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The concept of geopolymers has been widely studied since it was proposed. However, the
wide range of applications of geopolymers is affected by brittleness and poor crack
resistance. In this study, the mechanical properties of geopolymers with single-doped PVA
fibres, single-doped carbon nanotubes, and mixed PVA fibers and carbon nanotubes were
studied respectively first. It was found that PVA fibres and carbon nanotubes had a positive
effect on improving the mechanical properties of geopolymers, especially bending strength
and flexural strength. Moreover, the incorporation of PVA fibre could improve the damage
morphology of geopolymers. Additionally, the phase analysis, structural group analysis,
and strengthening mechanism were studied via scanning electron microscopy, mercury
intrusion porosimetry analysis, X-ray diffraction pattern characterisation, Fourier transform
infrared spectroscopy analysis, and magic angle spinning nuclear magnetic resonance
analysis. It was found that the strengthening effect of PVA fiber to the geopolymer was
primarily a physical strengthening effect, whereas the strengthening effect of carbon
nanotubes to the geopolymers was both chemical and physical. Finally, based on the
previous study, a multi-scale dual-fibre strengthening mechanism was proposed. Micro-
nano fibre composites were used to improve microstructure via physical and chemical
effects. This is helpful to improve the performance and application of geopolymers.
Furthermore, it lays a preliminary theoretical foundation for engineering applications
and technical improvement of geopolymers in the future.

Keywords: strengthen, fibre, nanometer material, microscopic analysis, mechanical characteristics

INTRODUCTION

Research on geopolymers began in the 1930s and 1940s. Purdon (1940) used the reaction of slag
and hydroxide to prepare a fast-setting high-strength cementing material and proposed the alkali
catalysis mechanism. Davidovits et al. understood the polymerisation mechanism of mineral
polymer materials while studying the use of silica-alumina materials to prepare fireproof building
materials. In 1979, they proposed the concept of geopolymers (Davidovits et al.,, 1979). He
pointed out that geopolymers are a new type of inorganic aluminosilicate cementitious material
with a three-dimensional network structure similar to that of an organic polymer (Davidovits,
1998).
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Geopolymers can be obtained from various raw materials and
require less production energy (Shi et al, 2020). The energy
consumption and CO, emission for the production of 1 ton of
geopolymer is 41 and 20%, respectively, of that of ordinary
Portland cement (Davidovits, 2013). Since 1978, the research
and application of geopolymers have attracted the attention of
scientific researchers worldwide. It has been used in digital
construction, repair materials, fast hardening and early
strength materials, high-temperature refractory materials, and
high-strength structural materials (Nematollahi et al., 2019). The
density of geopolymers, about 1.8 g/cm’, is similar to that of
ceramics, with high strength and rapid strength development
(Lizcano et al., 2012). The strength of geopolymers can reach over
100 MPa (Sa Ribeiro et al.,, 2017). Moreover, the hot pressing
process can also improve the compressive strength of
geopolymer. The flexural strength of a geopolymer with metal
fibres can reach up to 350 MPa. Generally, geopolymers can
attain more than 70% of the strength attained in 28 days
within 24 h, and the strength attained in 3 days can be more
than 90% of the strength attained in 28 days (Yaseri et al., 2017).
However, the elastic modulus of geopolymers is only a quarter of
that of ceramics. For example, by using a Na,0SiO,/NaOH ratio
of 1.6, samples showed elastic modulus of about 10 GPa (Pelissera
et al, 2013). On the other hand, the physical property of
geopolymer is also influenced by its chemical structure (Li
et al., 2020). Because of the unique cage structure (Davidovits
et al, 1990; Davidovits, 1994a), geopolymers can effectively
consolidate heavy metal ions. Moreover, it can be used as a
thin-film adsorption material to seal heavy metal ions and
radioactive elements.

In addition to high strength and good heavy metal ion
consolidation, many studies have shown that geopolymers
have good acid and alkali corrosion resistance, fire resistance,
and high-temperature resistance. After soaking in 5% sulphuric
acid solution and hydrochloric acid solution separately for
30 days respectively, the mass loss rate of the geopolymer was
stable at 5-8% compared to that of traditional cement at 70-95%
(Davidovits, 1994b). In a high-temperature environment, owing
to the presence of highly distributed nanopores in the ceramic-
like microstructure of geopolymers, free water and bonding water
are allowed to migrate without destroying the three-dimensional
network-like bonding structure of the geopolymer (Duxson,
2007), thereby reducing the negative impact of the high-
temperature environment. Kong et al. (2007) found that the
strength of fly ash-based geopolymers increased by 6% after
being burned at a high temperature of 800°C.

Although geopolymers have many excellent mechanical and
durability properties, they are brittle with insufficient toughness.
When subjected to external forces, they tend to fracture like
ceramics, which is undesirable for engineering applications. To
reduce the brittleness and improve the toughness of geopolymers,
scholars have performed various studies on the strength,
mechanism, and dynamic characteristics of fibre-reinforced
geopolymers.

Fibre-reinforced geopolymers are similar to fibre-reinforced
cement-based materials. Fibre-reinforced geopolymers are
prepared by adding a certain amount of fibres to strengthen
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and toughen the geopolymer matrix. He et al. (2016) and Yuan
et al. (2016) studied the influence of SiC fibre content and fibre
length on geopolymers. The test results showed that SiC fibre had
significant strengthening and toughening effects, The toughening
mechanism was the same as that of fibre toughening in cement-
based materials, i.e., a weak interface bond formed by mechanical
interlocking. Nematollahi et al. (2017) and Nematollahi et al.
(2019) studied the influence of the fibre-matrix interface
characteristics on the crack bridging of composite materials
based on a micromechanical model of PVA short fibres and
fly ash-based geopolymer to explain the macro-mechanical
characteristics. Sukontasukkul et al. (2018) studied the effect of
mixing steel fibres and PP fibres in different proportions on the
bending properties of geopolymers. Khan et al. (2018) used a
Hopkinson pressure bar device to study the dynamic compressive
properties of steel fibre-PE fibre-reinforced geopolymers and
compared them under quasi-static conditions. Based on the
observation results, an empirical dynamic increase factor
relationship was proposed to simulate geopolymer composite
materials and structures under static and impact loads.

In addition to using conventional PVA fibres and steel fibres
for geopolymerenhancement, carbon nanotubes (CNTSs) have
also been used in the study of strengtheninggeopolymers since
they were first discovered in 1991 (Iijima, 1991). The axial tensile
strength of CNT is high, whereas the axial Young’s modulus is
approximately 270-950 GPa (Yu et al., 2000b). However, CNTs
are soft along the radial direction (Yu et al., 2000a; Yang and Li,
2011), i.e., it will not break when it is bent or twisted, but become
flat at the bending part (Ruoff and Lorents, 1995). High strength
and high toughness enables the fabrication of composite materials
with high-strength and high-toughness.

Presently, the influence of CNT on geopolymers has been
studied less because of mainly focusing on improving the
mechanical and electrical properties of geopolymers. Kusak
et al. (2016) incorporated CNTs into a fine-abrasive blast
furnace slag-based geopolymer and found that the absolute
value of impedance decreased with an increase in the amount
of CNTs. Moreover, the relative dielectric constant increased
overall. Hamzaoui et al. (2014) found that adding CNTs (0.01%
by weight of cement) to the mortar could significantly improve
the strength and rigidity of the mortar. Researcher also found that
the best spatial distribution and crack propagation control of
MWNCTSs in nanocomposites were observed with concentrated
alkali activators, such as sodium silicate (Liebsche et al., 2017).
Carrico et al. (2018) studied the effects of different types of
MWNCTs on the durability of concrete to prove that mixing
different types of MWNCTs could improve the mechanical
properties and durability of each group of concrete with
different water-cement ratios. Additionally, MWNCTSs played
a role in crack bridging and nanometre nucleation effect. Saafi
et al. (2013) found that adding MWNCTs could improve the
flexural strength, Young’s modulus, and flexural toughness of fly
ash-based geopolymers effectively, while enhancing the fracture
energy of geopolymers. Khater and Gawaad (2016) studied the
effects of MWNCTs on the mechanical properties and
microstructure of slag-based geopolymers and found that
0.1wt% and 0.4wt% of multi-walled CNTs can increase the
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TABLE 1 | Chemical composition of metakaolin and water glass.

Oxide composition Al;O3 (%) SiO, (%)
Metakaolin 32.60 59.72
Water glass 0.00 27.35

strength of geopolymers. Rovnanik et al. (2016a, 2016b) found
that as the content of MWNCTs increased, the basic fracture
parameters (fracture toughness and fracture energy) of fly ash-
based and slag-based geopolymers decreased initially and then
recovered or increased slightly. Yang et al. (2017) incorporated
CNT strengthened with PI fibres into phosphoric acid-based
geopolymers and proved that CNTs strengthened with PI
fibres could increase the compressive strength of geopolymers
and improve their fracture properties. Yuan et al. (2017) found
that the flexural strength, elastic modulus, and fracture toughness
of multi-walled CNT-reinforced geopolymers improved
significantly after high-temperature treatment at 950-1200°C.

In summary, steel fibres and carbon fibres are usually used to
strengthen and toughen geopolymers. There are few studies on
the effect of CNT-strengthened geopolymers; however, there is
insufficient research on their physical and mechanical properties.
Nevertheless, research on the strengthening effect of the dual-
fibre composite toughened geopolymer is also scarce; particularly,
theoretical research on the strengthening mechanism still needs
further exploration.

In this study, the strengthening effects of single-doped PVA
fibres, single-doped CNTs, and mixed PVA fibres and CNTs on
the mechanical properties of geopolymers were analysed. The
bending strength, compressive strength, and flexural strength
were studied separately. Scanning electron microscopy (SEM)
and mercury intrusion porosimetry (MIP) analysis were used to
study the microscopic morphology and pore structure of
geopolymers, respectively. X-ray diffraction (XRD) pattern
characterisation, Fourier transform infrared spectroscopy
(FTIR) analysis, magic angle spinning-nuclear magnetic
resonance analysis (MAS NMR), and other technical means
were used to study the basic structural group, amorphous
system, and the structure and dynamics of the system. Finally,
based on the multi-scale microscopic analysis of the
strengthening effect of geopolymers by PVA fibres and CNTs,
a multi-scale dual-fibre strengthening mechanism was proposed.

MATERIALS AND METHODS

Raw Materials

The metakaolin used in this experiment was an industrial-grade
product produced by BASF, Germany. The oxide contents are
shown in Table 1. The alkali activator was composed of sodium
water glass, solid NaOH, and water (tap water). The sodium water
glass, which was obtained from Tongxiang Hengli Chemical Co.,
Ltd., has a modulus of 3.36, and the equivalent oxide content is
shown in Table 1. The solid NaOH was a flake solid produced by
Sinopharm Chemical Reagent Co., Ltd., with a purity of
over 96.0%.

Properties of Fibre Strengthened Geopolymers

Na,O (%) H>0 (%) Others (%)
0.00 0.00 7.68
8.42 64.23 0.00

The water reducing agent (Na,CO;) used in this experiment
was a white powder produced by Sinopharm Chemical Reagent
Co., Ltd., with a purity of over 99.8%. The defoamer model used
was AGITAN" P 803. The PVA fibres used in this study was an
industrial-grade product produced by Nanjing Painier
Technology Industrial Co., Ltd., and the parameters are listed
in Table 2. The CNTs were industrial-grade multi-walled CNT's
manufactured by Suzhou Tanfeng Graphene Technology Co.,
Ltd., and the performance parameters are listed in Table 2.

Mix Proportions and Curing Methods

Based on previous studies, 1%o of defoamer and 3.3%o of Na,COj3
(relative metakaolin mass ratio) were added to the basic mix
proportions of SiO,/Al,O3, Na,0/Al,O3, and H,0/Na,O of 4.30,
0.95, and 12.63, respectively (Zhang and Yang, 2001; Wu and
Zhang, 2017). The PVA fibre content was determined according
to the recommendations provided by the manufacturer (Zhang
et al., 2019). The test arrangements for the single-doped CNTs
and single-doped PVA fibres are shown in Table 3.

In the mixed group, based on the test results of the single-
doped group, the best bending strength of the PVA fibre-
strengthened geopolymer and CNT-strengthened geopolymer
along with the content of both sides (1.2 kg/m3 and 1.5%o.,
respectively) were selected for the orthogonal test. Thus,
groups P1, P2, P3, T3, T4, and T5 were selected. The test
contents are listed in Table 3. In this experiment, the bulk
density of the geopolymer was1.78 g/cm’.

In this experiment, CNTs were first added to the prepared
alkali activator solution and stirred uniformly without
precipitation for some time before preparing the CNT-
strengthened geopolymers. Metakaolin was mixed evenly with
a water-reducing agent and defoamer before adding PVA fibres.
This mixture was then mixed with an alkali activator solution,
which was mixed with CNTs. Finally, the fresh mixture was
poured into the corresponding mould, demolded after 24 h, and
placed in a curing room maintained at a temperature of 20 + 2°C
and relative humidity of more than 95% for curing.

Testing Methods

Mechanical Properties

The mechanical properties of geopolymers, such as bending
strength, compressive strength, and flexural strength, were
tested according to the standard for test method of basic
properties of construction mortar (China national standards,
2009).

The bending strength of the geopolymer specimens with
dimensions of 40 mm x 40 mm x 160 mm, was tested using a
1000 N cement mortar testing machine. The loading speed was
10 N/s and the accuracy was 0.02 MPa. After the bending test, a
compression test was performed on the two broken specimens.
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TABLE 2 | Main performance parameters of PVA fibre and multi-walled CNTSs.

Parameters Value

PVA Fibre type Bundle monofilament

PVA Fibre Monofilament diameter 5-20 um
PVA Fibre Tensile strength 1200-1500 MPa
CNTs Purity >95%
CNTs Outer diameter (nm) 129+ 3.5
CNTs Inner diameter (nm) 3-5

CNTs Wall thickness (nm) 41+13
Number of carbon Tube layers 8-15

TABLE 3 | Single-doped PVA fibre, single-doped CNT, and mixed-doped
strengthened geopolymer test group arrangement.

No. PVA (kg/m®) CNT%o
Single-doped group BO 0 0
P1 0.9 0
P2 1.2 0
P3 1.5 0
P4 1.8 0
P5 2.1 0
T1 0 0.5
T2 0 0.8
T3 0 1.2
T4 0 1.5
T5 0 1.8
T6 0 21
Mixed group BO 0 0
PT1 0.9 1.2
PT2 0.9 1.5
PT3 0.9 1.8
PT4 1.2 1.2
PT5 1.2 1.5
PT6 1.2 1.8
PT7 1.5 1.2
PT8 1.5 15
PT9 1.5 1.8

The measuring range of the pressure testing machine was 100 kN,
and the stress area was 40 mm x 40 mm. In the experiment, the
loading speed was maintained at 50 kN/min to ensure that the
measurement process was quasi-static. The flexural strength of
the geopolymer specimens, whose dimensions were 100 mm x
100 mm X 400 mm, was tested using a universal testing machine.
The specimens were tested at 7 and 28 days old. The bending
strength formula was:

FI
fr=pm

In the formula, f; referred to bending strength (MPa), F
referred to specimen failure load (N), I referred to span between
supports and it was equal to 34 (mm), b referred to section width
of test piece (mm), h referred to section height of test piece (mm).
The lower support span was 120 mm. The two loading points on
the upper surface were at the trisection of the specimen span. The
test value was the average of the three measured values.

The flexural strength formula was:

Properties of Fibre Strengthened Geopolymers

Parameters Value
PVA Fibre Length 6 mm
PVA Fibre Elastic Modulus 32-40 GPa
PVA Fibre Elongation at break 5-15%

CNTs Length/um 3-12

CNTs Aspect ratio (L/D) 230-930
CNTs Specific surface area >233 m?/g
CNTs Density 0.15 g/cm®
CNTs Resistivity 100 s/cm

3Fa
7 bdr

In the formula, o referred to flexural strength (MPa), F
referred to specimen failure load (N), a referred to length of
flexural force arm (mm), b referred to section width of test piece
(mm), d referred to section height of test piece (mm). Four-point
loading method was adopted. The test value was the average of
the three measured values.

For sampling, after conducting the mechanical properties test,
the tested specimen should be collected, broken into small
samples with a particle size of 0.5-1 cm, and then placed in
absolute ethanol to stop hydration. The samples were dried before
the test and sealed in a double-layer sealing bag for use as SEM
and MIP test materials. XRD, FTIR, and MAS NMR samples were
prepared in the same manner as that for SEM, but before sealing,
it was ground into a fine powder and passed through an 80 um
square-hole sieve.

XRD Analysis

XRD was used to obtain the diffraction patterns of the materials.
According to the patterns, the composition of materials and the
structure or morphology of atoms or molecules in the materials
were analysed. In this experiment, the X-ray diffractometer
(PANalytical, the Netherlands) in the XRD Microscopic
Laboratory of the School of Materials at the Zhejiang
University was used.

FTIR Spectroscopy Analysis

Infrared light irradiation can cause chemical bonds or functional
groups of the materials to vibrate and absorb to form an infrared
spectrum. According to the infrared spectrum, the structural
groups of the materials can be analysed qualitatively. In this
experiment, the FTIR test was performed using the Agilent 6890-
Nicolet 5700  pyrolysis gas  chromatography-infrared
spectrometer in the State Key Laboratory of Chemical
Engineering, Zhejiang University. The infrared interferometer
was a Vectra-Plus interferometer.

MAS NMR Analysis

MAS NMR uses the transition of the atomic nucleus of an atom
under the action of an external magnetic field to form the nuclear
magnetic resonance spectrum. According to the nuclear magnetic
resonance spectrum, the structure and dynamics of the material
can be analysed. In this experiment, the Avance IIT HD solid-state
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FIGURE 1 | Test results of bending strength of strengthened
geopolymer with single-doped PVA fibres or CNTs.

nuclear magnetic resonance spectrometer at the Institute of
Physical Chemistry was used for the MAS NMR test to
analyse the *°Si and *’Al magic angle rotating nuclear
magnetic resonance spectroscopy of the geopolymer samples.

SEM Analysis

By observing the surface of the sample, the compactness,
composition, micromorphology, and products of the material
can be analysed. In this experiment, the SEM test was performed
using an FEG-650 field emission environmental scanning
electron microscope and an energy spectrometer from the
School of Civil Engineering and Architecture, Zhejiang
University.

MIP Analysis

Mercury can be pressed into the microporous material only under
an external force. Therefore, the pore structure of the material can
be analysed by measuring the amount of mercury entering under
different external pressures. In this experiment, an AutoPore
IV9510 automatic mercury porosimeter was used in the MIP test.

EFFECTS OF PVA FIBRES AND CNTS ON
THE MECHANICAL PROPERTIES OF
GEOPOLYMER
Geopolymer Strengthened by Single-Doped
PVA Fibre or CNT
Results and Discussions on Bending Strength
The bending strength test results of the PVA fibre-strengthened
geopolymer and CNT-strengthened geopolymer are shown in
Figure 1.

It was found that the 7-day bending strength of geopolymers
was more than 80% of the 28-day bending strength with some
geopolymers attaining more than 95% of the bending strength.

Properties of Fibre Strengthened Geopolymers

Figure 1 shows that the bending strength of geopolymers mixed
with PVA fibres or CNTs increased with an increase in the
content and then decreased. This indicates that although PVA
fibres and CNTs can improve the bending strength of
geopolymers, but it's not that the more the better. The
optimal volume of PVA fibre was 1.2kg/m’ (P2 group).
Compared with the BO group (without PVA fibres), the 7-
day bending strength was increased by 51.4%, whereas the
28-day bending strength increased by 30.1%. As the volume
of PVA fibres continued to increase (P3, P4, and P5 groups), the
bending strength of the PVA fibre-strengthened geopolymers
gradually decreased relative to that of the P2 group. This might
be due to the limitation of the moulding process, i.e., the fibres
cannot be well dispersed and result in fibre aggregation,which
makes the strengthening role cannot be effectively played. Thus,
cracks form and expand rapidly in these areas, leading to the
fracture of the specimen.

The optimal CNT content was 1.5%o (the mass ratio relative to
the content of metakaolin, T4 group). Compared with the B0
group without CNT, the 7-day and 28-day bending strengths
increased by 65.4 and 30.3%, respectively. When the CNT content
was between 0.5 and 1.5%o, the bending strength of the
geopolymer was enhanced significantly. The 28-day bending
strength of the geopolymer increased almost linearly. When
the CNT content was between 1.5 and 2.1%o, the 28-day
bending strength of the geopolymer decreased gradually. This
may be because CNT could give full play to micro-filling,
mechanical interlocking, and other functions when the CNT
content was appropriate. However, when the CNT content is
too high, there may be weak areas in the structure because CNT
cannot be well dispersed. Thus, CNT cannot play a good role.

Results and Discussions on Compressive Strength
The compressive strength test results of the PVA fibre-
strengthened geopolymer and CNT-strengthened geopolymer
are shown in Figure 2.

CNT dosage/%o
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-W- CNT7d
§ % f)TéBd Dt‘i
@ 57.5 F47.5
2 5
i 55.0 -45.0 %
<
Z 52.5 - 42.5 S
A
S 50,0 L 40.0 =
g E
=475 F37.5 2
1 &
< 45.0 F35.0
ie ®
0 42,5 32.5 >
(&) 1]
Z 40,0 F30.0 @
% 2
©37.54 275 §
% -l‘P\‘.\T(l L
S 35. 0 = . . : . 25.0
0.0 0.5 1.0 1.5 2.0 2.5

PVA fibre dosage/kg/m®

FIGURE 2 | Test result of the compressive strength of strengthened

geopolymer with single-doped PVA fibres or CNTs.

Frontiers in Materials | www.frontiersin.org

November 2021 | Volume 8 | Article 773103


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Meng et al.

.2%0 ONT - 7d
. 2% CNT - 28d
.5%0 CNT - 7d
. 5% CNT - 28d
.8%0 CNT - 7d
. 8% ONT — 28d

R

Bending strength with PVA fibres and CNTs/MPa

PVA fibre dosage/kg/m®

FIGURE 3 | Test result of bending strength of geopolymer strengthened
using PVA fibres and CNTs.

The compressive strength of the geopolymer was found to be
similar to the bending strength. The 7-day strength of the
specimens could reach more than 85% of the 28-day strength
in the single-doped group. Moreover, some specimens could
reach more than 95% of the 28-day strength. However, the
strength shrinkage phenomenon was not observed. This
indicated that the strength shrinkage did not have a knock-on
effect, and the reduction in the bending strength did not mean
that the compressive strength was also reduced. The 7-day
compressive strength of mixed PVA fibres and CNTs could
reach more than 90% of the 28-day strength, and there were
very few cases of strength shrinkage, such as the PT3 and PT9
groups.

Figure 2 indicates that the compressive strength of
geopolymers increased initially with an increase in PVA fibre
content and then decreased. The effect of CNTs on the
compressive strength of the geopolymer was not very
obvious. In the experiment related to PVA fibre-strengthened
geopolymer, the P3 group had the highest 7-day compressive
strength, which was 13.7% higher than that of the BO group
(without PVA fibre and CNT). The P4 group had the highest 28-
day compressive strength, which was 12.6% higher than that of
the BO group. As for geopolymer strengthened with CNTs, the
T2 group had the highest 7-day compressive strength
(41.7 MPa), which was 0.5% lower than that of the BO group.
The T6 group had the highest 28-day compressive strength
(44.0 MPa), which was 5.0% higher than that of the BO group.
CNTs had little effect on the compressive strength of the
geopolymer. Except for the T6 and T2 groups, the 28-day
compressive strength of other groups was almost the same as
that of the BO group.

Properties of Fibre Strengthened Geopolymers

Geopolymer Strengthened With PVA Fibres

and CNTs

Results and Discussions on Bending Strength

The bending strength test results of geopolymers strengthened
using PVA fibres and CNTs are shown in Figure 3.

From Figure 3, it can be observed that compared with the
group BO (without PVA fibre and CNT), the 7-day bending
strength of geopolymers strengthened by both PVA fibres and
CNTs increased by 33.2% on average. The 7-day bending strength
of the PT6 group was the highest (6.80 MPa), which increased by
56.0%. The 28-day bending strength increased by 20.0% on
average. The PT5 group had the highest 28-day bending
strength (7.25 MPa), which increased by 33.3%.

When the volume of PVA fibres was 0.9 kg/m® with an
increase in the CNT content, the 7-day bending strength of
the geopolymer decreased initially and then increased. When
the volume was 1.2 kg/m®, the 7-day bending strength increased
as the CNT content increased continuously. When the volume
content was 1.5 kg/m’, the 7-day bending strength first increased
and then decreased with an increase in the CNT content. When
the CNT content was 1.2, 1.5, and 1.8%o, the 7-day bending
strength first increased and then decreased with an increase in the
PVA fibre content. This shows that when the curing age of the
geopolymer was 7 days, the effect of CNTs on the blending of
PVA fibres and CNT-strengthened geopolymers was not very
obvious, while the effect of PVA fibres on it was more obvious.

When the geopolymer curing age reached 28 days, it was
found that when the volume of PVA fibre content was 0.9,
1.2, and 1.5kg/m’, the bending strength of the geopolymer
increased initially with an increase in the CNT content and
then decreased. However, when the CNT content was 1.2, 1.5,
and 1.8%o, the bending strength of the geopolymer increased
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FIGURE 4 | Compressive strength test results of geopolymer
strengthened using PVA fibres and CNTs.
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initially and then decreased with the increase in the volume of
PVA fibre. This shows that when the geopolymer curing age
reached 28 days, the strengthening effect of PVA fibres and CNTs
on the geopolymer was very obvious.

Results and Discussions on Compressive Strength
The compressive strength test results of geopolymers
strengthened using PVA fibres and CNTs are shown in Figure 4.

Figure 4 shows that not all the compressive strength of the
geopolymer strengthened with PVA fibres and CNTs improved.
The 7-day compressive strength of the PT2 and PT7 groups and
the 28-day compressive strength of the PT3 group decreased in
varying degrees. The PT6 group had the highest 7-day
compressive strength (44.7 MPa), which was 9.0% higher than
that of the BO group. The PT5 group had the highest 28-day
compressive strength (46.4 MPa), which was 10.7% higher than
that of the BO group.

When the volume content of PVA fibres were 0.9 and 1.2 kg/
m’, the 7-day compressive strength of the geopolymer decreased
first and then increased with the increase in the CNT content.
When the volume contentof PVA fibres was 1.5 kg/m’, the 7-day
compressive strength increased with an increase in the CNT
content. When the CNT content was 1.2 and 1.8%o, the
compressive strength for 7 days increased initially and then
decreased with an increase in the PVA fibre content. When
the CNT content was 1.5%o, the 7-day compressive strength
increased with an increase in the volume of PVA fibre.

When the geopolymer curing age reached 28 days, it was
found that when the volume of PVA fibre content was 0.9,
12, and 1.5kg/m’, the compressive strength of the
geopolymer first increased and then decreased with an
increase in the CNT content. When the CNT content was 1.2,
1.5, and 1.8%o, the compressive strength of the geopolymer first
increased and then decreased with an increase in the volume of
the PVA fibre. This shows that when the geopolymer curing age
reached 28 days, the strengthening effect of PVA fibres and CNTs
on the geopolymer was very obvious.

Results and Discussions on Flexural Strength

The groups B0, P2, T4, and PT5 were selected to prepare the
flexural strength test samples. After the test, the flexural strength
of BO group turned out to be 6.45MPa, while the value for P2
group, T4 group and PT5 group were 7.20, 7.35 and 7.80 MPa,
respectively.

The results show that both singled-doped and mixed-doped
PVA fibres and CNTs can improve the flexural strength of the
geopolymer. Compared with the BO group, the flexural strength
of the P2 group with 1.2 kg/m’ PVA fibre increased by 11.6%, T4
group with 1.5%0 CNTs increased by 14.0%, and PT5 group with
PVA fibres and CNTs increased by 20.9%. The results showed
that PVA fibres and CNTs can improve the flexural strength of
geopolymers, and the improvement effect of CNTs was more
significant than that of PVA fibres. Moreover, the flexural
strength of geopolymers strengthened with PVA fibres and
CNT was better than that of geopolymers strengthened with
PVA fibres or CNTs. This shows that the combination of these
two fibres had a good hybrid effect on the geopolymer.

Properties of Fibre Strengthened Geopolymers

Discussions on Damage Patterns
The damage morphology of the compressive strength test of the

single-doped and mixed-doped PVA fibre and CNT-
strengthened geopolymer are shown in Figure 5, respectively.

When PVA fibres were incorporated, the failure morphology
of the geopolymer compression test specimens underwent
significant changes. Figure 5 shows the failure morphology of
the geopolymer compression test with and without PVA fibres.
This might be because the blended fibre played the role of crack
bridging. The fibres close to the crack tip did not break, but the
two ends of the crack were bridged to connect the two ends. A
large number of fibres work together to change the damage
morphology of the geopolymer. CNT had little effect on the
damage morphology in the geopolymer compression test. This
may be related to the low elongation rate of CNTs.

The damage morphology in the compressive strength test of
the geopolymer strengthened with PVA fibres and CNTs was the
same as that of the geopolymer strengthened with PVA fibres.
This indicates that PV A fibres could effectively change the failure
mode of geopolymers in the case of blending.

ANALYSIS OF THE RESULTS OF THE
GEOPOLYMER MICROSCOPIC TEST

Geopolymer Phase Composition and

Structural Group Analysis

Phase analysis—XRD Result Analysis

Figure 6 shows the 28-day XRD patterns of metakaolin, BO, T4,
P2, and PT5 groups.

The map Figure 6 shows that the reaction product of the PVA
fibre and CNT-strengthened geopolymer was still primarily an
amorphous material and the phase composition of the final
product did not change. The sharp peak with a 20 value of
25.580° in metakaolin moved left to 25.492° in the BO and P2
groups and to 25.448" in the T4 and PT5 groups. The sharp
characteristic peak corresponding to quartz in metakaolin
disappeared after the reaction. Furthermore, after the
geopolymer reaction, the broad dispersive peak at 17°-30° in
metakaolin transformed to an 18°-38° diffused steamed bun-
shaped peak. The steamed bun peaks observed in the T4 and PT5
groups were gentler than those in the BO and P2 groups. This
showed that metakaolin and quartz crystals in metakaolin
participated in the geopolymerisation reaction to generate new
substances. Compared with the B0 and P2 groups, the T4 and PT5
groups had a better amorphous structure. We speculated that
CNTs could optimise the amorphous structure of the geopolymer
to a certain extent.

Structural Group analysis—FTIR Analysis
Figure 7 shows the infrared spectrum lines of the B0, T4, and PT5
groups.

Figure 7 indicates that the characteristic bands of single-
doped CNTs and mixed-strengthened geopolymers are the same
as those of unstrengthened geopolymers. Generally, the wave
number corresponding to the asymmetric stretching vibration
peak of the T—O—Si (T = Si or Al) bond moved toward the low-
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FIGURE 6 | 28-day XRD pattern of PVA fibre and CNT-strengthened
geopolymer and metakaolin (MK).

frequency direction, ie., more tetrahedral aluminium atoms
replaced tetrahedral silicon atoms, thereby decreasing the
compressive strength. The wave numbers of this peak (which
peak) in groups B0, T4, and PT5 were 1,015 cm ™', 1,015 cm ™,
and 1,018 cm ™', respectively. These values accord witth the test
results that the 28-day compressive strength of the T4 group was
the same as that of the BO group, and the 28-day compressive

wave numbers/cm’’

FIGURE 7 | 28-day IR spectrum of PVA fibre and CNT-strengthened
geopolymer.

strength of the PT5 group was slightly higher than that of the B0
group. As the vibration area of the T4 and PT5 groups was
significantly narrower than that of the BO group in the
wavenumber range of 9007'-1,300 cm™’, it was believed that
the final product of the geopolymerisation reaction of the T4
and PT5 groups was more uniform with higher bending
strength. The broad bands with wave numbers of 1,645 cm™
and 3448 cm ™' were O-H bonds weakly bound to geopolymer

Frontiers in Materials | www.frontiersin.org

November 2021 | Volume 8 | Article 773103


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Meng et al.

Properties of Fibre Strengthened Geopolymers

59
PT5 group
T4 group
B0 group
: r T : r
-200 -100 0 100 200

3 (ppm)
Geopolymer 2’Al MAS NMR spectrum

FIGURE 8 | Geopolymer MAS NMR spectrum.

PT5 group

T T T T T T T T
-60 -85 -70 -75 -80 -85 -0 -95 -100 -105 -110 -115 -120 -125
3 (ppm)

Geopolymer »Si MAS NMR spectrum

units and some H-O-H groups existing in the cavity of the three-
dimensional network structure of the geopolymer. The vibration
region of the T4 and PT5 groups at this wave number was
narrower than that of the BO group, indicating that more free
water in the structure resulted in T4 and PT5 groups having
higher bending strength.

By analysing the IR spectrum, no obvious vibration peak of the
C-O bond or-COOH group was found in the spectral line after
doping with CNTs to proves that the active part of CNTs was
combined with the geopolymer structure and making CNTs a
part of the geopolymer structure. Therefore, MAS NMR
technology should be used in further analyses.

Analysis of the Degree of Geopolymer
Micro-Polymerisation

The > Al MAS NMR and *’Si MAS NMR spectral analyses of the
geopolymers are shown in Figure 8.

Geopolymer *’Al MAS NMR spectrum shows that the
addition of CNTs and PVA fibres had no effect on the
chemical shift § corresponding to the characteristic peak of
Al in the geopolymer. However, the Al MAS NMR of the
geopolymer had a characteristic peak. The shift was
approximately 59 ppm, which corresponded to the 4-
coordinate Al According to the previous research, the
extremely narrow peak at 59 ppm indicated that Al was
present in the form of AlQ4(4Si). Moreover, there were no
low-molecular-weight dimers or trimers in the geopolymer.
Geopolymers are a type of silicon aluminium compound with a
three-dimensional network structure. Geopolymer *°Si MAS
NMR spectrum shows that the >’Si MAS NMR spectrum of the
Na-PSS geopolymer had a diffused peak at -85 ppm,
indicating that the structure of the geopolymer was
amorphous. Moreover, with the incorporation of CNTs, the
peak shape at —85 ppm increased gradually. This might be
because the incorporation of CNTs affected the structure of
the geopolymer to a certain extent, indicating that there was a
certain chemical reaction when CNTs strengthened the
geopolymer. It is possible that a small number of active
groups of CNTs participated in the geopolymer reaction

during the curing stage of the geopolymer. Simultaneously,
the chemical shifts of the characteristic peaks were —85 and
-91 ppm, which indicated that the bonding forms of Si in the
Na-PSS geopolymer were Q4(3Al) and Q4(2Al). However,
Q4(3Al) was the main one.

Analysis of the Microscopic Morphology

and Pore Structure of Geopolymers
Microscopic Morphology Analysis—SEM Result
Analysis

The SEM images of geopolymer are shown in Figure 9.

Figure 9A shows that the CNTs were evenly distributed in
the geopolymer gel on the microscopic fracture surface of the
geopolymer, and the agglomeration phenomenon was not
observed. The CNT surfaces were relatively smooth. It was
speculated that the improvement of geopolymer properties by
CNTs was mainly because of the mechanical interlocking of
the interface between the CNTs and the geopolymer matrix.
Additionally, it could be observed that the CNTs bridged the
two ends of the opening of the micropores. Some CNTs had
one end in the geopolymer gel and the other end was
damaged, which might have been caused by an external
force. Therefore, in terms of the principle of strengthened
geopolymers, it was believed that on one hand, CNTs played
the role of micro-filling, i.e., connecting with each other in the
micropores of the geopolymer, forming network like filling,
and refining micropores. On the other hand, it played a
bridging role. When the geopolymer was subjected to an
external force, owing to the bridging effect of CNTs,
additional work was needed to destroy the matrix.
Therefore, it improved the mechanical properties of the
matrix. In Figure 9A, it can be observed that some CNTs
were wrapped by the geopolymer gel, thereby obtaining a
larger bonding interface.

Figure 9B shows the scanning electron micrographs of the BO
group geopolymer at 400x magnification and the P2 group
geopolymer at 3000x magnification after 28 days of standard
curing. The figure shows that the cracks produced by the B0
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group after being subjected to an external force were single cracks,
while the cracks produced by the P2 group mixed with PVA fibres
under the action of external force were deflected and bifurcated.
This might be because the incorporation of fibres disrupts the
original stress distribution inside the geopolymer matrix. When
the geopolymer cracked, the presence of the fibres blocked or
deflected the crack. Thus, additional work was needed to
overcome the destruction of the matrix. In other words, it
improved the shear stress bearing capacity of the matrix.
Furthermore, it showed the improvement in macro mechanical
properties and change in the failure mode of the compressive
strength test.

Figure 9C shows that the fibre distribution in the
geopolymer matrix was relatively uniform with no
agglomeration. The fibres were bridged between two separate

pieces of geopolymers. When the matrix was subjected to
external forces, the fibres were pulled out and broken. Owing
to the tight bonding between the fibre and geopolymer gel, the
friction shear stress was high. The presence of fibres hinders
crack development and induces deflection and bifurcation.
Moreover, during crack propagation, the friction shear stress
at the interface between the fibre and matrix should also be
overcome. Therefore, the incorporation of fibres could improve
not only the toughness of the geopolymer, but also the
mechanical properties, and change the failure mode in
compression tests.

Pore Structure Analysis—MIP Results Analysis
The MIP results of PVA fibre and CNT-strengthened geopolymer
are shown in Table 4.
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TABLE 4 | PVA fibre and CNT-strengthened geopolymer 28-day pore size distribution, percentage (ml/g) and Characteristic parameters of the pore structure.

Group BO T3 T4 P1 P2 PT5
Characteristic parameters Average pore size (nm) 10.6 9.1 8.6 10.7 1.7 10.2
Total porosity (ml/g) 0.227 0.223 0.215 0.232 0.244 0.228
Porosity (%) 31.96 31.77 30.95 32.30 33.28 32.00
pore size distribution and >200 nm distributed (percentage) 0.012 (5.5%) 0.009 0.007 (8.3%) 0.012 (6.1%) 0.021 (8.5%) 0.012 (5.3%)
percentage (4.0%)
50-200 nm distributed 0.004 (1.6%) 0.004 0.003 (1.4%) 0.005 (2.2%) 0.005 (2.2%) 0.004 (1.8%)
(percentage) (1.8%)
20-50 nm distributed 0.010 (4.5%) 0.010 0.009 (4.2%) 0.014 (6.0%) 0.012 (5.0%) 0.010 (4.4%)
(percentage) (4.5%)
<20 nm distributed (percentage) 0.201 0.200 0.196 0.202 0.205 0.201
88.5%)  (89.7%) (91.2%) (86.9%) (84.0%) (88.5%)
- Pore Size Distribution
: b 84 The relationship between pore size and mercury intake increase
A 35 was drawn according to the results of the mercury intrusion test
B si0s J (Figure 10).
s 0.04] e == From Table 4, it can be observed that the pores of
% ) A geopolymers doped with CNTs or PVA fibres are dominated
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FIGURE 10 | PVA fibre and CNT-strengthened geopolymer 28-day pore
size distribution map.

Characteristic Parameters of Pore Structure

The test results showed that the incorporation of CNTs could
help to improve the pore structure of the geopolymer, whereas the
incorporation of PVA fibres might have an adverse effect on the
pore structure of the geopolymer. Compared with the BO group
(without CNTs), the average pore size, total pore volume, and
porosity of the T3 group with 1.2%0 CNTs decreased by 14.2, 1.8,
and 5.9%, respectively, whereas that of the T4 group with 1.5%o
CNTs decreased by 18.9, 5.3, and 3.2%, respectively. Compared
with BO group, the average pore size, total pore volume, and
porosity of the P1 group with PV A fibre volume content of 0.9 kg/
m” increased by 0.9, 2.2, and 3.2%, respectively, and the increase
range increased with the increase in PVA fibre volume content.
The average pore size, total pore volume, and porosity of the PT5
group with 1.5%0 CNTs and 1.2kg/m> PVA fibres increased
compared with the T4 group with the same amount of CNTs, but
decreased compared with the P2 group with the same amount of
PVA fibres. The results showed that CNTs could play a micro-
filling role, reduce the average pore size, total pore volume, and
porosity, and form a more compact structure. When PVA fibres
were added, the average pore size, total pore volume, and porosity
of the geopolymer increased owing to the high viscosity of the
geopolymer, which made it difficult to vibrate out the bubbles
introduced by the fibres during the mixing process.

groups, it can be seen that the incorporation of PVA fibres
increased the number of harmless pores in the geopolymer,
while their proportion decreased and the number of capillary
pores increased significantly. Compared with the T4 group, the
number of harmless pores in the PT5 group increased and their
proportion decreased. Compared with the P2 group, the number
of harmless pores in the PT5 group decreased and their
proportion increased. This showed that CNTs could exert
their size effect by filling the pores in the geopolymer
microstructure, refining the pore structure of the geopolymer,
and forming a denser pore structure, thereby improving the
macromechanical properties of the geopolymer. PVA fibres
might cause more air bubbles in the geopolymer during the
stirring process, thereby causing the capillary pores to increase.
Moreover, the pore structure was looser than that of
geopolymers without PVA fibres. Therefore, PVA fibres in
geopolymers mainly improve the mechanical properties of
geopolymers by mechanical interlocking rather than by
participating in the reaction or improving the microstructure
of the geopolymer.

The most probable pore sizes of groups B0, T3, and T4 were
11.0, 8.9, and 8.4 nm, respectively. The pore size distribution of
groups T3 and T4 was narrower than that of group B0. The
most probable pore sizes of P1 and P2 groups were 11.5 and
12.3 nm, respectively, and the distribution range of the pore
size was wider than that of BO group. The pore size distribution
of the PT5 group was similar to that of the T3 and T4 groups,
but the most probable pore sizes was slightly larger (10.2 nm).
Compared with P1 and P2 groups, the pore size distribution of
the PT5 group was narrower. This further showed that the
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incorporation of CNTs into the geopolymer could play the role
of micro-filling of CNTs, which helped to optimise the pore
structure of the geopolymer and improved the macro
mechanical properties of the geopolymer. However, PVA
fibres did not improve the pore structure of the geopolymer.
It was speculated that the improvement in the
macromechanical properties of the geopolymer was mainly
due to the physical effect. Some studies have also pointed
out that there may be complexation reaction between PVA
fibres and metal ions (Bonapasta et al, 2002). If the
complexation reaction does exist, the strengthening
performance of PVA fibres in the geopolymer may be
further enhanced due to the chemical connection between
PVA fibres and geopolymer matrix.

Multi-Scale Mechanism of Dual-Fibre
Strengthening Effect

Based on the aforementioned test results, the geopolymer
strengthening mechanism was analysed from the perspective
of macrostructure and microstructure to propose the dual-
fibre strengthening mechanism of PVA fibres and CNTs.

By studying the mechanical properties and microstructure
of CNT-strengthened geopolymers, we found that the
chemical strengthening effect of CNTs on geopolymers was
manifested in the process of solidification of geopolymers and
there may be some active groups involved. The reaction of the
geopolymer forms a strong bond with the structure of the
geopolymer, thereby optimising the crystal structure of the
geopolymer.

Current research showed that the strengthening mechanisms
of CNTs on geopolymers include:

1) Crack resistance: During the solidification process of the

geopolymer, the condensation of the-OH group in the

matrix and the evaporation of excess water in the
macropores and pores caused the matrix to shrink.

However, the CNTs remained unchanged. Thus, the

direction of matrix shrinkage was hindered by the CNTs,

thereby inhibiting the development of cracks.

Micro-filling: The small size of CNTs could refine the pores

and improve the pore structure of the geopolymer.

3) Mechanical interlocking effect: By bridging both ends of the
crack, additional work was required in case of failure. Thus,
the rupture strength and flexural toughness of the geopolymer
were improved.

2

~

Based on a study on the microstructure of geopolymers
strengthened by PVA fibres, it was found that PVA fibres
had little effect on crack resistance and pore-filling. The
main benefit of PVA fibres is that they can be evenly
distributed in the geopolymer matrix. Furthermore, it can
change the stress distribution of the geopolymer matrix,
improve the toughness of the geopolymer via mechanical
interlocking, improve the mechanical properties of the
geopolymer, and change the failure mode of the geopolymer
in compression tests.

When PVA fibres and CNTs were mixed to strengthen the
geopolymer, the two types of fibre-strengthened geopolymers,
from macro and micro perspectives, complemented each other to
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improve the mechanical properties and compressive failure mode
of the geopolymer. A multi-scale dual-fibre strengthening
mechanism was proposed (Figure 11) in this study. The
geopolymer strengthened with PVA fibres and CNTs shrinks
in the consolidation hardening stage. Owing to the presence of
CNTs, the development of micropores and microcracks was
limited. Furthermore, CNTs are involved in micro-filling,
which refines the microstructure of the geopolymer. At this
stage, a small number of CNT active groups participated in
the reaction of the geopolymer, forming a firm bond. When
the strengthened geopolymer matrix was subjected to an external
force, the original micropores and microcracks in the system
began to expand. During this time, CNTs which bridged both
ends of the micropores and microcracks or filled the micropores
were subjected to the gradually increasing external force. The
phenomena of CNTs breaking and pulling-out appeared
gradually, which indicated the additional work needed for
crack propagation. When the external force continued to
increase, the microcracks that were deflected, bifurcated, or
shielded by the bridging effect of CNTs continued to develop.
At this time, the load was transferred to the PVA fibres that were
evenly distributed in the geopolymer matrix. Thus, the cracks
were bifurcated, deflected, or limited. With an increase in the
external force, PVA fibres exhibited pull-out, breakage, and other
phenomena before failing. The cracks continued to develop until
the system was destroyed.

CONCLUSION

In this study, the strengthening mechanism of PVA fibre and
CNT-strengthened geopolymer were analysed. Additionally, a
multi-scale dual-fibre strengthening mechanism was proposed in
this study. The experimental results and discussion led to the
following conclusions:

1) PVA fibres and CNTs have a good effect on improving the
mechanical properties and microstructure of the geopolymer.
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Moreover, the incorporation of PVA fibres can improve the
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