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Abstract

Research on reinforced metakaolin-based geopolymers for structural applications is reviewed. Geopolymers have
been synthesized using metakaolin produced from kaolinite extracted from several regional soils. Kaolin is convert-
ed into metakaolin by calcination from 650 °C up to 800 °C. To obtain higher strength and stiffness, the geopolymer
matrix is reinforced with particles and fibers. In addition, synthetic and natural particles and fibers have been used to
enhance durability, thermal properties and shrinkage ratio of lighter geopolymer composites. Owing to the unavail-
ability of a standard for processing and testing geopolymer composites, different laboratories use differing procedures,
making data comparison very difficult. The promising market of geopolymer composites for the sustainable construc-
tion industry would benefit from a uniform standard for laboratory processing and testing. This would contribute to
the creation of alarge and reliable data bank, and facilitate the manufacture and certification of geopolymeric sustain-

able construction materials.
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I. Introduction

Geopolymers (GPs) can be used as a binding phase, re-
placing ordinary Portland cement (OPC), or to improve
the mechanical properties of commercial cements and con-
cretes.

Basic geopolymer processing involves high-shear mix-
ing, molding and curing, similar to the production process
of concrete. The optimum curing temperature is between
40-65°C 1-4.Their mechanical properties are superior to
OPC in general, but are influenced by the content of lig-
uid phase in the mixture, the curing temperature and the
final porosity. They exhibit high fire resistance, withstand-
ing temperatures of 1000—1200 °C5-7. They have high
chemical stability, which gives them excellent durability.
Compared to OPC concrete mixes, geopolymer cement
concrete (GPC) requires much less energy during produc-
tion, reducing the CO, emissions by between 40 % and
80-90 %7~ 13. Studies indicate that GPCs acquire about
70 % of their final compressive strength in four hours.
Full curing occurs by around 28 days, which may result
in a GP compressive strength of 100 MPa 3. Duxson et
al. 1,14-15 carried out extensive research on the relation-
ships between composition, processing, microstructure
and the properties of metakaolin-based geopolymers.

Metakaolin (MK) is used as a supplementary cemen-
titious material for OPC. It improves the durability of
the resultant binder by reacting with calcium hydroxide
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to form hydrated calcium aluminates and silicon alumi-
nates 16, The main constituents of metakaolin are silica and
aluminum oxides, with variable contents of other oxides
that can be considered as impurities (e.g. Fe,O3, TiO,,
CaO, MgO, Na,O, K,O).

II. Materials and Methods

(1) Metakaolin GP matrix

Since 2000, researchers have used MK (calcined kaoli-
nite) from different parts of the world to synthesize
GPs. Among these, we can enumerate MK from: BASF
Germany 17~ 24, France 25-26, UK 1, Ukraine 27, Aus-
tralia28-30, China31-35, Czech Republic 36, Colom-
bia37, Malaysia 38, Brazil 39-40 Iran*l, Cameroon 35.
Table 1 lists the chemical composition and the physical
characteristics of these worldwide MKs. The main compo-
nents are silica (S10,, 44.4 % — 73 %) and alumina (Al, O3,
14.5 % —47.43 %). The MK average particle size (PS) and
specific surface area (SSA) ranged from 1.20—-38 um and
from 2.16 —22 m2/g, respectively (Table 2).

Potassium and/or sodium silicate solution (or water
glass) was mostly made by mixing fumed silica with potas-
sium and/or sodium hydroxide pellets dissolved in deion-
ized water and resulting in a myriad of laboratory compo-
sitions of the type:

M,AOH + M, H,O "
+ MSSIOZ - Ma/zAzo'MSSi02'MwaHzo
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Table 1: Chemical composition (wt%) of MK from different origins.

MK 1d. Si0, AlLO, Fe,0, TiO, Ca0 MgO Na,0 KO0 MnO SO, PO, SO BaO CuO 2r0, PbO 2ZnO Tm,0, LOF
MKA76 Brazil [39] 6780 2960 070 098 0.01 001 024 0.02
Metamax BASF
Germany [20,22] 5300 43.80 043 170 0.02 003 023 019 [25i0,- Al,0,]

MK-ZK, Iran [41] 7300 1450 070 004 500 025 020 020 7.00
Metastar402 UK [1] [2.3Si0," Al,04]
MK Malaysia [38] 5268 42.42 201 146 004 012 007 034 008 005 040 003
MK AGS France [25] 54,50 39.50
MK Australia [28] 5590 3720 170 240 011 024 027 0.18 002 017 003 005 0.80
MK KaolexBN
Germany [17-18] 2.60 [65% Kaolin, 7% Muscovite, 2.6% Ti0,, 10-30% Crystalline Si0,]
MK HydritePXN
Germany [17] 0.60 140 [98% Kaolin, impurities: 0.6% Fe,0,, 1.4%Ti0,]
MK Ukraine [27] 4817 3633 036 062 062 030 13.63
MK China [31] 5191 4040 092 076 0.11 0.46 010 016 001 002 003 007 005
Metamax BASF
Germany [19,21] 5300 43.80 043 170 002 003 023 0.19 0.46
MK Argeco France
[26] [50% MK, 45% Quartz, 1% Calcite, 1% Anatase, 1% Kaolinite, 2% Mullite]
MK NE Brazil [40] 4440 3980 030 011 001 004 033 14.4
MK Australia [44] [SiO,/Al,05=2.01; 1 wt% TiO,, quartz, hematite]
VK China [30]
MK Cameroon [35](1] 54.60 40.60 053 057 012 022 012 053 0.01 2.26
[5K/min] 5250 39.04 051 055 011 021 011 051 0.01 6.92
[10K/min] 5210 3874 051 054 041 021 011 051 0.01 6.93
MefistoK05 Czech
Rep [36] 5501 40.94 055 055 014 034 009 06 1.54
MK Australia [29] 5420 4210 129 115 013 019 014 0.0 0.04 0.84
MK BASF Colombia
137] 5152 4453 048 171 002 019 029 0.16 1.09
MK China [33] 5135 4424 098 090 013 048 016 008 001 0.45 0.72
MK China [34] 4555 47.43 124 278 0.44 178 0.78
MK China [32] 5587 4225 038 020 004 004 026 031 0.61
?LOI: loss on ignition
where, M, = alkali mol,, stoichiometric K,0-Al,03-4510, composition of leucite
A = alkalitype (K or Na), formed when potassium-based geopolymer crystallized
upon heating to above 1000 °C in air. The crystallization
M,, = watermol, mechanism was studied i situ with high-temperature
Mg = silicate mol, synchrotron diffraction 42-43.
M,, = wateradded mol. The geopolymer composite slurry was poured into a

Table 2 lists the various water glass (WG) and GP formu-
lations, and respective WG/MXK ratios used by several re-
searchers 1,17-29, 31-34,36,37-39, 41 The MK thermal his-
tory ranged from 650 °C up to 900 °C. The WG/MK ratio
ranged from 1.38 to 1.86.

Geopolymer was prepared by mixing alkali-water
glass and metakaolin in a mixer for 3-30 minutes at
600—1800 rpm to obtain good mixing of the components.
In one standard method developed at the University of
Illinois at Urbana-Champaign, this slurry was then put
by some researchers 17-2439 into a planetary condition-
ing mixer where it was further mixed and degassed for
removal of fine bubbles. The GP Si/Al ratio ranged from
1.4 to 8.01,17-29,31-34,36,37-39,41 The geopolymeriza-
tion reaction for 2 moles of silicon dioxide and 11 moles
of water can be summed up as follows:

A,0:2510,-11H,0 @)
1 2510, AL, 05 — A,0-AlL 054510, 11H,0

This composition was based on TEM/EDS mea-
surements of the “pure” nanoparticulate, nanoporous
geopolymer microstructure 17. It corresponded to the

standard mold attached to a vibration table for more uni-
form distribution and less void formation. The filled mold
was wrapped in plastic film to prevent water loss during
setting and curing. Three routes for curing of geopolymers
were investigated: pressureless curing, warm pressing, and
curing in a high-pressure autoclave 7. Curing time and
temperature ranged from 2—24 h at20-80 °Cin a labora-
tory. Then, the geopolymer composite was demolded and
setto dry in a sealed vessel at room temperature. At the re-
quired drying age, the samples were tested.

Latella et al. #* synthesised GPs based on the key pre-
cursors NaOH, fumed silicaand MK (FSGP), and sodium
silicate and MK (SGP) and kept the sealed molds at room
temperature for 2 h before curing at 60 °C for 24 h. After
the seals had been removed, the samples (25-mm diam-
eter and 40-mm high-compressive cylinders, and flexure
bars 6 x 10 x 50 mm) were leftatambient temperature for 4
days before demolding. Mechanical properties were tested
(five samples at a cross-head speed of 5 um/s for compres-
sion and 3pt-flexure with support length of 40 mm) after
10 days.



September 2017 A Review of Particle- and Fiber-Reinforced Metakaolin-Based Geopolymer Composites 309

Table 2: Material characteristics and syntheses of MK-based GPs.

VK Id. GPSi:Al PSdsy SSA MK Thermal Hist. GP wt% WG/MK Mix Speed Mix Time Cure Temp Cure Time
(um) (m’/g) (C)  (h) Na0 KO ALO, Si0, H,0 (rom)  (min) (°C) (h)
VKA67 Brazil [71] 400 4.74 8.40 700 1.0 2.1 9.6 207 407 26.9 1.22 933 6 50 24.0
VIKIVI USA [71] 4.00 130 13.00 25 113 163 384 316 1.82 933 6 50 24.0
MKA76 Brazil [71] 400 474 8.40 700 1.0 9.2 19.9 414 295 1.30 2500 14 50 24.0
Metamax BASF Germ [72] 4.00 130 13.00 148 161 379 31.2 1.86 2000 5 50 24.0
VIKA76 Brazil [39] 4.00 474 8.40 700 1.0 22 101 193 399 285 1.38 1800 5 50 24.0
Metamax BASF Germ [22] 4.00 130 13.00 148 161 379 31.2 1.86 1600 5 50 24.0
Metamax BASF Germ [20] 3.75 120 13.00 11.2 168 37.0 35.0 1.71 600 5 70 24.0
MK-ZK, Iran [41] 3.20 700 12.0 103 21.3 401 283 1100 10 20 24.0
Metastar402 UK [1] 345 158 12.70 109 179 364 348 15 40 20.0
3.70 158 12.70 10.6 17.4 380 33.9 15 40 20.0
3.95 158 12.70 103 170 396 33.1 15 40 20.0
420 158 12.70 10.1 166 411 323 15 40 20.0
4.45 1.58 12.70 9.8 16.2 425 31.5 15 40 20.0
VK Malaysia [38] 3.74 425 216 13.1 215 474 18.0 800 5 65 24.0
VK AGS France [25] 3.33 1860 16.00 9.3 185 360 36.1 20 24.0
3.33 1860 16.00 9.3 185 360 36.1 60 2.0
3.33 1860 16.00 9.3 185 360 361 60 4.0
3.33 1860 16.00 9.3 185 360 36.1 75 2.0
3.33 1860 16.00 9.3 185 360 36.1 75 4.0
VK Australia [28]

[1.4-650-20] 2.90 38.00 650 1.0 9.7 24.2 413 24.8 5 20 24.0
[1.4-700-20] 2.90 38.00 700 1.0 9.7 242 413 248 5 20 24.0
[1.4-750-80] 2.90 38.00 750 1.0 9.7 242 413 248 5 80 24.0
[1.4-750-20] 2.90 38.00 750 1.0 9.7 242 413 248 5 20 24.0
[1.4-800-20] 2.90 38.00 800 1.0 9:7 242 413 248 5 20 24.0
[1.54-650-20] 3.04 38.00 650 1.0 5.5 216 386 343 5 20 24.0
[1.54-700-20] 3.04 38.00 700 1.0 5.5 216 386 343 5 20 24.0
[1.54-750-20] 3.04 38.00 750 1.0 5.5 216 386 343 5 20 24.0
[1.54-750-80] 3.04 38.00 750 1.0 5:5 216 386 343 5 80 24.0
[1.54-800-20] 3.04 38.00 800 1.0 5:5 21.6 386 34.3 5 20 24.0
VK KaolexBN Germany [17] 4.00 22.00 700 1.0 12.5 208 404 263 45 24.0
VK KaolexBN German [18] 4.00 22.00 700 1.0 125 20.8 404 263 45 24.0
VK HydritePXN Germ [17] 4.00 170 18.01 700 10.0 14.7 163 380 310 45 24.0
MK Ukraine [27] 4.00 10.6 174 411 308 80 6.0
6.00 7.8 12.8 454 34.0 80 6.0
8.00 6.2 101 47.8 35.9 80 6.0
VK China [31] 4.00 4.08 800 2.0 148 161 379 31.2 1600 30 120 24.0
Metamax BASF Germ[21]Na 400 130 10.3 169 399 329 1800 5 50 24.0
K 4.00 1.30 148 161 379 31.2 1800 5 50 24.0

Metamax BASF Germany
[19] K1.5-24 3.00 1.30 16.4 17.7 314 345 vacuum 23 80 24.0
K1.5-48 3.00 130 16.4 17.7 314 345 vacuum 23 80 48.0
K2-24 400 130 148 161 379 31.2 vacuum 23 80 24.0
K2-48 4.00 1.30 148 161 379 31.2 vacuum 23 80 48.0
Nal.5-24 3.00 130 11.4 188 332 365 vacuum 3 80 24.0
Nal.5-48 3.00 130 11.4 188 332 365 vacuum 3 80 48.0
Na2-24 4.00 1.30 10.3 169 399 329 vacuum 3 80 24.0
Na2-48 4.00 1.30 10.3 169 399 32.9 vacuum 3 80 48.0
VK Argeco France [26] 3.60 9.2 168 356 385 95% RH 20 168.0
VK NE Brazil [40] 430 4.24 12.5 165 41.8 29.2 65 2.5
MK Australia [44] FSGP 3.00 750 15.0 75 247 437 24.0 amb 2h 60 24.0
SGP 3.00 750 15.0 131 215 380 27.4 amb 2h 60 24.0
VK China [30] 5.50 700 12.0 10.0 164 533 20.3 slow 3 20 24.0
MK Cameroon [35][1K/min] 530 14.00 12.87 700 0.5 9.8 16.2 505 234 98% RH 20 24.0
[5K/min] 530 14.00 12.95 700 0.5 9.8 16.2 505 23.4 98% RH 20 24.0
[10K /min] 530 14.00 12.55 700 0.5 9.8 16.2 505 23.4 98% RH 20 24.0
Mefisto Czech Rep [36]20C 3.26 4.82 13.10 750 11.3 186 358 34.2 5 20 4.0
40C 3.26 482 13.10 750 11.3 186 358 34.2 5 40 4.0
60C 3.26 482 13.10 750 11.3 186 358 34.2 5 60 4.0
80C 3.26 4.82 13.10 750 11.3 186 358 342 5 80 4.0
VK Australia [29] 4.50 750 240 124 157 415 304 75 24.0
VIK BASF Colombia [37] 450 7.80 11.3  17.5 464 24.7 70 20.0
VK China [33] 4.40 17.00 900 6.0 11.5 125 323 437 12 20 168.0
MK China [34] 4.00 16.1 15.8 373 308 20 24.0
VK China [32] 20C 3.20 8.00 12.00 750 2.0 9.8 16.2 305 435 20 24.0
80C-SC 3.20 8.00 12.00 750 2.0 9.8 16.2 305 435 80 24.0
80C-WC 3.20 &.00 12.00 750 2.0 9.8 16.2 305 435 80 24.0
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Yunsheng et al. 30 used China kaolin calcined at 700 °C
for 12 h. NaOH and sodium silicate solution having a mo-
lar ratio of SiO,/Na,O of 3.2 and a solid content of 37 %
were used. NaOH, sodium silicate solution and water
were mixed in a beaker and cooled down to room temper-
ature. Then, calcined kaolin and silica were slowly added
and mixed for 3 min. Fresh slurry was poured into six cu-
bic steel molds measuring 40 mm by 40 mm by 40 mm for
each formulation. Samples were vibrated for 2 min on the
vibration table. The specimens were covered with plastic
films during setting and the mold was removed after 24 h.
The demolded specimens were cured at 20 °C and 95 %
RH for 28 days.

Kenne et al. 3> used Cameroon kaolin maintained at am-
bient laboratory temperature for a week, cured at 105 °C
until its mass became constant and then it was ground
and sifted through a sieve of mesh 90 um. Then, the dried
kaolin was calcined at 700 °C for 30 min with varying rate
of calcination (1, 2.5, 5, 10, 15 and 20 K/min) to obtain
MKs, which were used to produce geopolymers. The al-
kaline solution was prepared by mixing sodium silicate
and sodium hydroxide solution (12 M) to obtain a Na,O/
SiO; molar ratio of 0.7. Sodium silicate was made up of
S0, (26.5 Wt%), Na,O (8.0wt%) and H,O (65.5 wt%).
GP paste was prepared by mixing alkaline solution with
MK powder according to a liquid/solid mass ratio of 1:1
in an automatic Hobart mixer. Compressive strength cu-
bic samples of (20 x 20 x 20 mm) were made by mixing
standardized sand and MK powder and alkaline solution
in mass ratio of 3:1:1. Specimens were cured at 20 °C in a
controlled roomat20£2 °Cand 98 % RH. The specimens
were demolded 24 h later and the cubic samples were cov-
ered with polyethylene film and stored atambient temper-
ature (20 °C) under 98 % RH condition for 28 days.

Kenne er al. 35 applied a compressive strength loading
rate of 0.2 kN/s. Hardened geopolymer pastes aged 28
dayswere crushed and sifted through a sieve of mesh 80 um
and the powder was subjected to XRD. Bulk density and
specific surface area of MKs (1, 2.5, 5, 10, 15, 20 K/min)
ranged from 2.54—-2.56 g/cm3 and 12.549-12.979 m?/g,
respectively. The average particle size (ds5p) was 14 um
and the chemical composition (mass%) of K was as fol-
lows: S10,(47.2), Al,05(35.1), Na,O (< 0.1), K,O (0.46),
Fe203(0.46), TIOZ(O49), CaO (< 01), SO3(< 001) and
loss on ignition (14.94). Thermal analysis of the clay frac-
tion first event went up to 100 °C and corresponded to
elimination of water of hydration. The second event lay
between 225 and 300 °C with mass loss of 2.09 % and cor-
responded to the dehydroxylation of gibbsite. The third
event between 450 and 550 °C with mass loss of 9.49 %
represented the dehydroxylation of kaolinite and gave rise
to a mass percentage of kaolinite to 81 %.

Rovnanik 3¢ analyzed the effect of curing temperature
(10, 20, 40, 60 and 80 °C) and time on the compressive and
flexural strengths, pore distribution and microstructure of
Mefisto K05 Czech Republic metakaolin-based geopoly-
mer. MK was produced by means of calcination of kaolin
at 750 °C in a rotary kiln. The molar composition of MK
was as follows: SiO, (55.01), Al,O5 (40.94), Na,O (0.09),
K,O (0.60), Fe,O3 (0.55), TiO, (0.55), CaO (0.14), MgO
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(0.34), LOI (1.54). The surface area was 13.1 m?/kg, and
the mean particle size (dsg) was 4.82 um. Alkaline sili-
cate solution having a silicate modulus (Si0,/Na,O) of
1.39 was prepared by dissolving solid sodium hydroxide
(98.0 %) in commercial sodium water glass (510,/Na,O =
3.26 and H,O/Na,O = 10.40). Quartz sand with a max-
imum grain size of 2.5 mm was added as an aggregate.
Geopolymer samples were prepared by mechanically mix-
ing MK and activator solution in a planetary mixer for
5 min. Then quartz sand was mixed into this geopolymer
paste with some additional water. The slurry was cast in-
to prismatic molds with dimensions 40 x 40 x 160 mm, vi-
brated for 2 min to remove entrained air and sealed. In the
firstexperiment, the specimens were cured at temperatures
from 10to 80°C. Oneset of specimens was stored atanam-
bient temperature (20 °C) and considered a reference ma-
terial, one was stored in a refrigerator (10 °C) for the whole
period before testing, and other specimens were cured at
temperature 40, 60 or 80 °C in an electrical oven immedi-
ately after casting. After 4 h they were removed from the
ovenand stored at an ambient temperature (20 °C) and rel-
ative humidity 45 £ 5 % until tested. The second experi-
ment was focused on the effect of different curing times at
elevated temperatures. The specimens were treated for 1,
2,3 and 4 h at temperatures of 40, 60 or 80 °C.

Rowles and O’Connor?2? prepared GPs with Si:Al
and Na:Al molar ratios, ranging between 1.08—-3.0 and
0.51-2.0, respectively. The starting materials were: a crys-
talline Australian kaolinite, an amorphous silica fume
(SF), and analytical-reagent-grade sodium hydroxide pel-
lets. MK was obtained by heating the kaolinite at 750 °C
inair for 24 h. MK was verified to be amorphous by means
of XRD, except for quartz and anatase impurities. The
chemical compositions of the MK and SF materials were,
respectively: S10, (54.2, 94.2), Al,05 (42.1, 0.15), Fe,O4
(1.29, 0.49), MgO (0.19, 0.05), CaO (0.13, <0.01), Na,O
(0.14, 0.04), K,O (0.20, 0.01), TiO, (1.15, 0.03), ZrO,
(0.04, 3.69), LOI (0.84, 0.86), Total (100.28, 99.52). The
samples were cast in closed molds and heated to 75 °C for
24 h. After the curing period, the samples were kept in
their molds for 7 days in ambient conditions before being
removed for microstructural characterization.

Rowles and O’Connor 29 carried out SEM microscopy
using a Philips X1.30. Elemental analyses were carried
out using an Oxford Instruments energy-dispersive spec-
trometer (EDS). Samples were prepared by mounting the
polymer in epoxy resin and polishing to 1 pm. Samples
were cleaned by means of sonication after each step in
the polishing process to remove excess polishing media
and debris. The polished samples were dried overnight in
an oven at 40 °C. The drying process introduced shrink-
age cracks for some samples owing to the samples’ orig-
inal moisture content and their uptake of polishing me-
dia. The measurement conditions of the SEM (accelerat-
ing voltage 20 kV, beam current 60 pA, working distance
10.4 mm, spectrum collection time 100 s) were standard-
ized to allow for maximum repeatability in experimen-
tal conditions between sample batches. Secondary elec-
tron imaging was used for imaging, with back-scattered
electron imaging being used to identify high atomic num-
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ber impurities. For each sample, five regions of interest of
300 um x 200 pm were investigated. On each of these re-
gions, EDS spectra were collected over the entire area, for
five points on grains and for five points within the matrix.
To limit bias introduced by the interaction volume, the lo-
cations of the spot analyses were chosen such that there
were no other phases visible on the surface within 5 um.
Quantitative analysis of the inorganic polymer elemental
composition was carried out using internal software cali-
bration and referenced against standard kaolinite and MK.

The precursor materials selected by Villaquiran-Caicedo
and Gutiérrez 37 were: BASF MK, rice husk ash (RHA),
and KOH. The chemical compositions of the MK and
RHA materials were, respectively: SiO, (51.52, 92.33),
ALO; (44.53,0.18), Fe,O; (0.48,0.17), MgO (0.19, 0.49),
CaO (0.02, 0.63), Na,O (0.29, 0.07), K,O (0.16, 0.15),
TiO, (1.71, 0.0), LOI (1.09, 2.57). The MK particle size
was 7.8 um. RHA was used as the silica source to prepare
the activator. The RHA was obtained via thermal treat-
ment of the rice husk at 700 °C for 2 h in an electric oven;
the amorphous SiO, content in the RHA was 92 %. The
alkaline solution used as the activating agent was prepared
from the RHA mixture with potassium hydroxide pellets
in the presence of water. In the mixture, aSiO,/Al, O3 mo-
lar ratio of 2.5 and a liquid/solid molar ratio of 0.4 were
used; the K,0O/S10, molar ratio was 0.28. The specimens
were cured at a temperature of 70 °C for 20h at a rela-
tive humidity >90 %. Afterwards, they were demolded,
wrapped in plastic film to avoid water evaporation, and
placed ina chamber at a relative humidity of ~ 60 %. Then,
the compressive strengths at different curing ages were de-
termined.

The GP precursor powder used by Zhang et al. 33 was
China K calcined under 900 °C, with an average particle
size of 17 um. The chemical composition of MK was: SiO,
(51.35), AL,Oj (44.24), Fe,05 (0.98), MgO (0.48), CaO
(0.13), Na,O (0.16), K,0 (0.08), TiO, (0.90), P,O5 (0.45),
MnO (0.01), LOI (0.72). The alkaline activator solution
was formulated by blending commercial potassium sili-
cate solution, potassium hydroxide flakes with 90 % pu-
rity, and tap water to obtain the desired Si0,/K,0O mo-
lar ratio of 1.0. The chemical composition of commercial
potassium silicate solution was K,O = 15.8 wt%, SiO, =
24.2 wt%, and H,O = 60 wt%, and SiO,/K,0O molar ra-
tio equaled 2.4. Activator solutions were prepared 1 day
prior to use. The solid-to-liquid ratio, representing mass
ratio of aluminosilicate precursor to alkaline activator so-
lution, was adopted as 0.8. The water content (ratio of the
mass of solvent in the activator solution to the total mass
of precursor and solution) was 31 %.

Zhao et al. 3* used commercial China MK as an alumi-
nosilicate source for synthesis of geopolymeric matrix.
The chemical composition of MK included 47.43 wt%
A1203, 45.55 wt% SiOZ, 2.78 wt% TiOz, 1.78 wt%
CuO, 1.24wt% Fe,O3, 0.44wt% SrO, and 0.78 wt%
Tm,Oj3. The sodium silicate containing 79.17 wt% SiO,,
19.79 wt% Na,O and 1.04 wt% Al,O3 was commercially
supplied, together with sodium hydroxide (NaOH).

The geopolymer binder used by Zhu et al. 32 was syn-
thesized by activation of metakaolin with sodium sil-
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icate solution. The metakaolin was obtained from Fu-
jian province, China. It was a product of kaolin powder
heated to 750 °C for 2 h. The metakaolin powder had
a BET surface area of 12 m?/g, and the average parti-
cle size of 8 um. The chemical composition of MK was:
SiO, (55.87), Al,O3 (42.25), Fe,O5 (0.38), MgO (0.04),
CaO (0.04), Na,O (0.26), K,O (0.31), TiO, (0.20), LOI
(0.61). The alkaline activator was a mixture of chemical
grade NaOH solution (12 M) and commercial liquid sodi-
um silicate (original modulus was 3.33, Na,O 8.29 wt%,
Si0; 29.91 wt%). The mass ratio of NaOH solution and
the liquid sodium silicate was 0.7, giving a molar ratio
Si0,:Na,O of 1.2 in the mixture. Distilled water was then
added to adjust the concentration to 35wt% (Na,O +
SiO,) and the molar ratio of H,O/Na,O was 15.2.

(2) Particles and fibers

Particle and fiber reinforcements have been used to in-
crease the flexure strength and toughness of MK-based
geopolymer materials. Synthetic particles and fibers,
such as steel 13, aluminum 20, polypropylene 29, carbon
nanotubes 20, slag 45, polyacetal 3 have been investi-
gated. In addition, natural particles and fibers, such as
basalt 17-18, 21-22,45-46 palm oil fuel ash 38, corn husk 47,
wool 48, jute 49, rice stem 50, fique >1, malva 52 and bam-
boo 23-24,39,53 'have been investigated.

Zhao et al. 3* studied MK-based GP reinforced with
polyacetal (POM) fibers; China resins of low-viscosity ac-
etal copolymer, with a high modulus of 6.96 GPa, high
tensile strength of 925 MPa, and moderate elongation of
15.6 %. The fiber bundle was cut into short fibers having
lengths of 3, 6, and 9 mm. The metakaolin-based geopoly-
mers could usually be synthesized based on the reaction of
metakaolin powders, sodium silicate, and an alkaline solu-
tion containing NaOH at room temperature. In a typical
synthetic process, an alkaline activator was first prepared
by mixing an aqueous solution of sodium silicate with
NaOH, in which the molar ratio of SiO,/Na,O was ad-
justed to 1.2:1. Then, the geopolymer paste was prepared
by mixing the metakaolin powders with the alkaline acti-
vator at a Si/Al molar ratio of 2:1. In succession, the short
POM fibers were added into the geopolymer paste under
vigorous agitation to prepare a series of pre-curing pastes
having different fiber contents and lengths. These pre-cur-
ing geopolymer pastes were fed into the stainless molds
with different cavity dimensions and then cured at room
temperature for 24 h. The geopolymeric specimens with
different dimensions were formed for further mechanical
and tribological measurements.

(3) Geopolymer composites (GPC) testing
Villaquiran-Caicedo and Gutiérrez 37 reported that the
compressive strength was determined for each of the
geopolymeric systems up to an age of 180 curing days
using cubic specimens with dimensions of 20 x 20 mm; the
test was performed at a displacement rate of 1 mm/min.
Sa Ribeiro et al. 243953 and Sankar ez al. 23 bamboo-
reinforced geopolymer composite samples were subject-
ed to third-pointloading flexural strength testing, accord-
ing to ASTM standard C1341-13 25, The average den-
sity of bamboo-reinforced geopolymer composites was
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1.35 g/cm3. The test span-to-depth ratio was 25:1, and the
crosshead displacement rate was 0.10 mm/s. Strain was
measured based on crosshead displacement.

Yunsheng et al. 30 performed compressive tests accord-
ing to ASTM C39-96. The loading was displacement-
controlled at a constant rate of 1.3 mm/min. The GP
optimum formulation was Na,SigAl,O42H,O with
Si0,/Al,05 =5.5,Na,0/Al,0; =1.0and H,0O/Na,O =
7.0.

Rovnanik 3¢ conducted mechanical tests on specimens
made of geopolymer mortars with quartz sand at the age
of 1,3, 7 and 28 days. Flexural strengths were determined
using standard three-point-bending test, and compressive
strengths were measured on the far edge of both residual
pieces obtained from the flexural test according to the EN
196 —1 standard.

Zhang et al. 33 prepared GP pastes by pouring alkaline
silicate solution into aluminosilicate source material (MK
powder), and then mixing them in a mixer for 12 min.
To obtain specimens for bending and compression tests,
geopolymer pastes were cast into steel molds of size 160 x
40 x 40 mm and then vibrated on a shake table to remove
any air bubbles. After they had been covered with plastic
films, the specimens were cured at a constant temperature
of 20 °C and a humidity of 90 % for 7 days. The bending
tests on geopolymer composites at ambient temperature
were conducted according to ASTM C348. The central
distance between two supporting ends of the specimen was
adjusted to be 100 mm. The load was applied at the mid-
span of the specimen, and increased atarate of 50 N/s until
the specimen broke into two parts. Then the compression
test was carried out on the two broken parts separately.
The compression area of the test specimen was 40 x 40 mm,
and the loading velocity was kept at 2500 N/s.

Zhao et al. 3* measured the flexural strength of geopoly-
meric composites in a universal testing machine us-
ing a three-point bending fixture with a load cell of
110 kN at a crosshead speed of 0.5mm/min according
to ISO 679-2009 standard. The compressive strength
of geopolymeric composites was also determined using
the universal testing machine at a compressive rate of
5 mm/min according to ISO 6792009 standard. All the
measurements were carried out at room temperature, and
each of the reported mechanical data represented an aver-
age value of five tests.

Zhu et al. 32 cast compression testing geopolymer paste
into cubic specimens of size 20 x 20 x 20 mm and allowed
these to harden at 20 °C air curing at a relative humid-
ity of 95 £ 5 % conditions. The 1-day-aged geopolymer
specimens were put in the following conditions for fur-
ther curing until testing: (1) AC - 20 °C air curing at rel-
ative humidity of 95 £ 5 %; (2) SC - 80 °C sealed curing
in plastic bags; and (3) WC - 80 °C water curing in a wa-
ter bath. Compressive strength testing was performed in
a universal mechanical testing machine, at a load rate of
0.5 mm/min. The compression-fractured specimens at dif-
ferent ages were collected and stored in acetone. The sam-
ples were ground and dried at 65 °C for 24 h for XRD.
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I11. Results and Discussion

With basalt fiber reinforcement, the bending strength
of the GPC increased from 2.8 MPa to 10.3 MPa 17-18,
The addition of 10 wt% of basalt fibers measuring 13 um
in diameter x 6.35 mm in length to potassium-based
geopolymer composites yielded 19.5 MPa three-point
flexure strength 45. Increasing the chopped basalt fiber
length to 12.7 mm yielded 27.07 MPa three-point flexure
strength 46. Sodium-based geopolymer reinforced with
corn husk fiber bundles resulted in 14.14 MPa four-point
flexure strength 7. Sodium-based geopolymer reinforced
with 5wt% wool fiber bundles yielded 8.1-9.1 MPa
three-point flexure strength 48. Sodium-based geopoly-
mer reinforced with 30 wt% untreated jute weave result-
ed in 20.5MPa four-point flexure strength 4%. Potassi-
um-based geopolymer reinforced with 6.4 wt% rice stem
yielded 18.45 MPa three-point flexure strength 0. Potas-
sium-based geopolymer reinforced with 30 wt% alkali-
treated fique fibers yielded 11.4 MPa four-point flexure
strength 1. Sodium-based geopolymer reinforced with
5.5wt% of unidirectional untreated malva resulted in
31.5 MPa four-point flexure strength 2. Recent works on
metakaolin-based geopolymer reinforced with bamboo
fibers (BFs) revealed 30 MPa and 7 MPa average compres-
sive and flexural strengths, respectively, of GP with 5 wt%
(8 vol%) BE 39, In addition, average flexural strength of
25 MPafor the mixed bamboo fiber-strip-reinforced GPC
were recorded 39. Additional research results are summa-
rized in Tables 3 -5.

Pouhet et al. 26 reported the ability of flash-calcined
metakaolin and sodium silicate to completely substitute
known hydraulic binders, in terms of workability and
compressive strength. She also reported durability issues
in alkali-silica reaction and carbonation. Alkali-silica re-
action would not be detrimental in a matrix of metakaolin
activated by sodium silicate. Very rapid reaction of the
alkalis in the geopolymer paste pore solution with at-
mospheric CO, did not lead to a significant drop of the
concrete pH. A study was also conducted on the influ-
ence of the water glass solution used on the mechanical
performance of geopolymer. The higher the sodium con-
centration of the initial activation solution, the smaller the
standard deviation of the measured values. Addition of
sodium hydroxide for the preparation of the activation
solution led to greater dispersions of the strength values.
Solution Wgl.7 was chosen. Using an Na-GP formula-
tion of 0.9 Na,0-Al,03:3.6 Si0,-13 H,O, resulted in 7-
day-average compressive and 3pt-flexure strength values
of 62 MPa and 8.5 MPa, respectively, from samples cured
at20 °C and 95 % RH.

The investigations reinforcing Amazonian geopolymer
composite with bamboo fibers and strips resulted in the
following observations by Sd Ribeiro et al. 24:3%,53; (1)
XRF chemical analysis of Amazonian kaolinite (KA) and
metakaolinite (MKA) confirmed the major components to
be alumina and silica. (2) SEM micrographs of the struc-
ture of the 75 %-K, 25 %-Na MKA-based (K75Na25-
MKA76) GP revealed some unreacted MK and the pres-
ence of crystalline quartz. SEM and digital images of the
mixed alkali-MKA-bamboo fiber (K75Na25-MKA76-
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Table 3: Physical and compressive strength properties of MK-based GPCs.

MK Id. GP Type Density Compressive Strength
(g/cm®) @ (mm) d (mm) b(mm) Samples r(mm/s) 1d(MPa) 3d(MPa) 7d(MPa) 14d (MPa) 28d (MPa)
MKAG7 Brazil [71] K75-Na25 1.81 5.00 12.0 9 0.0001 58.0
MKMUSA [71] K75-Na25 1.77 5.00 12.0 9 0.0001 70.5
MKA76 Brazil [71] Na 1.70 5.00 12.0 9 0.0001 83.5
Metamax BASF Germ [72] K 3.00 6.0 20 0.0083 101.0
MKA76 Brazil [39] K75-Na25 1.75 25.00 50.0 6 0.0100 55.7
Metamax BASF Germ [20] Na 1.61 50.00 100.0 3 .25MPa/s 54.0
MK-ZK, Iran [41] Na 50.0 50.0 5 13.9 29.6 42.6
Metastard02 UK [1] Nal.15 1.68 25.00 50.0 6 0.0100 15.0
Nal.40 1.70  25.00 50.0 6 0.0100 37.5)
Nal.65 172 25.00 50.0 6 0.0100 57.5
Nal.90 1.78  25.00 50.0 6 0.0100 76.3
Na2.15 1.80  25.00 50.0 6 0.0100 63.8
MK Malaysia [38] Na-20-535-P45 1.91 50.0 50.0 3 43.2 45.0 46.5 48.0
MK AGS France [25] Na-20C-24h 40.0 40.0 68.2
Na-60C-2h 40.0 40.0 313 30.6
Na-60C-4h 40.0 40.0 30.6 343
Na-75C-2h 40.0 40.0 28.9 29.4
Na-75C-4h 40.0 40.0 34.0 39.8
MK Australia [28] 1.4-700-20 25.0 25.0 .33MPa/s 234
1.4-750-20 25.0 25.0 26.2
1.54-700-20 25.0 25.0 42.7
1.54-750-20 25.0 25.0 45.1
1.54-750-80 25.0 25.0 335
1.46-750-20 25.0 25.0 38.9
1.46-750-80 25.0 25.0 20.5
1.50-750-20 25.0 25.0 39.3
1.50-750-80 25.0 25.0 26.0
1.52-750-20 25.0 25.0 44.4
1.52-750-80 25.0 25.0 28.0
1.80-750-20 25.0 25.0 31.4
1.80-750-80 25.0 25.0 30.2
2.05-750-20 25.0 25.0 221
2.05-750-80 25.0 25.0 20.8
MK KaolexBN Germ [17] K 6.25 25.0 14 59.0
MK KaolexBN Germ [18] K 6.25 25.0 14 59.0
MK HydritePXN Germ [17] K 6.25 25.0 13 37.0
MK Ukraine [27] Nad 20.0 20.0 26.0
Naé 20.0 20.0 40.0
Nag 20.0 20.0 45.0
Metamax BASF Germ [21] Na 1.51 5.00 12.6 100N/min 75.5
K 1.47 5.00 12.6 100N/min 109.0
Metamax BASF Germ [19]  K-1.5-24 1.46 15 0.0100 32.0
K-2-24 1.68 15 0.0100 26.1
K-1.5-48 1.46 15 0.0100 333
K-2-48 1.68 15 0.0100 30.1
Na-1.5-24 1.38 15 0.0100 321
Na-2-24 1.50 15 0.0100 26.6
Na-1.5-48 1.38 15 0.0100 37.1
Na-2-48 1.50 15 0.0100 26.4
MK Argeco France [26] Na 1.34 40.0 40.0 3 62.0
MK NE Brazil [40] Na 141 52.0 49.0 48.0 1h
MK Australia [44] FSGP Na-0.5 142  25.00 40.0 5 0.0050 35.0
SGP Na-1 146  25.00 40.0 5 0.0050 72.0
MK China [30] Na 40.0 40.0 6 0.0217 34.9
MK Cameroon [35][1] Na-1C/min 20.0 20.0 200N/min 49.4
[SK/min] Na-5C/min 20.0 20.0 200N/min 36.0
[10K/min] Na-10C/min 200  20.0 200N/min 31.0
MefistoKO5 Czech Rep [36] Na-20C 2.09 40.0 40.0 16.0 52.0 58.0 62.0
40C Na-40C 2.03 40.0 40.0 37.0 58.0 61.0 62.0
60C Na-60C 1.98 40.0 40.0 47.0 46.0 50.0 48.0
80C Na-80C 1.96 40.0 40.0 52.0 47.0 51.0 51.0
MK Australia [29] Si:Na=1.5/1.0 234
Si:Al/Na:Al=2.0/1.0 Si:Na=2.0/1.0 51.3
Si:Al/Na:Al=2.0/1.29 Si:Na=2.0/1.29 53.1
Si:Al/Na:Al=2.5/1.0 Si:Na=2.5/1.0 45.0
Si:Al/Na:Al=2.5/1.29 Si:Na=2.5/1.29 64.0
Si:Al/Na:Al=2.5/1.53 Si:Na=2.5/1.53 49.0
Si:Al/Na:Al=3.0/1.53 Si:Na=3.0/1.53 26.0
Si:Al/Na:Al=3.0/2.0 Si:Na=3.0/2.0 19.9
MK BASF Colombia [37] K 20.0 20.0 0.0167 41.0 42.0
MK China [33] K 231 40.0 40.0 6 2500N/s 50.0
MK China [34] Na-0 5 0.083 49.0
MK China [32] 20C-AC Na-20C-AC 20.0 20.0 0.0083 60.0 67.0
80C-SC Na-80C-SC 20.0 20.0 0.0083 69.0 46.0

80C-WC Na-80C-WC 20.0 20.0 0.0083 77.0 67.0
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Table 4: Physical and four-point flexural strength properties of MK-based GPCs.

MK Id. GP Type Density 4Pt Flexural Strength
(g/cms) L(mm) d{mm) b{(mm) Samples r(mm/s) 1d(MPa) 7d (MPa) 14d (MPa)28d (MPa)
Metamax BASF Ger [72] K 1.47 40.0 10.0 10.0 23 N/min 7.5
Metamax BASF Germ [22] K 1.47 40.0 1.6 10.0 6 0.001 4.5
MK-ZK; Iran [41] Na 150.0 19.0 28.0 5 4.6 4.7 5.3
MK KaolexBN Germ [17] K 150.0 25.0 25.0 6 2.8
MK KaolexBN Germ [18] K 150.0 25.0 25.0 6 2.8
Metamax BASF Germ [21] Na 1.51 40.0 10.0 10.0 0.001 14.1
K 1.47 40.0 10.0 10.0 0.001 8.7

Table 5: Physical and three-point flexural strength properties of MK-based GPCs.

MK Id. GP Type  Density 3Pt Flexural Strength
(g/cm®) L(mm) d{(mm) b{(mm) Samples r (mm/s) 1d(MPa) 3d(MPa) 7d(MPa) 14d (MPa)28d (MPa)
MKA76 Brazil [71] Na 40 10 10 7 0.010 10.5
MK China [31] K 30 4 3 6 0.008 16.8
MK Argeco France [26] Na 1.34 160 40 40 3 8.5
MK Australia [44] FSGP 1.42 40 6 10 5 0.005 3.1
SGP 146 40 6 10 5 0.005 10.8
MefistoKO5 Czech Rep [36] Na-20C 2.09 160 40 40 4.0 10.0 115 11.6
40C Na 2.03 160 40 40 8.0 11.4 11.4 11.4
60C Na 1.98 160 40 40 10.5 11.3 9.4 10.0
80C Na 1.96 160 40 40 10.6 9.7 9.9 10.6
MK China [33] K 2.31 100 40 40 6 S50N/s 5.4
MK China [34] Na-0 S5 0.008 4.3

BF4W) GPC tested for 4-pt flexural strength revealed im-
prints of the pulled-out bamboo fibers and BFs pull-out,
with no abrupt rupture, denoting force transfer between
the bamboo fibers and the geopolymer matrix. (3) The
BFs-reinforced GP compressive strengths of 25 x 50-mm
tested samples were lower (23 —38 MPa) than that of pure
GP (56 MPa), but still met the requirements for use in sus-
tainable structural applications. (4) There was no differ-
ence in 4-point flexural strength between the alkali and
water treatment of the bamboo fibers and strips. Adding
bamboo strips to the GPC reinforced with bamboo fibers
increased the flexural strength by about 3.5 times. The
stress-strain curves were smooth, and yielded a reason-
able average flexural strength of 7 MPa for the fiber-rein-
forced GPC, and high average flexural strength of 25 MPa
for the mixed fiber-strip-reinforced GPC. (5) Design, fab-
rication and evaluation of mixed mode compounds con-
taining chopped fibers inter-dispersed between long slices
of bamboo revealed the bamboo-reinforced geopolymer
composite to be a potential sustainable green material for
construction.

Barbosa et al. 40 used an Na-GP formulation of 1.25
Na,0-Al,03-4.3 S10,-10 H,O, with samples matured at
room temperature for 1h, cured at 65 °C for 1.5h, and
dried at 65 °C for 1 h. The resulting average compressive
strength values aged for 1h, 24 h and 3 days were 48, 52
and 49 MPa, respectively.

Latella et al. #* reported based on EDS analyses that
the lower the Na/Al ratio (0.5 and 0.6 for furnace slag
geopolymer (FSGP) and slag geopolymer (SGP), respec-
tively), the less Na is available for binding to form a co-
herent solid. FSGP and SGP presented density and poros-

ity values of 1.42 g/cm3, 20 %, and 1.46 g/cm3, 25 %, re-
spectively. The highest compressive strength value ob-
tained was for SGP (72 + 5 MPa). FSGP yielded only 35 +
5 MPa compressive strength. Three-point MOR and E for
SGP and FSGP were 10.8 = 0.7 MPa, 9.6 + 0.3 GPa, and
3.1 £ 1.5MPa, 5.3 £ 0.6 GPa, respectively. SEM images
of polished surfaces in the densified regions of the two
GPs showed that SGP was denser compared with FSGP.
However, it also had some unreacted MK grains scattered
throughout the matrix.

Yunsheng ez al. 30 reported that the Na,O/Al,O3 and
H,0/Na,O had a very important impact on the com-
pressive strength (34.9 MPa), while the S10,/Al,03 had
little influence. Macroscopic and microscopic results re-
vealed that an almost fully reacted Na-PSDS geopoly-
mer could be obtained at the molar ratio Si10,/Al,05 =
5.5, Na,O/Al,03 = 1.0 and H,0/Na,O = 7.0. Micro-
scopic analysis showed structural characteristics similar to
solidified gels.

Kenne et al. 35 reported that the rate of calcination
of kaolin had no significant effect on the bulk densi-
ty of metakaolins. The SiO,/Al,O3 molar ratio was
2.28. The XRD halo peak with 26 between 18° and
38° for metakaolins was now located between 20° and
45° for geopolymers, which is the XRD fingerprint of
geopolymerization. The lower the rate of calcination,
the more complete was the transformation of kaolin in-
to metakaolin. Residual kaolinite was mainly responsible
for the increase of the loss on ignition, which was a good
indication of the presence of reactive phase: the higher
the loss on ignition, the less reactive phase contained by
the metakaolin allowing for geopolymer synthesis. As the
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rate of calcination of kaolin increased, the setting time in-
creased (226 min (rate of 1 K/min)-692 min (5°)-693 min
(10°)-773 min (rate of 20 K/min)) while the compres-
sive strength was reduced (49.4 MPa (rate of 1 K/min)-
36 MPa (5°)-31 MPa (10°)-20.8 MPa (rate of 20 K/min).
Compressive strengths of geopolymers were higher for
metakaolin that did not contain residual kaolinite and this
was achieved when kaolin was calcinated at a low heat-
ing rate. From the results obtained, it was concluded that
the production of geopolymers having high compressive
strength along with low setting time required that the cal-
cination of kaolin be carried out at a low rate.

Rovnanik 3¢ reported that almost all tested specimens
set and formed hard structures within 24 h after prepara-
tion, except for the specimens that were cured under low
temperature conditions. A temperature of 10 °C retard-
ed the setting and hardening of a geopolymer mixture to
4 days. Reference mortar cured at an ambient tempera-
ture reached the compressive strength of 62 MPa and flex-
ural strength 11.6 MPa at the age of 28 days. Compressive
and flexural strengths of geopolymer mortar cured at 60
or 80 °C, respectively, reached their final values just 24 h
after mixing and exceeded the values observed for samples
cured at an ambient temperature three times over. How-
ever, the rapid setting prevented the mixture from the for-
mation of a more compact and tough structure. Hence the
compressive strength in 28 days was 10 MPa lower com-
pared to that of the reference mortar. On the contrary, the
mixture that was cured at decreased temperature exhibited
delayed strength development, reaching the target value of
62 MPa in 28 days after mixing.

Rovnanik 3¢ found that the explanation of this behavior
in geopolymer is thought to be similar to the influence of
temperature on the strength development of Portland ce-
ment. At early ages, the strength increased with the tem-
perature since at higher temperatures the geopolymeriza-
tion degree was higher, and therefore the amount of reac-
tion products increased. On the other hand, at longer ages,
when the geopolymerization degree was approximately
the same, the quality of reaction products was the pre-
dominant parameter. The geopolymer developed at low-
er temperature grew slowly and then its quality was better
in terms of lower porosity and higher toughness.

Rovnanik 3¢ also found that the flexural strengths of
specimens cured at different temperatures showed the
same trend as for the compressive strengths. Longer cur-
ing of geopolymer mixture accelerated the development
of strength in the first 24 h of hardening. Meanwhile the 1-
day compressive strength of geopolymer mortar cured for
1h at 40 °C was only 13 MPa. The strength increased by
almost three times to 37 MPa when curing was prolonged
to 4 h. The final values of strengths were reached ap-
proximately in 7 days and they were comparable to those
observed for reference samples cured at ambient tempera-
ture. The specimens that were cured for two or more hours
at high temperature reached their final strengths in 3 days
with values of about 50 MPa. In contrast, when the mix-
ture was subjected to higher temperature just for 1 h, the
trend for strength development was very similar to that
observed with 4-h curing at 40 °C. In this case, the early-
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age compressive strength was approximately 30 MPa, but
the final strength was not decreased.

Rowles and O’Connor 2 found that the lower-strength
GPs showed a distinct “grainy” structure: a predominant-
ly “two-phase” arrangement comprising the inorganic
polymer matrix and incompletely dissolved grains. Dif-
ferences between the relative amount of grain phase ap-
parent from SEM imaging and the chemistry derived from
EDS suggested that the grains were intermediate in chem-
ical composition between that for MK and for the fully
formed inorganic polymer. The presence of a two-phase
material suggested that either the curing regime and/or the
particle size of the MK needed to be optimized to obtain
a single-phase inorganic polymer. Optimization of the
curing regime would create an environment in which all
of the MK could dissolve, whereas varying the initial MK
particle size might provide the maximum particle size that
may be fully dissolved. The microstructures for Si:Al =
1.08, corresponding to digestion with NaOH rather than
sodium silicate, were dominated by undissolved grains,
indicating the need to conduct the digestion with sodium
silicate solution to efficiently achieve geopolymer for-
mation. The application of sodium silicate solution was
required to drive the MK-to-geopolymer dissolution re-
action. Increasing the level of silicate in solution, as in-
dicated from the microstructure trends for an increased
Si:Al ratio in the starting materials, increased the extent of
MK dissolution.

High strength was also associated with a fine-grained
microstructure >4, For the maximum strength sample
(Si:Al =2.5/1.29; 64 MPa), the residual grains exhibited
polishing relief, indicating that the matrix was harder than
the grains, which was a possible explanation for the dif-
ference in compressive strength compared with, for ex-
ample, sample 2.0/1.0 (51.3 MPa). There was evidence,
from the appearance of microcracking for sample 3.0/1.53
(26 MPa), that a practical upper limit may exist in respect
of strength optimization by increasing the Si:Al ratio for
the current preparation method. The compressive strength
of the GPs increased with a slight increase in Na content
above the stoichiometric amount. The variation in the
compressive strength of the GPs could not be attribut-
ed solely to changes in the microstructure, as it could
be shown that the chemical composition of the GP also
caused changes in the compressive strength. This point
was highlighted with the comparison of samples 1.5/1.0
(23.4 MPa) and 2.0/1.0 (51.3 MPa) and samples 2.5/1.53
(49 MPa) and 3.0/2.0 (19.9 MPa).

Although the microstructures of these samples were
similar, their compressive strengths differed by approx.
100 %. Excessive Na would break down the polymer net-
work by terminating Si-O-Na chains, leading to a weaker
material owing to a degraded polymer network. Excess
Na led to the formation of Na,COj3; when the material
was exposed to the atmosphere, thus indicating the avail-
ability of Na* ions in the material. Examination of the
microstructure was of value for assessing qualitatively the
extent to which grain dissolution had occurred, for ex-
amining porosity, and for looking for the development of
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Na,COj;. However, SEM imaging alone did not give an
unequivocal indication of the likely compressive strength.

Rowles and O’Connor 2? provided the following in-
sights into microchemical optimization of compressive
strength: (1) Chemical composition of the starting materi-
als did not accurately predict the chemical composition of
the geopolymer matrix owing to incomplete dissolution
of the starting material; (2) The ideal Na:Al molar ratio of
1.0 required for charge balance in the bonding network
was observed for the matrix; (3) As the nominal Si:Al mo-
lar ratio for the final material increased, the Si:Al ratio
increased steadily from the MK value, without resulting
in the full dissolution of the grain.

These results underline the importance of using SEM/
EDS microchemical analysis for designing chemical pro-
cessing conditions for strength-optimized geopolymers,
rather than relying on imaging or bulk chemistry in iso-
lation. The conclusions deduced were that: (1) The over-
all elemental composition of the starting materials does
not accurately predict the microchemical composition of
the geopolymer matrix. Whereas the material with maxi-
mum compressive strength (65 MPa) had a stoichiometric
composition of Na [-(510,)2.6-(AlO,)-],,, the composi-
tion of the matrix from EDS analysis was Na, [-(510,)3.2-
(AlO,)-],. (2) Exceeding the Si:Al ratio of strength op-
timization results in the development of microcracking,
which substantially weakened the material. (3) The ide-
al Na:Al ratio of unity required for charge balance in
the bonding network, for the current sample preparation
method, was observed for the matrix whereas the prior
study indicated that an excess of Na*, amounting to Na:Al
= 1.25 in the starting materials, was required for forma-
tion of the optimum strength material. This is inconsistent
with detailed studies by Riischer ez al. 53. (4) As the nomi-
nal Si:Al ratio for the final material increases, the Si:Al ra-
tio increases steadily from the ideal MK value of unity. (5)
To produce an optimum GP using the processing condi-
tions described here, it is most likely that the particle size
of the initial MK precursor would have to be reduced. (6)
The lack of change in the microstructures for the Si:Al =
1.08 samples suggested the possibility that the presence of
Si species in the activating solution is required to initiate
polymerization.

InZhanget al. 33 potassium-MK based GP average bend-
ing and compressive strengths were 5.4 and 50 MPa, re-
spectively. The MK-based geopolymers showed the typ-
ical microstructure of a dense and homogeneous gel. The
dense gel exhibited fewer cracks, mainly resulting from
previous strength tests that were carried out on these spec-
imens. Although a few unreacted particles could be ob-
served on the surface, the geopolymerization reaction was
almost complete in this group of geopolymers. From the
SEM images of MK-based geopolymers at high magnifica-
tion, MK-based geopolymers appeared as a flake-like lay-
er structure similar to that of metakaolin particulates. This
should not have been since the geopolymer microstruc-
ture should consist of nanoprecipitates. The flake-like lay-
er could have been due to unreacted metakaolin sheets, as
has been observed with TEM 17.
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Zhu et al. 32 reported that the geopolymer binder at
the air curing (AC) conditions achieved 60 MPa after
7 days, 90 % of the 28-day strength (67 MPa). After be-
ing put at 80 °C, the specimens gained higher strength in
the first 7 days (69, 77 MPa) but lost strength at 28 days
(46, 67 MPa). The rapid strength development is a unique
property of metakaolin-based geopolymers, which has
been observed in many studies >6—57. The elevated tem-
perature can accelerate the geopolymerization in the first
days, butlonger curing at high temperatures has a negative
influence on the mechanical properties 3638, The strength
degeneration was attributed to the loss of structural wa-
ter 58 and the increased porosity and pore size 36,59,

Zhao et al. 3* found that their metakaolin was main-
ly composed of zeolite-like compounds as well as small
amounts of quartz and anatase, based on their character-
istic diffraction peaks ¢0. Sodalite zeolite phase has been
reported for Na-based geopolymer of the composition
Na,0-Al,05-2510,-H,0, as seen with 172 situ, pair distri-
bution diffraction (PDF) synchrotron studies of geopoly-
mer 43. The diffractions of zeolite-like compounds seemed
to disappear with increasing the Si/Al molar ratio up to
2/1, and the resulting geopolymer only exhibited a broad
hump at 26 = 25-28° in the XRD pattern along with very
small superimposed peaks for a trace of quartz impuri-
ty, indicating the completion of geopolymerization in this
formulation. The unreinforced geopolymer presented a
low flexural strength of 4.26 MPa. It was observed that
the incorporation of polyacetal (POM) fibers imparted to
the geopolymeric composites a significant improvement
in flexural strength.

The flexural strength was also found to depend on fiber
content and fiber length. When the POM fibers having
a length of 3 mm were added into the geopolymer, the
flexural strength increased with increasing the fiber con-
tent, and it achieved a maximum value at a fiber content
of 1.2 wt%. Beyond that, the flexural strength presented a
decrease with further increase of fiber content. However,
the reinforcement effect seemed to be more significant for
the geopolymeric composites with fibers having lengths of
6 and 9 mm, and the maximum flexural strength was ob-
tained at a fiber content of 0.8 wt%.

Similar to flexural strength, the compressive strength also
achieved aremarkable enhancement owing to the incorpo-
ration of POM fibers. Moreover, the compressive strength
showed a similar dependence on fiber content and fiber
length as the flexural strength. With increasing fiber con-
tent, the compressive strength was observed to increase
continuously and then to reach a maximum value at a fiber
content of 1.2 wt% for the fibers with a length of 3 mm.
As for the POM fibers having lengths of 6 and 9 mm, the
composites gained maximum compressive strength only
at a fiber content of 0.8 wt%. Compared to unreinforced
geopolymer, the flexural strength of geopolymeric com-
posites increased by 153.7 % and 140.1 % at the optimum
fiber content for the POM fibers having lengths of 6 and
9 mm, respectively. Meanwhile, the compressive strength
also reached the optimal increments of 25.7 % and 24.1 %
for the fibers having lengths of 6 and 9 mm, respectively.



September 2017

Zhao et al. 3* concluded that compared to unreinforced
geopolymer, the composites could obtain a maximum up-
grade by approximately 50 % in flexural strength and by
almost 26 % in compressive strength through optimiza-
tion in respect of the content and length of POM fibers.
The longer POM fibers generated a better reinforcement
effectin the geopolymer and also imparted the composites
with a lower optimal fiber content with which to achieve
the maximum mechanical properties. The reinforcing be-
haviors of POM fibers were derived from a cumulative
energy-dissipating effect by the fiber pullout and orienta-
tion, fiber rupture, fiber debonding from the matrix, and
fiber bridging within cracks.

Several studies indicated that the reinforcement effect
of organic fibers on geopolymers was derived from the
fiber-bridging behavior (general case) 23-24,39,53,61-62,
This could be attributed to the higher numbers of fibers in
cracked sections, which led to the higher fiber-bridging ca-
pacity. Inaddition, the longer fiber lengths favored the for-
mation of fiber bridging among the cracks in geopolymer-
ic composites of the same fiber content, and so was more
beneficial to the reinforcing effectiveness of POM fibers.

It is considered difficult to blend flexible organic fibers
discretely into the geopolymeric matrix when their con-
centration is excessive, because the excessive fibers may
become entangled with each other in some parts of the
matrix under the mechanical agitation. The fiber agglom-
eration occurring in the matrix can constitute an obsta-
cle to the bonding between the matrix and fibers. There-
fore, a threshold has been observed in many inorganic
composites containing reinforcing organic fibers. With in-
creasing fiber content over such a threshold, the mechan-
ical strength shows an overall tendency to decrease. The
geopolymeric composites containing the POM fibers hav-
ing lengths of 6 and 9 mm have a lower threshold than
those having a length of 3 mm, indicating that the longer
fibers become more easily entangled with each other in
the matrix. The reinforcement mechanisms of plastic fibers
in cementitious materials have been extensively studied,
and it is widely accepted that fiber rupture, fiber pullout,
and fiber debonding from the matrix can effectively ab-
sorb and dissipate fracture energy to stabilize the propaga-
tion of cracks within the matrix when bending or compres-
sive failure occurs in fiber-reinforced cementitious mate-
rials 63,

Wang et al. 6 investigated the effects of the concentra-
tion of the alkali activator solution and drying time on
the compressive and flexural strength in a sodium-activat-
ed metakaolin system. For a 12 M NaOH activator so-
lution, the authors reported a flexural strength >50 MPa
after 7 days and a corresponding compressive strength of
~65 MPa. Although the lengths of the specimens used by
Lin et al. 31 and He ez al. 65 were also relatively small, the
width and thickness were smaller, too. While the use of
such small specimens is relatively common for the flexural
strength testing of engineering ceramics, their applicabili-
ty for geopolymers seems challenging owing to the fragili-
ty and relatively low mechanical strength of geopolymers
compared to engineering ceramics. Nonetheless, unlike
the flexural strength reported by Wang et al. 64, the mea-
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surements conducted by Lin et al. 3! and He et al. 6>
seemed to obtain reasonable results.

On the other hand, the comparison of the mechanical
properties of Lin ez al. 31 with Kriven et al. 17 revealed ma-
jor differences. The chemical composition of the geopoly-
mers used by Kriven e al. 17 and Lin et al. 3! were identi-
cal. These compositions were close to what is widely con-
sidered to be the optimum compositional range for strong
geopolymers. Although there is no general relationship
between the compressive and flexural strength of geopoly-
mers, a roughly similar compressive strength would al-
so be expected. Given the similarity in the chemical com-
positions, similar properties would also be expected for
the geopolymer used by Kriven ez al. 17. However, the
comparison of the strength values reveals major differ-
ences. There are many factors that can affect the mechani-
cal properties such as the material system, processing and
testing parameters.

Possible explanations for the comparatively low strength
values of Kriven ez al. 17 must be considered. The first pos-
sibility is that the low mechanical strength is a result of
insufficient processing of the geopolymer binder. This ar-
gument is supported by the observation within the same
publication that by improving the general processing and
the application of a vacuum method to remove entrapped
air, the compressive strength could be improved up to a
maximum value of 83 MPa. This clearly highlights the ef-
fect of the processing methods on the mechanical proper-
ties. Thus, there is suspicion that the low strength values
reported by Kriven et al. 17 could be based on the mea-
surement of in some way not visible defective specimens.
In this context, the study by Kriven et al. 17 is merely an ex-
ample and the same considerations may also apply to many
other studies.

He et al. 5 reported a flexural strength and elastic mod-
ulus of 133 MPa and 37 GPa, respectively, for a unidirec-
tional-carbon-fiber-reinforced composite with afiber vol-
ume content of 20—-25 %. The need for standardized test-
ing methods for geopolymer matrix composites should be
emphasized. A minimum span/depth (s/d) ratio of 32:1 is
recommended for the flexural testing of geopolymer ma-
trix composites to reduce shear stresses and achieve ten-
sile failure. Smaller s/d ratios tend to induce predominant-
ly shear failure. Failure seems to occur owing to matrix
fragmentation in the interlaminar areas of the composite
despite their orientation parallel to the loading direction.
The matrix is the failure-dominating component under
both loading directions for the carbon composites. Giv-
en the weak nature of the geopolymer matrix, the weak
matrix composite concept (weak matrix mechanical prop-
erties and weak fiber/matrix interface bonding strength)
seems much more applicable to describe the behavior of
geopolymer composites.

Villaquirdn-Caicedo and Gutiérrez 37 revealed that, in
general, a decrease in strength occurs at long curing ages
(7-days, 41 MPa; 28-days, 42 MPa; 90-days, 38 MPa; 180-
days, 24 MPa). This effect was attributed to the curing
temperature and time used in the geopolymer synthesis
during the initial hardening phase at 70 °C for 20 h 66. On
the surface of geopolymer, ata curing age of 28 days, it was
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possible to observe in the SEM micrographs small parti-
cles of unreacted residual MK embedded in the hardened
gel. After 180 days, a similar morphology was observed
for geopolymer, with the presence of pores and particles
of unreacted MK. The greater porosity can be attributed
to the effect of curing at 70 °C, and the greater amount
of water in the mixture (liquid/solid molar ratio of 0.4).
Although higher water contents are necessary for worka-
bility and mobilization of the alkaline ions during the mix-
ing process, and in the fresh state, at a greater age, this con-
tributes to contraction and cracking and increases porosity
in the microstructure of the hardened gel 66-67.

Conlflicting results on the compressive strength of fiber-
reinforced geopolymer composites (FRGPCs) have been
reported in the literature. In another study, an improve-
ment in the early-age compressive strength of a PP-fiber-
reinforced FRGPC was reported compared to an unre-
inforced one ¢1. The source materials in this study were
a combination of fly ash and calcined kaolin with a ra-
tio of 1:2. An increase in compressive strength by about
68 % and 20 % at 1 and 3 d, respectively, was observed for
a FRGC containing 0.5 wt% PP fiber. However, beyond
this fiber content the compressive strength decreased at
both ages.

Like cement-based fiber composites, the tensile and flex-
ural strengths of FRGPCs are also increased with the addi-
tion of fibers. Zhang et al. 61 studied the early-age flexural
strength of PP-fiber FRGPCs. A significant improvement
in the flexural strength of the PP-fiber FRGPCs at 1 and
3 days was observed. The flexural strength almost doubled
with the addition of 0.75 % PP fiber at both ages.

In another study, Natali et al. 68 studied the flexural
behavior of metakaolin/slag-based FRGPCs containing
four different types of fiber. The fibers used were car-
bon, E-glass, polyvinyl alcohol (PVA) and polyvinyl chlo-
ride (PVC). Each of the types of fiber improved the flex-
ural strength of the FRGPCs. Most notably, carbon- and
PVA-fiber-reinforced FRGPCs exhibited about a 50 %
and 62 % increase in flexural strength, respectively, along
with a significant improvement in post-crack ductility.
The carbon FRGPC also had the highest toughness index
of all the FRGPC:s.

In another study, the flexural behavior of FRGPCs with
extruded PVA fibers made from a sodium silicate/sodium
hydroxide activated metakaolin and a fly ash/metakaolin
blend were investigated ¢8-69. The PVA fibers (14 pm in
diameter, 6 mm in length) were at 0vol%, 1vol% and
2vol% in the composite and the composite was produced
using a single-screw extruder. The samples were allowed
to cure at room temperature and the flexural strength was
tested after 28 days. In the flexural tests, the metakaolin-
based FRGPC exhibited substantial increases in mid-
point deflection and distributed microcracking with an
increase in fiber content. However, the ultimate flexural
strength was notimproved with the addition of PVA fibers
to the metakaolin-based FRGPC. On the other hand, in-
creasing the quantity of fly ash in the metakaolin/fly ash-
blended FRGPC decreased the flexural strength except for
the composite containing 10 % fly ash, where the flexural
strength increased by about 30 % compared to the com-
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posite containing no fly ash (i.e. 100 % metakaolin). The
decrease in flexural strength could be due to the lower re-
activity of fly ash compared to metakaolin, which caused
a “dilution’ of the strength-bearing phases. This was also
observed during analysis of the failure mechanism, which
varied from fiber fracture (low fly ash) to fiber pull-out
(high fly ash), because of the weakening of the matrix
due to reduced geopolymer formation, which altered the
fiber/matrix bonding. In this system, fly ash was shown
to play a complex role in the metakaolin/fly-ash-blended
geopolymeric composites 4.

The poly(acetal) POM fiber used in the paper by Zhao
et al. 3* was still in the development phase. It has not been
commercialized so far. According to the authors, POM
is one of the most important engineering thermoplastics.
The addition of 1 wt% POM fiber to a poly(sialate-siloxo)
geopolymer provided higher strength associated with a
new property: low friction coefficient. The mechanical
and tribological properties of the resulting composites
were evaluated, and the morphology and microstruc-
ture were investigated. The POM fibers provided signifi-
cant mechanical reinforcement for the metakaolin-based
geopolymer. The composites were optimized for flexural
and compressive strength in respect of 1 wt% fiber con-
tent and 6 mm fiber length. Compared to unreinforced
geopolymer, the composites obtained an optimum im-
provement in flexural strength up to 11 MPa compared to
4.5 MPa for plain geopolymer, and a compressive strength
up to 62 MPa compared to 49 MPa. The POM geopoly-
mer also achieved a considerable reduction in the friction
coefficient and abrasion loss rate. Such an enhancement of
tribological performance was ascribed to the formation of
self-lubricating transfer films between the contact surfaces
of composites against the steel counterpart. According to
the authors, the improved mechanical strength, enhanced
tribological properties, environmental friendliness and
relatively low cost made these developed POM geopoly-
meric composites potentially attractive for a number of
construction and civil engineering applications.

Alzeer and MacKenzie 48 reported the use of two types
of wool (carpet wool and Merino wool) for this purpose,
with the aim of producing novel, environment-friend-
ly low-cost composites with improved flexural strength
and graceful failure for engineering and construction ap-
plications. The mechanical properties of fiber-reinforced
composites depend on the fiber-matrix interface, since the
strength of such a composite is obtained by transferring
the stress between the fibers and the matrix. With an aver-
age 5-wt% wool fiber content, the flexural strengths were
in the range of 8.1 to 9.1 MPa, compared with 5.8 MPa for
the pure geopolymer, and graceful failure, unlike the un-
reinforced matrix that displayed ceramic-like brittle frac-
ture.

Alzeer and MacKenzie 79 studied another bio-fiber, flax.
A poly(sialate-siloxo) geopolymer was unidirectional-
ly reinforced with 4—10vol% natural cellulose-based
fiber, flax phormium tenax. The mechanical properties of
the fiber-reinforced composites improved with increas-
ing fiber content, achieving ultimate flexural strengths
of about 70 MPa at 10vol% fiber contents. This repre-
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sented a significant improvement on the flexural strength
of the unreinforced geopolymer matrix (about 5.8 MPa).
The composites showed graceful failure, unlike the brit-
tle failure of the matrix. The results of scanning electron
microscopy, combined with thermogravimetric analy-
sis (TGA) and thermal shrinkage measurements of these
composites suggested that despite the formation of mi-
crocracks due to water loss from the geopolymer matrix,
the fibers were thermally protected by the matrix up to
400 °C. The flax fibers did not appear to be compromised
by the alkaline environment of the matrix, suggesting new
possible applications for these low-cost simply prepared
construction materials.

IV. Conclusions

The general observations from the reviewed worldwide
research on MK-based GPCs reveal a broad range of pro-
cessing, testing parameters and results:

1. Metakaolin (MK) has the main components SiO,
and Al,O3 in weight percentages ranging from
44.4-73 % and 14.5—47.43 %, respectively.

2. MK calcination temperatures and holding time ranged
from 650-900 °C and 0.5—24 h, respectively.

3. GP processing mixing speeds and times ranged from
600—2500 rpm and 3 — 30 min, respectively.

4. Geopolymer Si/Al ratios ranged from 1.4 - 8.

5. Compressive strength testing samples were ei-
ther cylindrical (3-50 mm diameter) or cubic
(20-50 mm).

6. Compressive strength testing number of samples
ranged from 3 - 20.

7. Compressive strength testing speeds ranged from
0.0001-0.0833 mm/s.

8. GP density ranged from 1.34-2.31 g/cm3.

9. The compressive strengths (1, 3,7, 14 and 28 d) lay in
the broad range 13.9-109 MPa.

10. Flexural strength testing methods were either 4-point
or 3-point loading.

11. The 4-point flexural strength testing samples’ dimen-
sions ranged from 40— 150 mm (length), 1.5-25 mm
(depth) and 10-28 mm (breadth).

12. The 4-point flexural strength testing number of sam-
ples ranged from 5-6.

13. The 4-point flexural strength testing speed was
0.001 mm/s.

14. GPC density ranged from 1.47-1.51 g/cm3.

15. The 4-point flexural strengths (7 d) lie in the broad
range 2.8 —14.1 MPa.

16. The 3-point flexural strength testing samples’ dimen-
sions ranged from 30-160 mm (length), 440 mm
(depth) and 3 —40 mm (breadth).

17. The 3-point flexural strength testing number of sam-
ples ranged from 3-7.

18. The 3-point flexural strength testing speed ranged
from 0.005-0.010 mm/s.

19. The 3-point flexural strengths (1, 3,7, 14 and 28 d) lay
in the broad range 3.1-16.8 MPa.

The worldwide investigations on MK-based particles
and fiber-reinforced GPC reviewed here revealed large
variations of data results among and within different
laboratories. Due to the unavailability of a standard for
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processing and testing geopolymer composites, different
laboratories use differing procedures, making data com-
parison very difficult. The promising market of geopoly-
mer composites for the sustainable construction industry
would benefit from a uniform standard for laboratory
processing and testing. This would contribute to the cre-
ation of a larger and more reliable data bank, so as to lead
to the manufacture and certification of geopolymeric sus-
tainable construction materials.
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