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Abstract

Natural fiber-based composite is an emerging research area due to its significant advantages over synthetic fiber—based com-
posite. The present research aims at analyzing the influence of abaca fiber reinforced polyester composite on the dynamic
mechanical analysis (DMA). Additionally, pH of zero point charge has been determined for pure matrix, untreated, and
treated specimen. In abaca fiber-based composite system, the composition of fiber is varied from 10 to 40 wt%. To enhance
the physical interaction between the fiber and the matrix, the abaca fibers of 4, 6, 8, and 10 vol% are subjected to NaOH
treatment. It is surface treated using NaOH. The enhancement of the bonding between the matrix and treated abaca fiber has
been ensured by FTIR test. The voids, matrix crack, and microspore presence in the abaca-based composite specimen during
fracture test has been examined by scanning electron microscopic image. An increase of dynamic mechanical properties is
observed in the following order: pure matrix, abaca fiber reinforced polymer composites, and chemically treated abaca fiber
reinforced polyester composites. DMA of chemically treated abaca reinforced polyester composite has enhanced due to the
removal of hemicelluloses and lignin from the surface of the fiber, which indeed creates micropores and rougher morphol-

ogy on the fiber surface.
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Introduction

The abaca fiber is a very much stronger compare to other
natural fibers [1-3]. The abundant availability of fiber and
higher mechanical properties encourage the author to study
further research towards the study of the abaca reinforced
polyester composite on dynamic mechanical analysis. The
bio-composites obtained with chemically treated natural
fibers exhibited good mechanical properties, like tensile
strength and modulus compared to untreated composites.
It is reported that the epoxy composite specimens were
prepared using three fibers, namely, flax, linen, and bam-
boo. It was observed that alkali treatment (5 wt% NaOH
and 30-min soaking time) of single-strand yarns fibers pro-
duced negative effect on the mechanical properties of these
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fibers. However, composites prepared using alkali treated
yarns exhibited improvement in the mechanical properties
compared to neat matrix and raw fiber reinforced composites
[4-7]. NaOH treatment was applied for jute fibers, and the
same was incorporated into polyester and epoxy matrices.
The treated fiber reinforced composites show a pronounced
effect on the mechanical properties compared to raw fiber
reinforced composite system and neat matrices. Among
the treated fiber reinforced system, 5 wt% of NaOH treated
system was optimized owing to attainment of maximum
mechanical properties. Using of fibers treated with 10 wt%
NaOH concentration affected in lower mechanical properties
of the composite [8].

The tensile strength of natural fibers gets increased with
the addition of fiber content in matrix. It is reported that the
Halpin—Tsai equation is suitable to predict elastic modulus
of different classes of natural fiber reinforced composites
[9, 10]. The mechanical properties like strength and stift-
ness of fibers are increased with the increase in fiber content
and alkali treatment under isometric conditions of 20 min at
20 °C in 25% NaOH solution. The mechanical properties of
epoxy composite specimen reinforced with tossa jute fiber
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were obtained through experimental analysis. The mechani-
cal properties of the composite specimen are increased with
the increase in fiber content and concentration of NaOH
solution. However, the fiber content increased beyond the
optimum quantity was dropping the fatigue performance of
composites [11]. The comparative study of mechanical prop-
erties is made between the coir/epoxy composite and glass/
epoxy composite. It is reported that the tensile, flexural, and
impact strength of coir fiber reinforced epoxy composite are
lower compared to glass fiber reinforced epoxy resin. It is
concluded that the poor wettability of resin on fiber surface
and weak bonding between the fiber and the matrix of com-
posite may be the reason for lower mechanical properties
[12]. The mechanical properties such as tensile and flexural
(3-point bending) strengths are tested for the woven banana
reinforced epoxy composites. Results reveal the value of
Young’s modulus in X and Y directions of 0.976 GN/m and
0.863 GN/m, respectively. The maximum load applied on the
woven banana based composite (0.5 mm beam) is 36.25 N to
get deflection during flexural tests [13]. The tensile, flexural,
and impact tests are carried out for pseudo-stem banana fiber
reinforced epoxy composites, which exhibit ductile proper-
ties with minimum plastic deformation during testing. The
tensile and impact strengths are 90% and 40% improved
respectively compared to pure epoxy [14]. Further, the adhe-
sion and moisture resistance properties are improved by sur-
face modification techniques like mercerization and silane
treatment. The sisal fiber reinforced epoxy composite speci-
men is prepared, and mechanical (compression and flexural)
tests are performed experimentally. The resin absorption
ability of mercerized sisal fiber also is enhanced owing to
the wettability between fiber and resin. Surface modification
done with adopting mercerization and silane treatment on
sisal based composites can improve compressive strength
without compensating flexural property [15]. The dynamic
mechanical analysis and tensile tests are carried out in
hybrid fiber (oil palm and jute) reinforced epoxy compos-
ites. The specimens are prepared by three different propor-
tion of oil palm/jute fibers (4:1, 1:1, 1:4) in matrix. Results
reveal that the dynamic mechanical properties and tensile
strengths are increased, while the content of jute fiber is
increased in hybrid composite. Hence, the proportion of 4:1
of oil palm/jute produces higher mechanical properties com-
pared to other two combinations mentioned above. Further,
the mechanical properties of hybrid composite are improved
owing to the interfacial bonding between the fiber and the
matrix [16]. The mechanical and thermal tests were carried
out in hybrid composite (Jute and banana) with different pro-
portions of fibers of 100/0, 75/25, 50/50, 25/75, and 0/100.
The tensile, flexural, and impact strengths are increased to a
maximum extent for equal proportion of jute/banana-based
composite. Proportions of 50/50 of jute and banana fibers
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incorporated in hybrid composites exhibit better thermal and
water absorption characteristics compared to the other ratios
[17]. In this work, the comparison of dynamic mechanical
analysis of abaca reinforced polyester composite has been
made by varying percentage of abaca fiber (10 to 40 wt%)
and chemical concentration for surface treatment of abaca
(NaOH 4, 6, 8, and 10 vol%). This investigation has been
carried out with 3 replications and the average value taken
for the further experimental study. No research article avail-
able to show dynamic mechanical analysis of abaca-based
composite by varying both fiber content (abaca) and chemi-
cal concentration (NaOH).

Effect of chemical treatment on abaca-based
composite

The different chemicals has been used to enhance
mechanical properties of abaca fiber reinforced poly-
ester composites, namely, benzene-diazonium chloride,
plasma, sodium hydroxide, and alkaline treatment. The
fiber surface can be wettable to the polymer by applying
helium as power source of plasma and acrylic acid. The
effectiveness of surface treatment of abaca-based com-
posite can be assessed by measuring tensile strength and
Young’s modulus. Kim et al. [18] results obtained that the
tensile strength of abaca-based composite materials are
164 MPa and 84 MPa from plasma treated and untreated
composite specimens, respectively. Also reported that the
water intake characteristics of abaca-based composite is
lesser for hybrid (chemical and plasma) treatment com-
pared to only plasma treated composite. However, it is
reported that the tensile strength of hybrid and plasma
treated specimen were observed to be same. The alkaline
method of fiber treatment is more effective compared
to other chemical treatment methods due to removal of
hemicellulose and lignin from fiber surface; it enhances
roughness on the surface and bonding between the inter-
action surfaces [1].

Materials and methods
Polyester resin

Dibasic organic acid and dihydric alcohol are the major
components used to synthesize polyester resins. A wide vari-
ety of polyester resins are prepared by varying the composi-
tion of acid and alcohol. They can be categorized into two
types, as unsaturated and saturated polyester. The polyester
resin is generally dissolved in a monomer styrene, which
would copolymerize with it and add to the final properties
of the cured matrix.
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Fig. 1 Chemical structure of polyester resin

Similarly, catalyst, or better initiator, would cause the
matrix to cure. The most commonly used initiators, which
disintegrate into free radicals, are benzoyl peroxide (BPO)
or methyl ethyl ketone peroxide (MEKP). The free radi-
cals produced start the crosslinking radical polymerization
from styrene and unsaturated C = C group of the polyester
matrix. Its content and processing temperature can control
the rate of polymerization. At higher temperature, post
curing is required after the resin turns into solid state.
The properties of a polyester resin depend on its chemical
composition and the crosslinking degree. Figure 1 shows
the chemical structure of polyester resin.

Fig.2 Abaca fiber

Abaca fiber

Abaca fibers (musatextilis) that are shown in Fig. 2, also
called manila hemp, are purchased from Maruthi Peach
Company, located at Tirupur, Tamil Nadu, India. Polyes-
ter (Clear pale yellow liquid, viscosity: 500 cps, density:
1.12 gm X cm™, volatile content: 40.0%) is purchased from
Naptha Resins and Chemicals (P) Limited located in Ban-
galore, India. The polyester resin curing system contains
cobalt compound used as activator, and the initiator used
is methyl ethyl ketone peroxide (MEKP), which has bought
from Sigma Aldrich Co. Ltd., India.

The abaca fibers with the average diameter of 0.02 cm
are cleaned and chopped into required length ranging
from 27 to 32 cm. Before making the composites, the
fibers are dried at 60 °C under vacuum for 2 h in order
to remove the moisture content [19]. Furthermore, the
compositions of abaca reinforced polyester composite
are listed in Table 1; pure and abaca fiber reinforced
polyester composites are prepared by hand lay-up method
followed by compression molding process. Abaca fibers
are unidirectionally oriented in the matrices. The steel
rollers are utilized to maintain the orientation of fibers
uniformly in the composites. Followed by this process,
the moulds are closed and kept in hydraulic press under
the compressive force for 4 h to obtain uniform thick-
ness. Curing reaction is initiated by adding 1 vol% of
a cobalt activator and MEKP in vinyl ester resin and
polyester. Epoxy resin was cured by an amine hardener.
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Table 1 Composition of abaca-based composites

Sample Polyester (wt%) Abaca fiber NaOH
(wt%) (Wt%/vol%)
Polyester 100 - -
Cl1 90 10 -
Cc2 80 20 -
C3 70 30 -
C4 60 40 -
4C1 90 10 4
6C1 90 10 6
8C1 90 10 8
10C1 90 10 10
4C2 80 20 4
6C2 80 20
8C2 80 20 8
10C2 80 20 10
4C3 70 30 4
6C3 70 30
8C3 70 30 8
10C3 70 30 10
4C4 60 40 4
6C4 60 40
8C4 60 40 8
10C4 60 40 10

The composite specimens are allowed to cure at room
temperature for 24 h. The storage modulus of pure matrix
and abaca fiber reinforced polyester and composites are
determined as a function of temperature ranges from
10 to 140. DMA 2980 (TA instrument, New Castle DE,
USA) furnished with dual cantilever bending fixture is
utilized. Testing is carried out at a frequency of 1 Hz,
strain amplitude of 10 pm, and heating rate of 5 °C/min.
The dimensions of specimens are 3.5 cm X 1 cm X 0.4 cm.
Four different weight fractions of abaca fibers are soaked
in 4, 6, 8, and 10 wt%/vol% of alkali solution at room
temperature for 2 h [19]. Further, the fibers are washed
several times with distilled water until the pH value
reaches 7 in order to completely remove alkali fragments
from the surface of the fibers. The fibers are dried in
sunlight for 3 days.

Fourier transformation infrared spectroscopy

Make of FTIR is Nexus 870, Thermo Nicolet Corpora-
tion, Madison, WI, USA, and it is utilized to compare the
variation in the functional group of the raw and chemi-
cally treated fiber. The analysis is conducted in trans-
mittance mode under wave length ranging from 4000 to
700 cm™!.

@ Springer

pH of Zero Point Charge

To find the pH of zero point charge of the polyester,
untreated and treated abaca fibers, the following procedure
has been followed, addition of 0.15 g sample (absorbent) to
50 mL of sodium chloride (NaCl, 0.01 mol L™"); the solution
pH was adjusted by adding hydrochloric acid (HCI, 0.1 mol
L") to obtain the required range of (2 to 12) pH value. The
solution has mixed using magnetic stirrer for 24 h with
200 rpm. The experimental setup of the pH of zero point
charge is shown in the Fig. 3. [20-23].

Result and discussion

The storage modulus of pure and polyester composites is
shown in Fig. 4. The glass transition region of pure and fiber
reinforced poly ester starts between 30 and 33 °C. In gen-
eral, the storage modulus of poly ester increases with addi-
tion of abaca fiber. However, the trend alters in reference to
temperature and loading of fiber. Incorporation of fiber into
composite improves the storage modulus of polyester. Up to
32 °C, the storage modulus of C3 and C4 is low compared
to pure matrix. However, the trend changes after 37 °C. The
reason for the decrease in storage modulus of C3 and C4
below 37 °C may be due to the presence of a few voids and
pores during the composite preparation [24], which may be
liable for drop in the storage modulus value at lesser tem-
perature region. At higher temperature, the storage modulus
of pure matrix is very small. Hence, the storage modulus of
C2, C3, and C4 is compared with C1. At 70 °C, the storage
modulus of C2, C3, and C4 illustrates 62.5%, 125%, and
112.5% of increase compared to C1.

Surface treatment

Removal of hemicelluloses and lignin content on the fiber
surface leads to the formation of rough surface and micropo-
res on the fiber surface. Upon composite preparation, the
resin would get impregnated into the micropores of the fiber.
This creates strong interfacial bonding between fiber and
matrix, which indeed strongly contributes to the increase in
the mechanical properties.

Figure 5 depicts the storage modulus of pure matrix, raw,
and treated abaca (10 wt%) reinforced polyester composites.
The glassy transition region for pure, raw, and treated abaca
(10 wt%) fiber reinforced polyester starts between 31 and
34 °C. In general, the storage modulus of polyester increases
with addition of abaca fiber. However, the trend alters in
reference to temperature and loading of fiber. Addition of
fiber enhances the storage modulus of polyester. The storage
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Fig.3 Experimental setup for
pH of zero point charge
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Fig.5 Storage modulus of pure,
untreated and treated abaca fiber
(10 wt%) reinforced polyester
composite

Storage modulus (MPa)

Cl1. At 70 °C, the storage modulus of 4C1, 6C1, 8C1, and
10C1 illustrates 31.25%, 43.75%, 118.75%, and 75% of
improvement compared to raw abaca reinforced vinyl ester
composite.

Figure 6 reveals the storage modulus of pure matrix,
untreated, and treated abaca (20 wt%) reinforced polyester
composites. The glassy region for pure matrix, raw, and
treated abaca (20 wt%) fiber reinforced polyester extends up
to 30-35 °C, while rubbery region extends up to 35-50 °C.
Addition of fiber improves the storage modulus of polyes-
ter. The storage moduli of treated abaca reinforced polyester
composites of 4C2, 6C2, 8C2, and 10C2 show improvement
compared to raw abaca fiber reinforced and pure polyester.
Additionally, at higher temperature, the storage modulus of
pure polyester is smaller. Therefore, the storage modulus of
4C2, 6C2, 8C2, and 10C2 is compared with C2. At 80 °C,
the storage modulus of 4C2, 6C2, 8C2, and 10C2 show
160%, 150%, 280%, and 180% of improvement comparing to
untreated abaca reinforced polyester composite. The treated
abaca reinforced polyester composite (8C2) shows improved
storage modulus compared to 10C2 due to the removal of
hemicellulose and lignin content in fiber. This may produce
strong interaction between the fiber and the matrix. The stor-
age modulus of polyester composite 10C2 drops than 8C2
due to the removal of excess hemicellulose, lignin, and cel-
lulose content from fiber. This may be responsible for lower
interaction between the fiber and the matrix.

@ Springer
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Figure 7 depicts the glassy region for pure matrix,
untreated, and treated abaca (30 wt%) fiber reinforced poly-
ester extends up to 30-40 °C and rubbery region extends
upto 75— 90 °C. Upto 31 °C, the storage modulus of C3,
6C3, and 10C3 is low compared to pure matrix. However,
the trend changes after 31 °C. The reason for the decrease in
the storage modulus of C3, 6C3, and 10C3 below 31 °C may
be due to the presence of a few voids and pores in matrix
[24], which may be responsible for the drop in the storage
modulus value at low temperature region. Addition of fiber
improves the storage modulus of polyester composite. The
storage modulus of treated abaca reinforced polyester com-
posites of 4C3, 6C3, 8C3, and 10C3 gets enhanced com-
pared to untreated abaca fiber reinforced and pure polyester.

The storage modulus of pure polyester is minimal at
higher temperature. Therefore, the storage modulus of 4C3,
6C3, 8C3, and 10C3 is compared with C3. At 80 °C, the
storage moduli of 4C3, 6C3, 8C3, and 10C3 show 21.42%,
36.36%, 100%, and 38.18% of enhancement compared to
untreated abaca reinforced polyester composite. The stor-
age modulus of pure matrix, raw, and treated abaca fiber
(40 wt%) reinforced polyester composite is shown in Fig. 8.

The glassy region for pure matrix, raw, and treated abaca
(40 wt%) fiber reinforced polyester ends between 25 and
30 °C and rubbery region ends between 35 and 50 °C. Up to
40 °C, the storage moduli of C4 and 10C4 are low compared
to pure matrix. However, the trend changes after 40 °C. The
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Fig.6 Storage modulus of pure, 2200 400
untreated and treated abaca fiber J
(20 wt%) reinforced polyester
composite
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below 40 °C may be because the presence of some voids and  Incorporation of fiber into composites enhances the storage
pores in matrix [24], which may be responsible for fallsin ~ modulus of polyester composite. The storage modulus of
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Fig.8 Storage modulus of pure, 3000 - 200
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Fig. 10 Scanning electron
microscopic image of treated
(8 wt%/vol%) abaca fiber-based
composite
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4.17%, 16.67%, 33.33%, and 25% of improvement compared
to untreated abaca reinforced polyester composite.

pH of zero point charge

Commonly, the pH influences more on the surface charge of
solid absorbent. The presence of heavy metals in absorbent
is strongly effects the pH value. The pH value of pure matrix,
untreated, and treated abaca has been determined by pH drift
method as shown in the Fig. 9. The pH of zero point charge
of pure matrix, untreated, and treated fibers are 5.1, 3.2,
and 3.6, respectively. The results display that the untreated
abaca fiber absorbent having acidic surface. It infers that
the positive ions are more on the surface of the untreated
abaca specimen for the pH values under the pH of zero point
charge values, hence unfavorable condition for adsorption of
cations. At higher values of pH compare to the pH of zero
point charge, the surface charge of untreated specimen will

%,
WD: 14.99 mm

VEGA3 TESCAN

Det: SE

be negative; it attracts the cations and improves binding with
matrixes. The treated abaca fibers having more negative ions
compare to untreated abaca fibers, hence its having more
chance to binding with matrix [25].

SEM image of fractured specimen

The scanning electron microscopic image of the fractured
treated (8 wt%/vol%) abaca fiber—based composite speci-
men is shown in the Fig. 10. The voids due to fiber pull-
outs, matrix failures, and microspore presence are shown
in the Fig. 10. The elimination of the hemicellulose during
surface treatment of abaca fiber reinforced composites cre-
ates microspores on the fiber surface; it enhances bonding
with the matrix materials. Due to the poor interaction of the
hydroxyl group due to elimination carboxyl group on the
surface of the abaca fibers, it pullouts from the composite
specimen during testing and it produces voids. The granular
failure occurs in the matrix surface due to the brittle nature.
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Fig. 11 FTIR spectra of raw and
treated (8 wt%/vol%) abaca fiber
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FTIR spectra of raw and treated (8 wt%/vol%) abaca fiber are
shown Fig. 11. The untreated fiber displays distinct bands at
3362, 2926, 1731, 1643, 1316, 1258, and 1032 cm™" [26].
The broad transmittance band perceived in the
3362.2 cm™! can be associated with the hydrogen bond-
ing stretching vibration, 2926.5 cm™! dictates carbon and
hydrogen aliphatic stretching (existing in many natural
fibers), 1731 cm™" and 1316 cm™! signify CH, bending
(a-cellulose), 1643.8 cm~! infers the presence of lignin,
1258.2 cm™! denotes C = O stretch of acetyl group, and
1032 cm™! belongs to hydroxyl group of cellulose [26].
Surface treated (NaOH solution) abaca fiber (8 wt%/
vol%) illustrates falls in peak intensity at 2926.5 cm™! and
1316 cm™!, which may be owing to the subtraction of hemi-
cellulose. The peak initiated at 1731 cm™' for untreated
fiber vanishes after alkali treatment inferring complete
elimination of hemicellulose from the fiber. The peak at
1643.8 cm™! and 1258.2 cm™ displays decrease in the inten-
sities after fiber treatment proving the exclusion of lignin
content from the fiber surface. Additionally, the reduction in
peak intensity at 1032 cm™! indicates poor hydrogen interac-
tion with cellulose hydroxyl groups due to the elimination
of carboxyl group. The chemically modified abaca fiber dis-
plays significant interfacial adhesion between the fiber and
the matrix. 8C3 illustrates the maximum improvement in
storage modulus value at higher temperature. Hence, 30%
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of weight fraction of abaca (treated with 8 wt%/vol% of
NaOH) reinforced polymer composite that exhibits high stor-
age modulus is selected as the optimal composition. FTIR
analysis proves the elimination of functional groups in abaca
fiber after chemical treatment.

Conclusion

The effect of fiber surface treatment of abaca reinforced pol-
yester composite on the dynamic mechanical properties has
analyzed with reference to control. A considerable increase
in the mechanical properties has achieved for the composite
containing 20 wt% of abaca fiber content and treated with
8 vol% of NaOH concentration. The following are the per-
centage of increase of storage moduli 125%, 118%, 280%,
100%, and 33.33% corresponding to untreated, 10 wt%, 20
wt%, 30 wt%, and 40 wt% of abaca based composite com-
pared to control. This can be attributed to the considerable
wettability of fiber by the matrix, homogeneous distribution
of fibers, and physical interaction between reinforcement
and matrix. However, further increase in the concentration
of NaOH, loading of abaca fiber leads to drop in dynamic
mechanical properties. This may be due to the poor wet-
tability of fiber due to high fiber content that leads to poor
fiber-matrix interaction. The pH of zero point charge of
pure matrix, untreated, and treated abaca fibers are 5.1, 3.2
and 3.6 respectively. It is infer that, at higher values of pH
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compare to the pH of zero point charge, the surface charge
of untreated specimen will be negative, it attracts the cati-
ons and improves binding with matrixes. The voids due to
fiberpullouts presence in the fractured specimen have been
examined by scanning electron microscopic image.
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