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A short PVA fiber reinforced fly ash-geopolymer boards (SFRFGBs) manufactured by extrusion
technique is developed in this study. The effects of fly ash content and fiber volume fraction on
the impact behavior of SFRFGBs are also investigated. In order to better understand the impact
behaviors of SFRFGBs with different content of fly ash and fiber, Laser particle size analysis
(LSA), X-ray diffraction analysis (XRD), Scanning Electron Microscope (SEM), Mercury intrusion
porosimetry (MIP) are employed to explore the microstructure and failure mechanism. The
experimental results show the addition of PVA fiber changes the impact failure mode from a
brittle pattern to ductile pattern, resulting in a great increase in impact toughness for SFRFGBs
with high volume fraction of fiber. SFRFGBs without or with low percentage of fly ash possess
very high impact strength and stiffness. However, when too much fly ash was incorporated, the
impact resistance of SFRFGBs is reduced obviously. This can be explained by the fact that low

percentage of fly ash addition significantly improved the extrudability of fresh Geopolymer
composites, resulting in a formation of very dense and compacted matrix with high-quality
finish. When too much fly ash is added, the Geopolymer product is greatly reduced, resulting in
a formation of very poor matrix. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Recent years have seen a great development in a
new generation of high performance inorganic binder—
Geopolymers around the world. Geopolymers are three di-
mensional alumino-silicate binder materials, which were
firstly discovered by J. Davidovits in the later 1970s and
called it Geopolymers [1]. Geopolymer materials can be
synthesized by mixing alumino-silicate reactive materials
(such as metakaolin) and concentrated alkaline solutions
(such as NaOH or KOH), then curing at room temper-
ature. Under a strong alkaline solution, alumino-silicate
reactive materials are rapidly dissolved into solution to
form free SiO4 and AlO4 tetrahedral units. With the devel-
opment of reaction, water is gradually split out and these
SiO4 and AlO, tetrahedral clusters are linked alterna-
tively to yield polymeric precursors (—SiO4—AlO4—, or
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—Si04—Al04—SiO4—, or —Si04—AlO04—Si04—SiO4—)
by sharing all oxygen atoms between two tetrahedral
units, and thereby forming monolithic like geopolymers
[2].

Geopolymers made with reasonable mix-design and
formulation can exhibit superior properties to Portland
concrete [3-6]:

The production of geopolymers doesn’t require high
temperature as Portland cement. Geopolymers can be
formed at ambient temperature. In addition, CO,emission
from the production process is 80%—90% less than Port-
land cement. Reasonable strength can be gained in a short
period at room temperature. In most cases, 70% of the
final compressive strength is developed in the first 4 h.
Low permeability, comparable to natural granite, is an-
other property of geopolymers. It is also reported that
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TABLE I Chemical compositions of raw materials

Raw materials SiOz A1203 F6203 CaO MgO Ti02 MnO K2O P205 SO3 L.O.I
Metakaolin 62.97 26.91 2.62 0.60 - 1.24 0.01 0.18 0.74 - 4.44
Fly ash 60.70 24.72 6.90 0.70 1.13 - - - - 1.50 2.35

resistance to fire and acid attacks for geopolymers are
substantially superior to those for Portland cement.Apart
from their high early strength, low permeability and good
fire and acid resistance, geopolymers also attain higher un-
confined compressive strength and shrink much less than
Portland cement. Other documented properties include
good resistance to freeze-thaw cycles as well as excellent
solidification of heavy metal ions contained within the
geopolymeric structure.

These properties make geopolymers a strong candidate
for substituting Portland cement applied in the fields of
civil, bridge, pavement, hydraulic, underground and mil-
itary engineering [7].

Extrusion is an important plastic forming process that
consists of pushing a viscous, dough-like plastic mixture
through a shaped die under high compressive and high
shear forces generated by extruder. The process is continu-
ous and simpler to use than other commonly used methods
(Casting, Slurry infiltration, Spray suction, Hatschek pro-
cess), making it most suitable for industrial mass produc-
tion. In addition, Extrusion technique enables intractable
substances to be shaped into various products of compli-
cated cross-section with minimal water content which is
critical in developing high strength, low permeability and
excellent durability of products [8-25].

Fly ash is a by-product with pozzolanic reactivity from
coal-fired Power stations. Millions of tons of it are gener-
ated each year around the worlds. Only in china, the total
amount of fly ash was accumulated up to 4 billion tons
in 2002, which occupied about 4000 to 5000 hectares
of areas, and 200 million or more tons are still created
each year. However, less than 30% of fly ash is effectively
used. In order to increase the percentage applied, the use
of fly ash as partial replacement of metakaolinite to syn-
thesis Geopolymer is systematically investigated in this
study.

Fiber reinforcement has been employed in various hard-
ened binder to improve flexural, impact behavior, tough-
ness, and to shift failure mode. The use of short fiber is
very preferable due to the simplicity and economical na-
ture in fabrication. Considering the quasi-brittle character-
istics of hardened geopolymers, PVA short fiber is incor-
porated to improve the low ductility of geopolymers in this
study.

In this paper, a PVA short fiber reinforced fly
ash-geopolymer boards (SFRFGBs) manufactured by ex-
trusion technique is developed. The effects of fly ash and
fiber on the flexural behavior of SFRFGBs are also in-
vestigated. In order to elucidate the difference in flexural
behaviors of SFRFGBs, SEM-EDXA technique is em-
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ployed to explore the failure mechanism in microscopic
scale.

2. Materials
Metakaolin used in this study was obtained by calcin-
ing pure kaolin at 700° for 12 h. Grade I fly ash, similar
to Class F fly ash according to ASTM, was supplied by
Qingzhou power plant, Hong Kong, P.R.China. Chemical
grade NaOH and sodium silicate solution with the mo-
lar ratio of SiO; to Na,O of 3.2 were used as reagents.
Two types of silica sand (600-300 xm and 150-90 um
in diameter) with the ratio of 0.6:0.4 and totally 32.5%
by weight of the binder system were used as aggregate.
Short polyvinyl alcohol (PVA) fiber was used as reinforce-
ment materials. The fiber length is 6 mm with an average
diameter of 14 um and a density of 1300 kg/m?. The
average tensile strength and elastic modulus of the fiber
were 1500 MPa and 36 GPa. Distilled water was used
throughout.

The chemical compositions and physical properties of
raw materials were listed in Table I.

3. Mixture proportions and specimen
preparation

3.1. Mixture proportions

The formula of SFRFGBs used to investigate the effect

of fly ash and fiber on physical and mechanical behavior

is summarized in Table II. Fb1l and Fb2 are used to de-

termine the effect of fiber volume fraction. FA10 to FA50

are to explore the effect of fly ash content. The mixture

proportion of the pure SFRFGBs without fly ash and fiber

(Fb0) served as a control sample is listed as follows:

molarSiO,

molarAL,O;
molarH,O

molarNa, O _

——— =0.8,
molarAl,O;

—— =064
molarNa,O

The control mixture is an optimized geopolymeirc one.
The details can be seen in our article [26].

3.2. specimen preparation

To uniformly disperse PVA fibers, fibers and metakaoline
powder were first dry-mixed for 3 min in a planetary mixer
with high shear model. NaOH, sodium silicate solution
and water were mixed in a glass beaker and cooled up
to room temperature. The cooled alkaline solution was



TABLE II Mixture proportions of SFRFGBs
Powder constituents of
geopolymer binders
Metakaolin Sand volume Fiber volume
Batches (%) Fly ash (%) fraction (%) fraction (%)
Fb0 100 0 325 0
Fbl 100 0 32.5 1
Fb2(or FAO) 100 0 325 2
FA10 90 10 32.5 2
FA30 70 30 325 2
FAS0 50 50 325 2

then added into pre-mixed metakaolin powder plus fibers,
and mixed for another 3 min. herein it is important to
point out that the premix of NaOH and sodium silicate
solution, rather than the direct addition of NaOH powder
into geopolymer pastes is a key to ensure a enough long
pot life to conduct the extrusion process.

The mixed, dough-like, fresh geopolymer compos-
ites were then fed into the pugmill chamber of a
single-screw vacuum extruder (PVL100.3, KEMA). The
barrel of the extruder was 100 mm in diameter. After fur-
ther mixing, de-airing, and compaction in the extruder,
the composites were pushed through a thin sheet die with
a cross-sectional size of 75x6 mm. The extrudates were
then covered with a plastic sheet. After 24 h, the extru-
dates were placed in an isothermal testing chamber and
were cured at standard curing condition of 20°C and 99%
RH for 28 days before testing. The hardened geopoly-
mer sheet is cut with a diamond saw into 200x75x6 mm
plates for flexural test.

4. Test methods

4.1. Impact test

Plate specimens with the dimensions of 75 x 90 x 6 mm
were prepared for impact tests on an instrument impact
tester (ITR-200, RADMANA). When a test started, the
punch is raised to a specific height and then push down
by high-pressure gas. The average velocity of the punch
before and after impact is adjusted to approximately 3 m/s.
The peak resistant load, fracture energy, and load gradient
of the specimen can be measured and recorded. These
parameters provide useful indices for impact strength,
toughness, and stiffness of the specimen.

4.2. Laser particle size analysis (LSA)

To measure the particle size of raw materials, about 2 g
of powder materials (metakaoline, silica fume, fly ash or
slag) were added to a 100 ml beaker fully filled with water.
About 0.5 g of sodium diphosphate (NasP,07), serving
as dispersant, was added into the beaker to increase the
dispersability of the materials. After a few minutes of vi-
bration, the dispersed sample was poured into the chamber
of the LS particle Analyzer (Coulter LS2300) for testing.

The testing duration was limited to 10 min to avoid the
possible hydration of the sample particles. The data were
recorded and analyzed automatically with Zirconia model
by computer.

4.3. Microstructure analysis

X-ray diffraction analysis (XRD), Scanning Electron
Microscope (SEM) and Mercury intrusion porosimetry
(MIP) were employed to examine the microstructure char-
acteristics of the SFRFGBs.

4.3.1. XRD

For the XRD test, samples from different batches were
finely crushed and collected at 28 days, and then these
crushed fractions were immersed for about 3 days in an
acetone to stop the further hydration process and removed
free water, subsequently oven-dried at 50°C for 12 h. to
eliminate the absorbed water. After that, these geopolymer
fractions were further ground into very fine particles, and
sieved to remove most of the quartz sand. Therefore the
diffraction lines representing quartz tuned out to vary quite
a bit from sample to sample. This is an artifact that does
not influence interpretation of the results of the present
study and therefore it will be ignored.

X-ray powder diffraction was recorded on a Philips
PW1830 spectrometer using CuKo Radiation with a scan-
ning rate of 1° per min from 10° to 80°(2 ). The wave-
length was selected as 15.40562 nm (Cu).

4.3.2. SEM

A JEOL-6300 SEM microscope is used to examine the
microstructure of the fractured composites at the accel-
erating voltage of 15 kV. These samples that are used
to conduct SEM observation are firstly dried at 60°C un-
til the constant weight is reached. Then, these samples
are bonded on the sample holders with conducting glue,
followed by 30 min sputter coating of carbon. After that
the morphologies of the final products in samples are ob-
served at microscopic level using SEM.

4.3.3. MIP

An Autopore IV 9500 MIP was used for to investigate the
porosity and pore size distribution of different geopoly-
mers. The samples with the size of approximate 10 mm x
10 mm x 10 mm were obtained by cutting up the harden
geopolymer pastes at the age of 28 days. These samples
were first oven-dried for 24 h at 50°C to remove the phys-
ically absorptive water in capillary, and then were placed
into the glass penetrometer with the volume of 5 cc. Af-
ter that, low pressure test was performed, followed by
high pressure test (the maximum mercury press reaches
30000 psi). The intrusion and evacuation of mercury was
automatically controlled by computer with Autopore IV
9500 program. The cumulative intrusion and differential
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Figure 1 Impact curves of geopolymer extruded plates with different vol-
ume fraction of fiber in normally curing condition.

pore volume vs pore diameter were also measured and
recorded with an increase of the pressure. The diameters
of the pores intruded by the mercury were calculated us-
ing “Washburn equation”, with a mercury contact angle
of 130 degree.

5. Results and discussions

Figs. 1 and 2 show the impact response curves of SFR-
FGBs with different percentages of fly ash and fiber. To
compare the effect of fiber and fly ash content on the im-
pact behaviors, Fb0 without fiber and fly ash is served
as control sample. Fb1 to Fb2 are used to investigate the
effect of the volume fraction of PVA fiber. FA10 to FAS0
are designed to study the effect of fly ash content. The
mixture proportions of various SFRFGBs are listed in Ta-
ble I. The impact strength, stiffness and toughness for Fb0
to FA50 are also shown in Table III.

Ascanbe seenin Fig. 1, Fb0 has highest impact strength
(449.7N), while the impact displacement is very small,
only around 0.84 mm. And after peak load, FbO specimen
can not sustain any loading, resulting in a sharp drop
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Figure 2 Impact curves of geopolymer extruded plates with different per-
centages of fly ash in normally curing condition.
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TABLE III Impact resistance of geopolymer extruded plates for nor-
mally curing condition

Impact strength ~ Impact stiffness  Impact

Batches N) (N/mm) toughness (mJ)
Fb0 449.7 1150 209

Fbl 426.0 873 1177

Fb2(or FAQ) 429.6 749 1833

FA10 4433 1007 2108

FA30 290.0 665 1587

FA50 268.8 456 1307

of its impact curve. This indicates that geopolymer plate
without fiber will be broken without any warning when
the peak load is reached. This may be very dangerous for
practical construction. Fb0 specimen is separated into 5
small fractions during impact test. The fracture pattern is
typically of a brittle failure.

When 1% PVA fiber is incorporated (Fbl), the im-
pact response curve takes on a new look. Unlike FbO,
the impact curve of Fbl doesn’t directly fall down to 0
after peak load, rather than only drops to about 300 N
and sustains the load for a long displacement. This indi-
cates the addition of PVA fiber prevent the cracks from
rapid propagating, thus an increase in ductility. How-
ever, 1% fiber is so little that they can only bear a part
of the whole impact load. The geopolymer plate with
1% fiber is broken into 3 small pieces after subject-
ing to impact test. This suggests that the geopolymer
plate with 1% fiber shows some characteristics of ductile
materials.

When 2% PVA fiber is incorporated (Fb2), the impact
curve shows an obvious strain hardening response after
peak load. Fb2 sample can sustain the peak load (429.6N)
up to around 2.5 mm of displacement. After that the bear-
ing capacity falls slowly up to 7.5 mm of displacement.
No crack is found on the surface of geopolymer plate with
2% of PVA fiber. Only a hole caused by the high speed
impact of punch was seen in the center of sample after the
impact test. This demonstrates that 2% fiber can ensure the
integrality of geopolymer plate near the hole in the case
of a large deflection caused by high speed impact of the
punch.

By comparing the impact test results in Table II, it
can be seen that the addition of fiber show a decreasing
trend for the impact strength (peak load), however the
reduction is very little, only 5.3% for Fbl and 4.47%
for Fb2. In contrast, a great influence of fiber content is
clearly seen on impact stiffness (gradient in linear section
for impact curves) and impact toughness (area between
impact curves and the x-axis), especially for the latter. For
example, the impact toughness of Fb1 and Fb2 is 4.63 and
7.77 times higher than that of Fb0.

Fly ash was vastly produced as by-product from the
thermal power plants across the world. Due to good
pozzolanic reactivity, fly ash is widely used to par-
tially replacement of Portland cement in the filed of
civil engineering. Considering that fly ash contains an



amount of reactive Al,O3; and SiO,, which are simi-
lar to metakaoline, a part of metakaoline is replaced
by fly ash. Fig. 2 shows the impact response curves
for extruded geopolymer plates with different percent-
ages of fly ash at the same fiber content (FA10, FA30
and FAS50). The impact test results are also shown in

Table II. As can be seen in Fig. 2 and Table II, the im-
pact resistance is a function of the percentages of fly ash.
When 10% by weight of fly ash is added (FA10), not
only are the impact strength and stiffness enhanced, but
also is the toughness (absorbed energy) increased from
1833 mJ to 2108 mJ. When too much fly ash are incorpo-
rated into geopolymer mixture (FA30 and FA50), the im-
pact resistance of geopolymer extruded plates is reduced
rapidly, and the reducing percentage is increased with an
increase in the percentages of fly ash. It is especially true
for 50% of fly ash addition. For instance, when compar-
ing with Fb2 the impact strength, stiffness and tough-
ness of FAS50 are reduced by 37.4%, 39.1% and 28.7%,
respectively.

As mentioned above, 10% fly ash addition enhances
the impact resistance of geopolymer extruded plate. The
enhancing mechanism of fly ash is investigated by the
particle size distribution (PSD), Scanning Electron Mi-
croscope (SEM) examination, X-ray diffraction (XRD)
analysis, and MIP (Mercury intrusion porosimetry). Fig. 3
shows the Particle size distributions of various types of
raw materials. It can be seen in Fig. 3 that coarse sand has
the largest particle size amongst the four raw materials,
then fine sand. Metakaoline and fly ash have the smallest
particle size, which fill in voids among sands, resulting in
a compacted system. Although the particle size of fly ash
is very closed to that of metakaoline particle, the spher-
ical shape of fly ash greatly improve the extrudability of
geopolymer mixture, as a result a very highly quality ex-
trudates are produced. In addition, the particles of fly ash
are also served as the nucleation sites of geopolymeriza-
tion reaction, which promotes the reaction rate and the
formation of geopolymer products. The phenomenon can
also be confirmed by comparing the amorphous areas of
XRD spectral for pure geopolymer without fly ash (Fb2)
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Figure 3 Particle size distributions of metakaoline, fly ash, fine and coarse
sand.
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7.09 1.54 1.37
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20()
Figure 4 X-ray diffractograms of Metakaolin, pure geopolymer, and fly
ash based geopolymer.

and Geopolymer with 10% fly ash (FA10), as shown in
Fig. 4.

As can be seen from Fig. 4, both pure geopolyme and
fly ash based geopolymer have a large diffuse halo peak at
about 20—40°(26 ,,xCuK,,). This means that geopolymers
with or without fly ash are mainly X-ray amorphous ma-
terials consisting of randomly developed Si-Al polyhedra
with a lack of periodically repeating Si-Al atomic order-
ing. Comparing the area under X-ray diffractogram at 20—
40°, it is found that fly ash based geopolymer shows larger
area than pure geopolymer without any fly ash, which
indicates fly ash based goepolymer contains more amor-
phous products than pure geopolymer. In addition, several
sharp characteristic peaks (7.09 A,4.23A,3.33A,1.81A,
1.54 A, 1.37 A) are also seen from Fig. 4. According to the
XRD-pattern, these peaks are identified as quartz
and kaolin. With respect to X-ray diffractogram
of metakaolin, kaolin and quartzes are induced by
metakaolin, and in the process of geopolymeriza-
tion, the kaolin and quartzes don’t take part in
reaction.

Figs 5 and 6 show the SEM images for FAO and FA10,
respectively. Some small pores and cracks can be easily
found in FAO, while the microstructure of FA10 with 10%
fly ash is much denser. If too much fly ash is added into
geopolymer, the microstructure of hardened Geopolymer
(FA50) will become relatively loose Fig. 7. This can be
attributed to the fact that no enough geopolymer products
are formed in the interspaces amongst sands due to too
less high reactive metakaoline.

The influence of fly ash content on porosity and pore
size distribution of hardened geopolymer can also ob-
viously be seen in Figs. 8 and 9. It can be seen from
Fig. 8 that the addition of 10% fly ash greatly reduced
the total porosity. This is deemed to be responsible for
the denser and compacted microstructure of geopoly-
mer, which is consistent with the observation of SEM
images. In contrast, when 50% fly ash is incorporated
into geopolymer mixture, the hardened matrix shows a
very high the porosity, thus a formation of some large
pore and cracks, which is also be confirmed by observing
Fig. 7.
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Figure 5 SEM images of geopolymer with no fly ash addition (FAO).
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(b) high magnification micrograph
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(a) Low magnification micrograph

Figure 7 SEM images of geopolymer with 50% fly ash addition (FAS0).

Fig. 9 gives the cumulative intrusion and its distribu-
tion of various geopolymers with different percentage of
fly ash. By comparing with the mercury intrusion curves,
cumulative pore volume with pore diameter smaller than
495 nm accounts for 60% of the total porosity for Fb2
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(b) high magnification micrograph

sample without fly ash replacement, 90% for FA10, and
55% for FAS0. This indicates that the addition of 10%
of fly ash obviously reduces the pore size and improves
pore structure in hardened geopolymer. However, too
much fly ash addition will increase the percentage of



40-
34.21%
304
25.59%

9 20.72%
S 204
8
5
o

104

FAO FA10 FA50

Types of fly ash based geopolymer

Figure 8 Porosity of different geopolymers.

100- —u—FAQ
ﬁﬁ;:“’MAAAA —A—FA10
= . —o— FA50
X 80
c
S
(2]
2 60-
£
o
=
g 40 e
E .
5 20 .
(&) ]
B 9N .‘DUDDUD
0_
10 100 1000 10000 100000

Pore Diameter(nm)

Figure 9 Mecury intrusion curves of different geopolymers.

large size pore, leading to the formation of poor struc-
ture. The results are good agreement with above SEM
observations.

6. Conclusion

1. The addition of high volume fraction PVA fiber
changes the impact failure mode of fly ash-geopolymer
boards from a brittle pattern to ductile pattern, resulting
in a great increase in impact toughness.

2. Short PVA fiber reinforced fly ash-geopolymer
boards without or with low percentage of fly ash possess
very high impact strength and stiffness. However, when
too much fly ash was incorporated, the impact resistance
is reduced obviously.

3. The spherical shape of fly ash can greatly improve
the extrudability of geopolymer mixture, resulting in
the denser microstructure of the finial geopolymeric
boards with low percentage of fly ash. However, when
too much fly ash was incorporated, the improvement
of the microstructure caused by fly ash cannot com-
pensate the decrease of geopolymer products due to
the low pozzolanic reactivity of fly ash in case of high
percentage of fly ash. As a result, the microstructure
of fly ash-Geopolymer boards becomes relatively
loose.
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