrahedral (IV), pentahedral (V) or 64 

octahedral (VI). Despite relatively little supporting data it is generally accepted that the 65 

quantity of Al (V) in MK influences the mechanical properties of geopolymers (Sagoe-66 

Crentsil and Weng, 2007) and increases MK reactivity. However, the authors are not aware 67 

of previous research that has directly correlated Al (V) content with the content of reactive Al 68 
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as measured by HF or NaOH dissolution, and the resulting geopolymer properties (Ruiz-69 

Santaquiteriaet al., 2011).  70 

Compressive strength is a basic characterisation property for geopolymers, although 71 

comparing results can be difficult due to variations in specimen size, test geometry, loading 72 

rate, testing apparatus and mixing/curing procedures used (Proviset al., 2005). Analysis of 73 

strength data using Weibull statistics allows prediction of failure probability under a given 74 

applied load and requires test data from between 20 and 30 samples to give accurate results 75 

(Khalili and Kromp, 1991). Using Weibull statistics in combination with fracture toughness 76 

data also allows the critical defect size to be determined.  77 

The aim of the research was to investigate how the characteristics of MK samples 78 

influence the setting reactions and mechanical properties of geopolymer paste samples. 79 

 80 

2. Materials and Methods 81 

 82 

2.1. Materials 83 

Three different MK samples have been characterised and used to form geopolymers under 84 

identical processing conditions. The MK samples used were MetaStar 501 (Imerys, UK), 85 

Argical M1200 (Imerys, UK) and MetaMax, (BASF, Germany). These were characterised 86 

using X-ray fluorescence (XRF, Spectro 2000 XRF analyser, Germany) and loss on ignition. 87 

Particle size distribution data was determined by laser diffraction (Beckman Coulter LS100, 88 

USA). The crystalline phases present in the MK samples were determined by X-ray 89 

diffraction (XRD, PAN analytical X-Pert Pro MPD, Philips, The Netherlands). Samples were 90 

analysed using a stepwise scan from 15 to 60 2θ with steps of 0.033º and 20 seconds per step. 91 

The CuKα radiation was generated at 40 kV and 20 mA. 92 

 93 
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2.2. Al coordination and dissolution analysis of MK samples 94 

The coordination number of Al in the MK samples was determined using solid 
27

Al-95 

MAS NMR (Advance 600 solid state NMR, Bruker, Germany) at room temperature with a 96 

resonance frequency of 104.3 MHz and spinning rate of 12 kHz. In order to determine the 97 

relative amounts of IV, V and VI coordinated Al, spectra were analysed using the computer 98 

program dmfit and by applying a Gaussian model to the peaks (Massiot et al., 2002). 99 

A range of different dissolution techniques have been proposed to determine the reactive 100 

Al and Si content in MK (Fernández-Jimenez et al., 2006, Ruiz-Santaquiteria et al., 2011). In 101 

this study the amount of reactive Al was determined by dissolving MK samples in either 1% 102 

HF or 8 M NaOH and analysing the resulting insoluble residue (Ruiz-Santaquiteria et al., 103 

2011). 1 g of each MK was mixed with 100 ml of 8 M NaOH or 100 ml 1% (mass) HF 104 

solution for 20 hours at ambient temperature prior to separating the residual solids by 105 

filtration. Previous work has shown that 20 hours is sufficient to dissolve all the reactive 106 

phases in MK under these conditions (Kuenzel, 2013). The residual solids collected on ash 107 

free filter paper were washed in deionised water until the pH of the filtrate was neutral. The 108 

mass of retained solids was determined by calcining the filter paper and retained solids at 109 

1000 °C for 1 hour. Separate fractions of the filtered solids were also dried at 110 °C and 110 

analysed by XRD to determine the changes in the crystallinity of MK caused by the 111 

dissolution process. 112 

 113 

2.3. Preparation of MK geopolymers 114 

All MK geopolymers were prepared using a molar Al:Si:Na ratio of 1:2:1. This is 115 

reported to be an ideal Al:Si ratio to produce geopolymers with good mechanical properties 116 

(Duxson et al., 2005; 2007b; 2007c). The molar H2O:Al ratio used was 8 in order to obtain a 117 

low viscosity mix. Previous studies have varied the molar H2O:Al ratio between 5.5 and 12 118 
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(Rowles and O'Conner, 2003, Duxson et al., 2005; Fletcher et al., 2005, De Silva et al., 2007, 119 

Duxson et al., 2007b, Poulesquen et al., 2011). 120 

Alkali activating solutions were prepared using sodium silicate (26% SiO2/8% Na2O, 121 

VWR International, Pennsylvania, USA) and sodium hydroxide pellets (NaOH, Fischer 122 

Scientific International, New Hampshire, USA) dissolved in deionised water to give the 123 

required Si and Na ratio. Activating solutions were prepared by mixing appropriate quantities 124 

of Na2SiO3 solution with water and NaOH and stirring for 24 hours. The activating solution 125 

was then mixed with MK using an automatic mixer (65-L0006/AM, Controls, Italy) for 3 126 

minutes and the slurry cast into stainless steel moulds (10 x 10 x 50 mm). A vibrating table 127 

was used for 10 minutes to remove air bubbles, with the samples then placed in sealed 128 

polyethylene (PE) bags and cured at ambient temperature (22 ± 3 °C). After two days the 129 

samples were de-moulded and placed in sealed PE bags and cured for a further 54 days at 130 

ambient temperature. 131 

 132 

2.4. Characterisation of geopolymer samples 133 

Setting under ambient conditions was monitored using a Vicat needle penetrometer 134 

(Vicatronic Automatic Single Station Vicat Needle Apparatus, Qualitest, USA) following BS 135 

EN 196-3 (Standard, 2008). Due to the water soluble nature of MK pastes at very early ages, 136 

oil was used instead of water to cover the sample and prevent surface drying during setting. 137 

Isothermal conduction calorimetry (Wexham Developments Ltd., UK) was used to 138 

determine the heat output during the dissolution and poly-condensation reactions that 139 

characterise the geopolymerisation process, with the external temperature maintained at 20.0 140 

± 0.1 °C. 141 
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Compressive strengths of geopolymers were measured on 10 mm cube samples cut from the 142 

original samples (Zwick/Roell Z010, Germany). The crosshead speed was 0.5 mm/minute 143 

and the edges of the specimen were lightly chamfered prior to testing. 144 

Flexural strength and fracture toughness were determined using three point bend testing 145 

of 10 x 10 x 50 mm samples using a crosshead speed of 0.5 mm/minute and a support span of 146 

40 mm. Before measuring the flexural strength, the edges of samples were lightly chamfered. 147 

The 10 x 10 x 50 mm geopolymer samples were notched using a 0.2 mm thick diamond 148 

blade to a depth of approximately 2 mm to measure the fracture toughness (K1c). The K1c was 149 

calculated using the following equation (Rooke and Cartwright, 1976): 150 

 151 

          (1) 152 

 153 

where P = force, L = span length, ao= notch depth, b = sample width, W = sample height, 154 

and Ψ is given by the following equation: 155 

 156 

    (2) 157 

 158 

The statistical behaviour of strength was modelled using the Weibull function (Weibull, 159 

1951). The probability of failure Pf can be described by the following equation: 160 

 161 

         (3) 162 

 163 

where m, the Weibull modulus, is related to the scatter of strength values during a test (Lawn 164 

and Wilshaw, 1975) with higher m indicating reduced scatter, σo is the reference strength and 165 
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σ is the nominally applied stress. This equation contains two unknowns, m and Pf. To 166 

determine Pf, Lawn suggested using the mean rank. However, for tests limited to less than 50 167 

samples the following equation was proposed (Bergman, 1984, Masson and Bourgain, 1992): 168 

 169 

           (4) 170 

 171 

where N represents the total number of samples and i, each individual sample. The Weibull 172 

parameter can then be calculated by combining and rearranging Equations 3 and 4 to give: 173 

 174 

         (5) 175 

 176 

3.  Results 177 

 178 

3.1. Characterisation of MK samples 179 

 180 

The chemical composition of MK (Table 1) shows that all the samples have similar bulk 181 

composition. The particle size distributions of the MK samples are shown in Figure 1 and 182 

these are also similar. This is important because the MK particle size is reported to influence 183 

the mechanical properties of geopolymers (Rahier et al., 2007a). XRD data for the as-184 

received MK samples is shown in Figure 2. All show the expected characteristic background 185 

hump between 20º and 30º 2θ associated with an amorphous phase with peaks also associated 186 

with crystalline SiO2 and residual kaolinite. 187 

The extent of dissolution of the MK samples in 1% HF and 8 M NaOH is given in Table 188 

2. The 1% HF caused consistently more dissolution than 8M NaOH. All three MK samples 189 
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contained high proportions of reactive material, although Argical MK had significantly lower 190 

content of reactive Al and Si due to the quartz present in this sample (Figure 2). XRD data for 191 

Argical MK before and after HF attack is presented in Figure 3. HF removes the amorphous 192 

phase in MK associated with the intensity background between 20 and 30 degrees 2θ, with 193 

the remaining sample consisting of crystalline phases present as impurities.  194 

Composition data obtained by XRF of the Agrical MK sample before and after 195 

dissolution in 1% HF or 8M NaOH (Table 3) supports the XRD data, with quartz detected as 196 

the dominant component in the insoluble residue. The amount of SiO2 was lower in Agrical 197 

MK after dissolution in 1% HF compared to 8M NaOH and this implies that HF treatment 198 

may result in small but significant quartz dissolution via conversion to SiF4 or intermediate 199 

species. The TiO2 in the insoluble Agrical MK residue highlights the inert nature of this 200 

oxide. The NaOH Argical MK residue had significant Al2O3 (~20 mass %), a major part of 201 

which can be attributed to kaolinite impurities (Figure 3), which appear to be reasonably 202 

resistant to HF attack. 203 

When Al:Si:Na:H2O ratios are selected it is normally assumed that 100% of the Si and 204 

Al content in MK is reactive and contributes to geopolymer formation. The data has shown 205 

that this assumption is incorrect for Argical MK. Taking into account the insoluble residue 206 

mass and the quantities of reactive material released by NaOH dissolution, the actual 207 

Al:Si:Na:H2O ratio was calculated to be 1:1.9:1.1:8.9. Therefore a new Argical based MK 208 

geopolymer sample with the correct molar ratio (1:2:1:8) was prepared by adding additional 209 

silicate and this is subsequently labelled Argical* MK. 210 

27
Al NMR was used to determine the Al in different coordination states. Results (Figure 211 

4) were used to calculate the percentages of Al in different coordination (Table 4). The Al 212 

(V) content was found to vary from ~44 to 86% in different MK samples giving a potential 213 

reactive content in the order: 214 
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MetaMax MK > Argical MK >> MetaStar MK 215 

However, the dissolution results (Table 3) show the following order: 216 

    MetaMax MK = MetaStar MK >> Argical MK 217 

 218 

3.2. Influence of MK on setting and isothermal calorimetry data 219 

The Vicat needle penetrometer data of the geopolymers (Figure 5) indicates that 220 

relatively high mix water ratio (H2O:Al = 8) minimises differences in paste viscosity. 221 

Comparison of the Argical MK and Argical* MK data reveals the influence of water content 222 

on setting time. The Argical* MK content, taking into account the reduced reactive Al in 223 

Argical MK also had reduced H2O content to maintain a reactive H2O:Al molar ratio of 8. 224 

The reduced water content results in higher paste viscosity, rapid initial set, and earlier final 225 

set. The geopolymer paste made using Argical MK was set rapidly, with final set after 15 226 

hours. This was surprising because Table 2 clearly showed Argical MK contains the lowest 227 

content of reactive Si and Al and Table 4 showed it contains an intermediate Al (V) content. 228 

The longest setting time (~42 hours) was for the geopolymer made using MetaMax MK 229 

which contained the highest Al (V) content at ~ 86%.  230 

Isothermal conduction calorimetry data (Figure 6) for the different MK geopolymer 231 

samples at 20 °C clearly shows initial heat output during the first 30 hours was highest for the 232 

Argical MK samples, followed by MetaStar MK and MetaMax MK, and these results reflect 233 

the trends observed in setting time data. 234 

The heat output data can be separated into three exothermic regions (Granizo and 235 

Blanco, 1998 Buchwald et al., 2009, Yao et al., 2009). During early hydration the exothermic 236 

signal (A) is attributed to wetting of solid particle surfaces with the activating solution. 237 

During this process, MK is dissolved to form alumina/silica-hydroxy species and oligomers 238 

(De Silva et al., 2007, Rahier et al., 2007a). After the initial exothermic signal and a 239 
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characteristic period of minimum heat output, a second asymmetric exothermic signal (B) is 240 

observed. This indicates polymerisation in which the oligomers combine to form larger 241 

networks. A third exothermic event can be observed as a shoulder (C) (Zhang et al., 2012). 242 

This is indicative of structural stabilisation and can be seen for all geopolymer samples 243 

except those prepared from Argical MK. After 60-120 hours, dependent on the MK sample 244 

used, the geopolymerisation reaction becomes limited with only small and gradual changes 245 

occurring to the paste microstructure and chemistry. 246 

The total heat released during the reaction over ~ 160 hours (Figure 6b) indicates that for 247 

Argical MK the total heat release reached ~120 kJ/kg after 120 hours. The total heat released 248 

for MetaStar MK and Argical* MK increased to 140 kJ/kg, whereas total heat release from 249 

MetaMax MK continued to increase to ~140 kJ/kg after 160 hours. Similar chemical 250 

reactions occur for geopolymers with a molar Al:Si:Na:H2O ratio of 1:2:1:8. The lower total 251 

heat for Argical MK is attributed to the different effective molar Al:Si:Na:H2O ratio. 252 

Previous research has shown that the Al:H2O and Al:Na molar ratios influences the total heat 253 

release results (Granizo and Blanco, 1998, Granizo et al., 2000).  254 

 255 

3.3. Effect of MK characteristics on the mechanical properties of geopolymers 256 

It is difficult to compare the influence of different MK samples on the mechanical 257 

properties of geopolymers because these are highly dependent on the defects present, and 258 

these depend on the water content, paste viscosity and the specific mixing and casting 259 

processes used. These defects play an important role in defining geopolymer properties 260 

(Latella et al., 2008). This means that before compressive strength and flexural strength 261 

values for different geopolymer samples can be compared, the defect size has to be 262 

determined. The fracture toughness (K1c) is a fundamental material property independent of 263 
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the defect size, and from the flexural strength (three-point bending test) data the critical 264 

defect size is calculated using (Clegg et al., 1990):  265 

 266 

          (6) 267 

 268 

where: σf = flexural strength (MPa) and a = defect size. The fracture toughness results 269 

obtained (Table 5) and the flexural strengths for all geopolymers are shown in Figure 7. 270 

The KIc results are low, particularly compared to previous studies which used 271 

geopolymers with a molar Al:Si:Na:H2O ratio of 1:2:1:7.2 (Latella et al., 2008). Flexural 272 

strength data does not vary significantly for different MK samples and the results are similar 273 

to those obtained for Portland cement pastes (Brown and Pomeroy, 1973, Hillemeier and 274 

Hilsdorf, 1977, Nallathambi et al., 1984). Flexural strengths typically range from 4 to 12 275 

MPa, with average strengths of 7 to 8 MPa. Slightly higher values have been reported for 276 

geopolymer samples prepared using a lower water to Al ratio (Rovnaník, 2010). The results 277 

indicate that for all the geopolymer samples tested the critical defect size was between 0.5 278 

and 2 mm.   279 

The MK geopolymer compressive strength results (Figure 8) indicate that samples have a 280 

threshold compressive strength of ~35 MPa and a mean compressive strength of ~45 MPa. 281 

The Weibull modulus m calculated from these results is similar to values for concrete and 282 

granite, whereas the Weibull modulus for flexural strength is similar to that of conventional 283 

ceramics (Nallathambi et al., 1984, Prewo, 1986, Kittl et al., 1990, Tumidajski et al., 2006). 284 

Summary data from the strength testing is given in Table 6.  285 

 286 

 287 

4.  Discussion 288 
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 289 

XRD data of different MK samples indicates the presence of amorphous phases resulting 290 

from de-hydroxylation of kaolinite in commercial samples. The residual mass remaining after 291 

acid or alkali dissolution consisted of crystalline quartz, kaolin and TiO2, and therefore the 292 

level of Si and Al in MK involved in dissolution-polymerisation reactions is related to the 293 

quantities of these impurities. 294 

The XRF results indicate that 1% HF causes partial dissolution of quartz. This 295 

observation, coupled with the fact that MK geopolymerisation occurs in strongly alkaline 296 

environments suggests that dissolution in 8M NaOH represents a more appropriate measure 297 

of the reactive Si and Al present in MK. In both HF and NaOH dissolution experiments there 298 

was no correlation between the amount of reactive Si and Al and the Al (V) content.  299 

The setting time and initial heat output data are correlated. The most rapid setting 300 

geopolymer paste was made with Argical MK and this MK contains significant quantities of 301 

quartz, TiO2 and kaolinite impurities. These may act as sites for the nucleation and growth of 302 

NASH type gel from the liquid phase during geopolymerisation reactions. Many precipitation 303 

phenomena occur via nucleation and growth processes and in Portland cement pastes setting 304 

associated with CSH gel precipitation can be accelerated by seeding with inert materials or 305 

CSH gel granules (Gutteridge and Dalziel, 1990, Bronić and Subotić, 1995, Rees et al., 2008, 306 

Bullard et al., 2011). The total cumulative heat output after ~160 hours appears to provide a 307 

good indication of the degree of chemical reactivity of the MK samples during the 308 

geopolymerisation process and this correlated well with the reactive Si and Al contents 309 

determined by acid and alkali attack. A comparison of the calorimetry data for Argical MK 310 

and Argical* MK also highlights the strong influence of water content on heat output 311 

profiles. This effect can completely overshadow the more subtle differences associated with 312 

changes in the content of reactive Si and Al.  313 
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It is difficult to compare strength data between geopolymers made from different MK 314 

samples because of variations in critical defect size. However, fracture toughness 315 

measurements combined with flexural strength data have shown that all pastes contained 316 

similar critical defects. Variation in critical defect sizes occurred despite relatively long 317 

vibration of pastes during casting and use of a high Al:H2O ratio (1:8) to ensure complete 318 

MK wetting. The smallest critical defect size was 0.25 mm and this may be reduced further 319 

by using lower water content if adequate mixing can be achieved for more viscous pastes. 320 

The Weibull modulus for compressive strength data is relatively high which indicates 321 

testing can use a small number of replicates. The compressive strength is independent of the 322 

original Al (V) content in MK. Large variations in MK Al (V) content existed between the 323 

samples tested but compressive strengths of the geopolymers were generally very similar.  324 

 325 

5. Conclusions 326 

 327 

No clear correlation was found between the Al (V) content in MK samples and 328 

geopolymer setting time, heat output or strength development. Dissolution of MK in 8M 329 

NaOH can be used to determine the reactive Si and Al content. This is preferable to 330 

dissolution in 1 % HF as this causes partial dissolution of quartz impurities, leading to an 331 

overestimate of the reactive Si. The unreactive content in MK may increase the rate of initial 332 

heat output and accelerate geopolymer setting, possibly through accelerated nucleation and 333 

growth of geopolymer gel. The combination of flexural strength and fracture toughness 334 

testing can be used to calculate the critical defect size. This was found to be ~0.25 mm in MK 335 

geopolymers and this limits the resulting mechanical properties. 336 

 337 
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 Table 1  
Mass content of SiO2 and Al2O3 in the three metakaolin samples used in this work, 

determined by XRF with the expressed as mass percent (%) as oxides. 

 

  SiO2 Al2O3 other oxides LOI mean particle size [μm] 

MK MetaStar 501 56.0 38.1 5.1 0.8 5.4 

MK Argical M1200 55.0 39.0 4.9 1.0 6.5 

MK MetaMax 53.0 43.8 3.1 1.0 4.4 

 

 

Table 2 

The weight of the residues remaining after 20 hours dissolution in either 8 M NaOH or 1 

wt.% HF (in wt.%) for the three metakaolin samples. Results are the average of three 

measurements. 

 

  mass % 

  
MetaStar 

MK  
Argical 

MK 
MetaMax 

MK  

HF (1%) 1.8 18.7 2.2 

NaOH (8M) 3.6 21.7 4.4 

 

 

Table 3 

XRF analysis of Argical MK before and after HF or NaOH attack (results in wt%). Based on 

Table 2 and the XRF results after dissolution, the reactive Al and Si amounts in Argical MK 

were calculated and results are noted as Argical* MK. 

 

  SiO2 Al2O3 
Na2O + 

K2O 
CaO + 

MgO TiO2 Fe2O3 LOI 

Argical MK 55 39 1 0.6 1.5 1.8 1 

residue Argical (in NaOH) 60.3 20.2 4.5 0.2 7.9 1.6 2.9 

residue Argical (in HF) 55.7 19.5 3.6 0.4 8.5 1.3 4.3 
Argical* MK (reactive, 

based on NaOH results) 43 35           
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Table 4 

Percentage of different Al coordination determined using 
27

Al-NMR in the different 

metakaolin samples.  

 

% Al(IV) Al(V) Al(VI) 

MK MetaStar 501 20.1 43.7 36.2 

MK Argical 17.4 70.4 1.9 

MK MetaMax 10.8 86.0 3.2 

 

 

Table 5 

Fracture toughness of MK based geopolymers after 56 days curing. Results were calculated 

using Equation 1 and 2. Average results determined from 6 measurements. 

 

Geopolymer KIc [MPa/m
2
] 

  average STDEV 

MetaStar MK 0.22 0.03 

MetaMax MK 0.20 0.01 

Argical MK 0.24 0.02 

Argical* MK 0.24 0.02 

 

 

Table 6 

Weibull modulus for compressive and flexural strength, as well as average and median 

strength of metakaolin based geopolymers. 

 

metakaolin 

MetaMax 
MK 

MetaStar 
MK 

Argical* 
MK 

Argical 
MK 

  Compressive strength [MPa] 

Weibull modulus (m) 13.1 10.5 12.3 12.2 

characteristic strength (σ0) 53.4 50.7 48.4 44.1 

Average strength 51.4 47.5 46.5 42.3 

STDEV 4.7 5.4 4.6 4.2 

median 50.7 48.3 46 41.7 

  Flexural strength [MPa] 

Weibull modulus (m) 3.7 4.2 5.4 5.6 

characteristic strength (σ0) 8.8 7.9 8.8 8.3 

Average strength 8.0 7.3 8.1 7.6 

STDEV 2.1 1.6 1.7 1.8 

median 8.0 7.1 8.2 7.4 
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Fig. 1. Particle size distribution of metakaolin (MK) samples used in this study. 
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Fig. 2. X-ray diffraction (XRD) of the three metakaolin samples; a = quartz low (Ref. Code 

00-005-0490), b = SiO2, (Ref. Code 01-080-2147), c = kaolinite (Ref. Code 00-006-0221). 
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Fig. 3. X-ray diffraction data for as-received Argical MK and the residue after dissolution in 

HF.  

a = quartz low (Ref. Code 00-005-0490), b = SiO2, (Ref. Code 01-080-2147), c = kaolinite 

(Ref. Code 00-006-0221) 

 



 

Fig. 4. 
27

Al-NMR results including the Gaussian fit to determine the amount of different Al 

coordination numbers in metakaolin.  
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Fig. 5. The setting characteristics of metakaolin geopolymers made with different metakaolin 

samples determined using a Vicat needle penetrometer.  
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Fig. 6. Isothermal conduction calorimetry data for metakaolin based, a) rate of heat output 

versus time where A = wetting of metakaolin particles, B = polymerization of oligomers to 

form a larger network and C = structural stabilization of larger network; b) cumulative heat 

output versus time.  
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Fig. 7. Weibull plots of flexural strength values for all metakaolin geopolymer paste samples 

plotted against the probability of failure, calculated using Equation 4. 
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Fig. 8. The variation of flexural strength with critical defect pore size in metakaolin 

geopolymer pastes calculated by using Equation 6. 
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Fig. 9. Weibull statistics data showing the compressive strength for all metakaolin 

geopolymers after curing for 56 days. 
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Fig. 10. Weibull data used to calculate the Weibull modulus m (slope of the lines), showing 

the compressive strength data for metakaolin geopolymers. 


