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Abstract

Geopolymers are an inorganic cementitious material that is gaining attention for its exceptional mechanical qualities, strong
thermal resistance, and low dielectric properties. However, the brittle failure and low ductility of geopolymers limit their use
in load-bearing or structural applications. To overcome this challenge, the present work focused on improving the physico-
mechanical, water, and thermal resistance properties of geopolymers by reinforcing untreated and alkali-treated (5, 10, and
15% concentrations) Phoenix sp. fibers. The outcomes revealed that the incorporation of Phoenix sp. fibers improved the
performance of the geopolymer. In particular, the geopolymer reinforced with 10% alkali-treated fibers showed substantial
improvement in their characteristics. The microstructural investigation demonstrated that the treated fibers formed a good
interfacial bond with the geopolymers. In addition, load—deflection tests were conducted to examine the viability of the
Phoenix sp. fiber-based geopolymer composites for structural applications. The findings of this study indicate that using
alkali Phoenix sp. fibers as a fibrous material in the manufacturing of ecologically friendly and durable geopolymer concrete
has a promising future in the construction sector.
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1 Introduction

Ordinary Portland cement (OPC) has replaced wood as the
preferred building material worldwide due to technological
developments. OPC is in demand due to its tailored quali-
ties, such as high comprehensiveness, durability, required
mechanical strength for economic efficiency, water resistance,
abundant ingredients across the globe, flexibility to mold into
any desired form, and ease of acquisition. OPC output is rising
2.5% per year, from 2.3 billion tonnes in 2005 to 3.5 billion
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tonnes in 2020 and 3.7—4.4 billion tonnes by 2050. The manu-
facturing of OPC results in increased energy use and CO,
emissions, which is a major concern [1, 2]. It is critical to
identify a sustainable, high-performance alternative to OPC
as a binder in order to reduce energy usage and greenhouse
gas emissions. Alkali-activated geopolymers could be a better
option for OPC [3]. These geopolymers make use of industrial
by-products like fly ash and slag, which encourage recycling
and reduce waste. Their ability to incorporate a variety of
waste products contributes to their cost-effectiveness.

The ongoing growth of industrialization generates a sig-
nificant amount of waste materials that are generated and
dumped in landfills, including silica fume, furnace slag, fly
ash, ash from rice husk, sugarcane bagasse, and palm oil
[4-6]. Landfilling these waste items pollutes the environ-
ment. Fortunately, geopolymer requires high-alumino silicate
raw ingredients. These resources reduce environmental pol-
lution in the manufacture of geopolymers. Since these wastes
are abundant and the demand for inexpensive housing will
rise with population growth, using them would benefit the
environment and economy. Geopolymers have been the sub-
ject of extensive global research and development, and they
may soon become the best green construction material [7, 8].
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The impact of various types of fibers on the mechanical
properties of geopolymer materials is extensive and mul-
tifaceted. Basalt, polypropylene, and natural fibers such
as abaca hemp and coir can all enhance the strength, and
toughness of geopolymers [9]. The incorporation of basalt
and polypropylene fibers improved the bonding and ductil-
ity of the geopolymer concrete [10, 11]. On the other hand,
adding hemp fibers (2 wt.%) increased the mechanical char-
acteristics of the geopolymer composites. Similarly, adding
0.5 wt.% of cotton fiber improved the flexural qualities and
fracture toughness of the geopolymer composites [12, 13].

Incorporating agro-waste material (natural fibers) into the
geopolymer production process is one eco-solution that pro-
motes the utilization of waste [14, 15]. Research has shown
that by incorporating natural fibers into geopolymers, their
bending strength, durability, and weight can be enhanced
[16-18]. According to Onuaguluchi and Banthia [19] and
Rojas et al. [20], the geopolymer composite (GPC) is well
suited for applications in civil engineering, waste manage-
ment, and building retrofitting owing to its exceptional prop-
erties. The Phoenix sp. plants can be found in many places,
such as South Asia, Europe, Africa, and Malaysia. They
grow along riverbanks, mangrove seashores, deserts, and
semiarid soils. These plants are grown everywhere as deco-
ration and then disposed of as waste. However, the petioles
of this plant have a lot of fibers. These fibers are biodegrad-
able, cheap, light, and easy to extract. From a sustainability
perspective, the use of natural fibers encourages renewable
resources. Furthermore, the more effective use of natural
fibers in geopolymer composites contributes to waste reduc-
tion and enhances end-of-life recyclability. Therefore, utiliz-
ing the Phoenix sp. fibers for producing geopolymer-based
composites promotes sustainable material development by
improving natural fiber performance and encouraging the
use of renewable resources without considerably increasing
costs.

The fundamental challenge when making composites
is the incompatibility of natural fibers and matrix mate-
rials. Natural fibers’ hydrophilic features cause consid-
erable moisture absorption, which can drastically affect
their tensile behavior, as well as the durability of their
composites [21]. Furthermore, pectin and waxy chemicals
included in fibers hinder their interaction with the matrix.
Surface changes to natural fibers are regarded as improv-
ing their bonding capabilities with the matrix material,
resulting in superior overall composite qualities. Alkali
treatment is one of the most commonly used procedures
for treating natural fibers [22]. In our previous study, the
raw Phoenix sp. fibers (PSFs) of different contents (1, 2,
3, and 4 wt.%) were reinforced into the geopolymer matrix
or control matrix (CM), and their various properties were
determined [23]. In order to increase the performance
of the composites, alkali-treated PSFs were used in this
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work to make geopolymer composites. This geopolymer
combination is a new and unexplored field of research.
Therefore, this research focuses on the development of
Phoenix sp. fiber-reinforced geopolymer composites
(PRGC) and investigates the impact of chemical treatment
on various properties of PRGC. Furthermore, the control
matrix and untreated PRGC were produced and evaluated
for comparison.

2 Materials and methods
2.1 Materials

The low-calcium fly ash (LCFA) collected from the ther-
mal power plant is used in this research to make geopoly-
mer concrete, and their chemical components are listed in
Table 1. The aggregate material used was locally available,
well-graded natural river sand. To minimize the impact
of combined characteristics on the properties of geopoly-
mers, only aggregates from a single source were used in
this study. Figure 1 illustrates the size of the river sand
fluctuation.

The PSFs extracted from their plant petioles through the
water-retting process were used as reinforcement material.
To enhance the interaction between PSFs and the matrix,
the PSFs were treated with NaOH solutions at 5%, 10%,
and 15% concentrations. During the process, the PSFs
were immersed in the solution for 1 h, washed with run-
ning water, and dried in the normal environment for 48 h
to eliminate moisture. SEM images of the PSFs showed
that untreated fibers (Fig. 2a) had irregularities on their
outer surface, while treated fibers (Fig. 2b) had a smoother
surface and protrusions, increasing intrinsic bonding with
bulk materials. Table 2 presents the characteristics of both
untreated and treated PSFs.

Table 1 Chemical composition of LCFA

Chemical composition Percentage
Silica 76.18
Alumina 1542
Ferric oxide 3.19
Potassium oxide 1.95
Calcium oxide 0.91
Sulfuric anhydride 0.32
Magnesium oxide 0.25
Sodium oxide 0.15
Loss of ignition 1.63
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Fig. 1 Fluctuation in the size of 100
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2.2 Methods
2.2.1 Preparation of samples

To examine the impact of fiber surface modification on
different properties, geopolymer composites reinforced
with untreated and treated PSFs were produced. An unre-
inforced geopolymer sample (control matrix) was also
manufactured for comparison. To induce alkali activity
in fly ash, a solution containing a combination of NaOH
and Na,SiO; was used. The content and modulus of the
mixed alkali activator considered in this study are 10%
and 1.5, respectively. To produce an effective geopolymer
paste, fly ash, NaOH, and Na,SiO; solutions were mixed
for 6 min. The chopped PSFs with a length of 20 mm were
then added to the mixture and stirred for 3 min to achieve
homogeneity. After pouring the composites into the molds,

Fig.2 SEM images of PSFs: a
untreated and b NaOH-treated

LI L B R L B
1 2 3 4 5678910

Particle size (mm)

they were vibrated for 10 s to improve compaction and
then dried for 48 h at 65 °C. At last, the specimens were
taken out from the mold and kept at 28 °C and 65% rela-
tive humidity till the time of testing. Table 3 provides the
formulation of samples and their codes.

2.2.2 Experimental testings
A flow test was conducted in line with ASTM C1437-07

to evaluate the workability of the CM after PSF incorpora-
tion using Eq. 1.

D-D,
Flow (F) = ——x100 (1)

0

where D denotes average base diameter and D,, corresponds
to original base bottom diameter.
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Table 2 Characteristics of PSFs

Properties Untreated 5% NaOH 10% NaOH 15% NaOH
Density (g/cm?) 1.257 1.025 1.020 1.013
Cellulose (%) 76.13 63.31 66.57 62.94
Lignin (%) 429 29.98 30.10 32.88
Ash (%) 19.69 4.01 3.85 4.06
Moisture (%) 1041 11.87 11.67 11.49
Tensile strength ~ 173.24 174.05 193.11 207.92

(MPa)

In accordance with the ASTM C-20 standard, the Archi-
medes method was employed to determine the bulk density
and porosity of the manufactured samples. The mechani-
cal strengths such as compression, splitting tensile, and
flexural strengths of the specimens were determined as
per ASTM C39/C39M, ASTM C496/C496M-17, and
ASTM C78/C78M-16 standards, respectively, using an
INSTRON-8801 Universal Testing Machine (UTM) with
a 100-kN capacity.

The 100-mm cubic samples were prepared and sub-
jected to a water absorption test as per the ASTM C642-
13 standard. The test sample was immersed in water con-
tained in a storage tank, and the test was conducted for 6,
12, 24,48, and 72 h. The amount of water absorbed by the
samples was computed using Eq. 2 [24].

my —m;

Moisture absorption =

l_ @)
where m; and m; denote mass of the sample prior to and after
immersion in water, respectively.

In this work, the USPV of geopolymers and their com-
posite samples (10-mm cube) were assessed as per ASTM
C597-16 standard. To determine the thermal conductivity
of 100-mm cube samples, a hot disk M1 analyzer manu-
factured by Thermal Instruments Ltd. was utilized [25].

To assess the fracture toughness of the material,
8020 x 20 mm?® rectangular bars were tested. Using a
0.4-mm diamond blade, a crack with a I/W of 0.4 was
made in each specimen, and the fracture toughness was
computed using Eq. 3 [26].

Table 3 Formulation of samples and their codes

Sample code  Geopoly-  PSFs (wt.%)  Concentration of

mer (wWt.%) NaOH for fiber treat-
ment (%)

CM 100 0 -

0TFC 98 2

STEC 98 2 5

10TFC 98 2 10

15TFC 98 2 15
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where P is the peak load applied to the crack, S denotes span
length, W is the specimen width, / is the crack length, 7 is the
specimen thickness, and f(//f) for the polynomial geometrical
correction factor given by Eq. 4 [27].

() o= (0= (213-2) 27 )
2(1 + %)(1 - ﬁ)

The load—deflection test was conducted to obtain the
first crack, yield, and ultimate loads and their respective
deflections, energy absorption capacity, toughness indi-
ces, ductility factor, and stiffness values of the prepared
samples. The energy absorption capability of the samples
(100 x 150 x 1200 mm?®) was quantified by adding the area
under the load—deflection curves (LDC) up to the ultimate
load. As per ASTM C1018, the toughness indices /5 and
I,, are computed using Eqgs. 5 and 6, respectively [28].

Is =A, /A, 5)

-

“

Ly =A3/A, 6)

where A, is the area below the LDC up to the deflection of the
first crack, and A, and A correspond to the area below the LDC
up to the deflection of 3 and 5.5 times the first crack, respectively.

The initial stiffness of the samples was obtained from
the slope of the LDC. Equations (7) and (8) provide the
pre-yield stiffness (K;) and the post-yield stiffness (K,) [29].

K, =P/A, @)

K, = (Pu - Py)/(Au - Ay) ®)

where K, denotes the initial stiffness in kKN.mm, K, corre-
sponds to effective stiffness in kN.mm, P, and P, represent
yield and ultimate load respectively in kN, and A, and A, indi-
cate deflection at yield and ultimate point, respectively, in mm.
The surface of untreated and alkali-treated PSFs and
fractured surfaces of geopolymer-based samples were
investigated with ZEISS-SEM to understand fiber surface
morphological changes and composite failure causes. For
the analysis, a 15-kV accelerating voltage was applied.

3 Results and discussion
3.1 Flow property

The range of flow values for geopolymers and their compos-
ites is depicted in Fig. 3. It is observed that PRGC has less
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Fig.3 Flowability of CM, untreated, and treated fiber—incorporated
composites

flowability than CM. This could be attributed to composites’
higher shear resistance to flow and increased composite stiff-
ness with the inclusion of PSFs [30]. Further, the fibers have
the potential to absorb a part of the mixing water, which
decreases the total quantity of water available to maintain
the flowability of the mixture. Moreover, the direct contact
between the fibers and the CM enhances friction, hence
diminishing the material’s capacity to flow. Contrarily, when
the composites were reinforced with 15% treated PSFs, there
was an increase in their flowability. When fibers are treated
with a highly concentrated alkali, the fiber surface is dam-
aged, and the fiber becomes porous. This enhances the com-
posite’s flowability.

3.2 Bulk density and porosity

Figure 4 discloses that the density of the GPC is lower than
that of the CM. This is because PSFs have a lower specific
gravity. Furthermore, it is witnessed that the density of
GPC reduces when treated PSFs are incorporated. The rea-
son is that the increase in treatment concentration reduced
the density of the fiber due to the removal of contaminants
that existed on the surface of the fiber [31]. The amount of
reduction in density with respect to an increase in concen-
tration is displayed in Table 2. In this study, a 5% decrease
in composite density is observed for each 5% increase in
treatment concentration.

The porosity of composites is evidently greater than that
of the control matrix (Fig. 4). This is due to the presence of
voids and cracks on the fibers’ surface. According to Alo-
mayri et al. [27], the higher porosity of composites con-
taining plant-based fibers is caused by the hydrophilicity of
fibers, which generates voids in the fiber-matrix interface.
Similarly, PSFs are also plant-based and highly hydrophilic,
which is yet another reason for the increased porosity of the
GPC as the fiber loadings increase. The increase in porosity
will have an adverse effect on the composite’s water absorp-
tion capability. Due to the capillary effect, micro-cracks
formed at the interface by porosity promote water absorp-
tion. Consequently, the composites lose performance. There-
fore, this issue should be addressed to increase the compos-
ite’s durability. According to Su et al. [32] and Behforouz
et al. [33], reinforcing pre-treatment fibers can reduce
porosity in geopolymer composites, and the current work
investigates the effect of treatment concentration on poros-
ity. Further, the lower porosity of treated PSF-incorporated
composites is attributed to the eradication of impurities that

Fig.4 Bulk density and poros- 2000 30
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causes the fiber surface to become clean and rough, which
facilitates better interfacial bonding between the composite
constituents, resulting in a reduction in porosity. In addi-
tion, even though the reduction in porosity value is marginal,
it will be advantageous in terms of water uptake behavior,
mechanical qualities, and composite durability.

3.3 Mechanical properties

Figure 5 depicts the results of the investigation into the
mechanical properties. The compressive strength of com-
posites demonstrated greater values (31.26-34.83 MPa) than
the CM (27.85 MPa), which is comparable with the findings
of prior research [30, 34]. It is worth noting that the com-
pressive strength of GPC increased when the treated fibers
were loaded. This is because the NaOH treatment can get rid
of unwanted materials and make the reinforcement’s surface
rougher, which makes it easier for the composite parts to
stick together[35]. Specifically, composites containing 10%
treated fiber displayed the greatest compressive strength of
34.83 MPa, which was 25.06% greater than the standard
sample. The composites containing 15% treated fiber have
a somewhat lower compressive strength than the compos-
ites containing 10% treated fiber, but it is still greater than
the composites containing untreated fiber and the CM. The
improvement in compressive strength of GPC was also con-
veyed in the literature [36, 37].

The test results for splitting tensile strength (STS) showed
that the inclusion of PSFs significantly increased the STS of
the geopolymer. The improvement is the result of the fiber’s
excellent tensile characteristics. Moreover, the existence of
reinforcement in CM simplified stress transfer through the

Fig.5 Mechanical properties 38 4
of CM, untreated, and treated

fiber—incorporated composites 36
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30 -
28
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interface, thereby increasing the load-carrying capability of
GPC and allowing for the achievement of greater strength
[34]. Further, the existence of reinforcement in CM simpli-
fied stress transfer through the interface, thereby increas-
ing GPC’s load-carrying capability and allowing for greater
strength. This is due to the existence of protrusions on the
treated fiber surface, as shown in SEM images of treated
fibers (Fig. 5). These protrusions serve as a mechanical inter-
locking mechanism during tensile loading, hence increas-
ing the load-carrying capability of composites[38]. In the
current investigation, composites containing 10% treated
fiber had a tensile strength of 99.21% more than the con-
trol matrix. The decline in tensile strength of 15% treated
PSF-added composites is attributable to the weakening of
fibers after treatment at increasing alkali concentrations.

The flexural strength of GPC is noted to be greater than
the CM. This is because the existence of PSFs can efficiently
support increased load, delaying the formation of microc-
racks and enhancing flexural strength. On the other hand,
the alkali treatment enhances the PRGC’s flexural strength.
In particular, the geopolymer containing 10% treated fiber
exhibited greater flexural strength than the control matrix
and untreated fiber composites by 123.35% and 53.52%,
respectively. This is because the treatment stimulates the
precipitation of soluble sugars in advance, reduces the
polymerization reaction’s influence, and creates coarser
fiber surfaces, resulting in strong fiber-matrix adhesion.
Zhou et al. [35] determined that alkali treatment increased
the flexural strength of GPC-containing cotton stalk fiber by
11.5%. Also, Yan et al. [39] identified that the NaOH treat-
ment augmented the flexural strength of coir fiber—loaded
composites by 21.4%. The current study’s findings are con-
sistent with the aforementioned literature.

CM
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3.4 Water absorption

The proportion of water absorbed by the CM and their com-
posites is presented in Fig. 6. It is apparent that all compos-
ites absorb more water than CM. This may be a result of
the hydrophilicity of PSF [40] and the increased interfacial
area among PSF and CM. Utilizing surface-treated or sur-
face-coated fibers reduces the water absorption rate. In this
context, surface-modified PSFs were reinforced, and their
water absorption behavior in relation to treatment concen-
tration was investigated. The outcomes reveal that the water
uptake by the GPC decreases with increasing treatment con-
centrations up to 10% and tends to increase with increas-
ing treatment concentrations up to 15%. It is possible that
the pre-treatment of the reinforcements aided their bonding
with the base material, thereby reducing the pores and voids.
The water absorption of composites containing 5%, 10%,
and 15% treated fibers is reduced by 13.55%, 20.33%, and
16.95% respectively, compared to composites containing
untreated fibers. Therefore, it was ascertained that the pre-
treatment of PSF considerably reduces the water absorption
rate of GPC. Similar patterns of outcomes were reported for
pre-treated cotton stalk—reinforced geopolymer composites
[35] and pre-treated rice straw—incorporated geopolymer
composites [24].

3.5 Ultrasonic pulse velocity

Figure 7a illustrates the USPV results of CM and their com-
posites. It is evident that the inclusion of PSFs increased
the USPV. This is because ultrasonic waves travel through

Fig.6 Water absorption of CM,
untreated, and treated fiber—
incorporated composites
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fibers faster than through geopolymers. Furthermore, it is
clear that the composite’s USPV increased as the concentra-
tion of alkali treatment increased. It is anticipated that, after
treatment, the fibers will stiffen and form strong interfacial
bonds with the matrix, thereby increasing the speed of the
ultrasonic waves. A slight decrease in USPV is observed in
composites containing fibers treated with a 15% concentra-
tion. It is ascribed to fiber damage occurring due to higher
concentrations of alkaline solution, resulting in an increase
in the porosity of composites. Finally, the optimal concen-
tration of treatment is determined to be 10%, which offers
8.1%, 5.16%, and 2.5% more USPV than the concentrations
of 0%, 5%, and 15%, respectively. Furthermore, it is worth
noting that the USPV improvement is only marginal. A sig-
nificant improvement in USPV could be obtained by using
nanoparticles as secondary reinforcements.

In addition, a strong correlation exists between USPV
and the compressive strength of materials. Figure 7b depicts
a correlation established between USPV and the compres-
sive strength of the samples tested. The current investigation
revealed a linear relationship between these parameters with
a correlation coefficient (R?) of 0.98, which is consistent
with previous studies [41, 42].

3.6 Thermal conductivity (TC)

The thermal conductivities of geopolymers and their com-
posites (Fig. 8a) range from 0.28 to 0.48 W/m K. The out-
comes revealed that the inclusion of PSF decreased the TC
of GPC, which is in agreement with the density results previ-
ously described [43, 44]. The decrease in the TC of CM with
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the addition of PSFs can be ascribed to several factors: (i)
PSFs exhibit a lower TC when compared to the CM. When
these fibers are added to the geopolymer, they function as
insulating materials, which leads to a decrease in the overall
TC of the composite, (ii) the interaction between the PSFs
and CM can create interfaces that disrupt the flow of heat.
These interfaces have the ability to disperse and reflect ther-
mal energy, resulting in a decrease in the TC, and (iii) the
heterogeneous nature of the PSF-reinforced GPC results
in less effective heat transfer compared to a homogeneous
material, resulting in a reduction in TC. Furthermore, as the
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alkali treatment concentration increased, the TC decreased.
This occurs due to the decreased bulk density of the treated
fiber GPC, as described in Sect. 3.2. The composites con-
taining 15% treated fiber had 41.66% less thermal conductiv-
ity than the companion control matrix. Finally, this variation
in values had a positive effect on the TC of GPC, suggesting
that thermal insulation can be enhanced by using GPC with
low TC [45, 46]. In addition, the bulk density of both the
CM and the composites is closely related to their thermal
conductivity. Figure 8b depicts the relationship between TC
and the bulk density of the tested materials. Consistent with
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prior research, the present study found a linear correlation
between these variables, with an R? value of 0.96 [34, 43].

3.7 Fracture toughness (FRTS)

Figure 9 depicts the effect of chemical treatment on FRTS
of PRGC. The inclusion of PSF increased the FRTS of the
CM from 0.57 to 0.9 MPa m"2. This could be due to the
energy-absorbing qualities of the PSF [27, 47]. Moreover,
the existence of PSFs can modify the path of cracks, lead-
ing to their deviation, division, or blunting. Consequently,
this raises the amount of energy required for crack propa-
gation, thereby improving the FRTS of the composites.
The results also indicated that the FRTS increased with
an increase in the treatment concentration up to 10% and
decreased with a further increase in the treatment con-
centration. The enhanced FRTS of geopolymers can be

related to the strong bonding between the treated fibers
(5% and 10%) and geopolymer. Under the application of
stress, the primary mode of failure in composite materials
is fiber fracture, which requires a significant amount of
time and energy. As a result, there is an increase in frac-
ture toughness, which enhances the material’s strength and
durability. The composites added with 10% treated fiber
exhibit 25%, 13.92%, and 2.27% higher fracture toughness
when compared to untreated, 5%, and 15% treated PFRG,
respectively. Because of the higher concentration of alkali,
the 15% treated PSF has damage and cracks on its surface,
which contributes to the reduction in the fracture tough-
ness of the GPC.

3.8 Load-deflection analysis
3.8.1 Load-deflection curve

Figure 10 illustrates the impact of untreated and alkali-
treated PSF additions on the load—deflection behavior of
CM and their composites. The results showed that using
PSFs considerably enhanced post-cracking behavior,
which contributes to increasing the area under the non-
linear section of the LDC and hence the amount of energy
absorbed by the material during fracture. The reinforce-
ments can change the behavior of reinforced geopolymers
from linear to ductile [28, 48]. The present work results
clearly indicated that the composites have a 2-2.5 times
higher ultimate load when compared to the control matrix
(12.09 kN).

3.8.2 Energy absorption capacity

Figure 11 exemplifies that the control matrix has negligible
energy absorption capability when compared to fiber-rein-
forced geopolymers (Fig. 11a and b). This may be attrib-
uted to the enhanced load-bearing capacity of GPC with
the inclusion of fibers. Furthermore, the beam deflects more
when fibers are added to the geopolymer, which improves
the composite’s ductility. Due to their better interfacial
bonding, treated fiber—added composites (Fig. 11c, d)
exhibited a greater energy-absorbing capacity than untreated
fiber—added composites.

3.8.3 Toughness indices

The I5 and I, toughness indices of CM and their PSF-
based composites are given in Table 4. It is observed that
the composite’s toughness exceeds that of the control
matrix. This could be related to the reinforcing effect of
PSFs. Furthermore, improved bonding between composite
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Fig.9 Fracture toughness of 1.0
CM and their composites -|-
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sections contributes to the increased load-bearing capabil-
ity of treated fiber—included composites. This is the fun-
damental reason for the composites’ increased durability.
However, in the present work, a marginal improvement in
toughness indices is evidenced between the untreated and
alkali-treated PSF—incorporated composites.

Fig. 10 LDC of CM, untreated,
and treated fiber—incorporated
composites

Load (kN)

3.8.4 Stiffness

Table 5 displays the initial and effective stiffness of the sam-
ples. The control matrix has a higher initial stiffness than the
GPC with untreated fiber additions. This could be related to
the brittle behavior of the control matrix, which results in

— CM
— OTFC
STFC
- 10TFC
1STFC
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Fig. 11 Energy absorbing

capacity of a CM, b OTFC, ¢ (@) (b)
STFC’ d IOTFC’ and e ISTFC Area under the curve up to 254
124 ultimate point = 3.55422 kN.mm
20 4
z Z
< =3
] = 154
5 3
10
Area under the curve up to
5 ultimate point = 22.03348 kN.mm
0 T T T T T T 1 0 T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.5 1.0 1.5 2.0 25 3.0
Mid-span deflection (mm) Mid-span deflection (mm)
32 40
(c) (d)
324
244
2 161 =
= = 16
8
Area under the curve up to 8
ultimate point = 27.9766 kN.mm Area under the curve up to
ultimate point = 32.25606 kN.mm
0 T T T T 1 0 - - T r .
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 15 2.0 25

Mid-span deflection (mm)

40

Mid-span deflection (mm)

32

24

Load (kN)

16

(e)

Area under the curve up to
ultimate point = 31.35045 kN.mm

reduced deflection. The inclusion of low-density PSFs turns
the brittle behavior of the CM into a ductile behavior, result-
ing in a greater amount of deflection. This effect drastically
reduced the composite’s initial rigidity. In the preceding sec-
tions, it was stated that the pre-treatment of fibers improved
their stiffness, which is reflected in the results of compos-
ites including treated fibers. In the present study, the initial

Table 4 I and I, toughness indices of CM and their composites

Toughness CM 0TFC 5TFC 10TFC 15TFC
indices

I 6.29 14.54 14.86 14.89 13.83
I 13.93 32.17 32.43 33.74 29.58

T T
1.0 15 2.0 25

Mid-span deflection (mm)

stiffness values of treated PRGC are marginally higher than
those of untreated PRGC.

3.9 Morphological analysis

The interaction between elements of GPC was examined
using SEM micrographs. In order to enhance the effi-
ciency of energy absorption in GPC, it is vital to have
an appropriate interface between the composite elements
[49]. The SEM image (Fig. 12a) displayed uneven stripes
and a rougher surface, which facilitated the attachment of
the PSFs to the GPM [34]. The void formations resulting
from fiber pull-outs, inadequate bonding between parts,
and fractures observed in Fig. 12b demonstrated the poor
interfacial bonding between the PSFs and GPM. During
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Table 5 Initial and effective

Stiffness of different samples Reinforcement Quantity Py (kN) P, (kN) Ay (mm) A, (mm) K, (kN.mm) K,(kN.mm)
None - 7.48 12.09 0.26 0.65 28.76 11.82
Untreated fiber 2 wt. % 14.93 25.87 0.99 1.76 15.08 14.20
Alkali-treated fiber 5% 16.30 29.47 0.93 1.82 17.53 14.79
NaOH
10% NaOH  21.05 36.74 0.86 1.68 24.47 19.13
15% NaOH  20.06 35.77 1.01 1.81 19.86 19.63

Fig. 12 SEM images of samples: a CM, b 0TFC, and ¢ 10TFC

fiber pull-outs, microcracks will develop in close proxim-
ity to the void regions. These fractures will then propagate
under load, ultimately resulting in the failure of compos-
ites. This could be overcome by improving the interfacial
bonding between the composite elements by incorporating
the treated fibers. The current study demonstrates that the
alkali-treated fibers establish a strong bond with the GPM
(Fig. 12c), which contributes to the enhanced overall per-
formance of composites.

4 Conclusions

In this study, the effect of alkali treatments on the phys-
ico-mechanical, water, and thermal resistance properties
of geopolymers and their composites was investigated.
The experimental data revealed that the addition of PSFs
to GPM reduces their flowability due to the increased
shear resistance to flow in composites. The porous char-
acteristics of the reinforcement materials cause the bulk
density of composites to decline. The porosity of treated
PSF-added composites showed a decreasing trend owing
to the close packing of composite elements. The incorpora-
tion of alkali-treated PSFs increased the mechanical prop-
erties, ultrasonic pulse velocity, and fracture toughness
of the composites due to improved interface bonding and
effective stress transfer that occurred at the interface. On

@ Springer

the other hand, the incorporation of treated fibers reduced
the water absorption rate and thermal conductivity of the
composites. Incorporating PSFs into GPM increased the
ultimate load and permitted substantial deformation with-
out breaking during bending tests, demonstrating the duc-
tile fracture behavior of composites. Finally, this research
showed that 10% treated PSFs in geopolymer composites
could potentially serve as an alternative material for ther-
mal insulation and construction applications.

Although composites containing alkali-treated PSFs
exhibit enhanced interfacial bonding, their performance
can be further enhanced by incorporating nano-clay as a
secondary reinforcement material. Using nano-clay, even
in minimal quantities, can result in improved material
efficiency and possible future cost reductions. Therefore,
geopolymer composites incorporating 10% alkali-treated
PSFs and nano-clay could be cast and subjected to detailed
characterization studies.
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