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Banana fiber reinforced phenol formaldehyde composites with different fiber lengths and fiber loadings were prepared by
compression molding (CM) and resin transfer molding (RTM) techniques. The mechanical properties such as tensile, flexural, and
impact behavior were studied. RTM composites showed improved tensile and flexural properties as compared to CM composites.
On the other hand, impact strength of RTM composites is slightly lower than that of CM composites. From the studies, it was found
that mechanical properties increased with the increase in fiber loading, reached a plateau at 30-40 wt%, and then subsequently
decreased with an increase in fiber loading in both techniques. At high fiber weight fractions, the strength decreased due to
poor wetting and very poor stress transfer. The stress value increased up to 30 mm fiber lengths and then decreased. In order to
examine the fracture surface morphology of the composites, scanning electron microscopy (SEM) was performed on the composite
samples. A good relationship between morphological and mechanical properties has been observed. Finally, tensile strength of the

composites fabricated by RTM and CM was compared with theoretical predictions.

1. Introduction

In recent years, there has been a tremendous interest in the
usage of plant fibers as reinforcement in polymer matrices for
the manufacture of automobile components [1-6]. Lignocel-
lulosic materials can significantly contribute to the develop-
ment of biobased composites [7-9]. A few reports from the
literature on green fiber polymer composites are summarized
afterwords. Francucci et al. worked to understand how the
main processing variables are affected when glass fibers are
replaced by natural fibers in reinforced plastics [10]. Good
flow properties and appreciable mechanical properties came
to attention when Oksman manufactured high quality flax
fiber reinforced composite using RTM [11]. Sreekumar et
al. studied the mechanical and water absorption properties

of sisal fiber reinforced polyester composites fabricated by
RTM and CM techniques. They found that the composites
made by RTM exhibited superior mechanical property and
less water sorption due to good fiber/matrix interaction
which was a result of low void content and good fiber
wetting [12]. Peponi et al. extended a statistical approach to
develop a comparative study on the mechanical properties
of different natural fibers [13]. Kaith and Kalia studied
grafting of flax fiber with vinyl monomers for enhancement
of properties of flax-phenolic composites [14]. Megiatto et
al. studied the effects of the polymeric coating layer as a
coupling agent in phenolic/sisal fibers composites. Since the
fibers were partially degraded by the chemical treatment,
the impact strength of the sisal-reinforced composites was
decreased [15]. A new biodegradable composite of hemp
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TABLE 1: Properties of banana fiber.

Tensile Tensile Elongation Diameter Densit Cellulose Hemicellulose

strength modulus at break of the fiber ( /cm3}), content (%) Lignin (%) Moisture (%)

(MPa) (GPa) (%) (microns) & (%) °

540+ 9 29+2 3+0.2 80 +2 1.3+0 63+1 19+1.2 5+0.5 11+£0.1

fiber reinforced polylactic acid was fabricated by Hu and
Lim using the hot press method. Mechanical properties
of composites with different fiber volume fractions were
tested, and the effects of alkali treatment on the fiber surface
morphology and the mechanical properties of the composites
were investigated. Test results show that the composite with
40 wt% volume fraction of alkali-treated fiber has the best
mechanical properties [16]. Abdelmouleh et al. prepared
composite materials based on cellulose fibers (raw or chem-
ically modified) as reinforcing elements and thermoplastic
as matrices, and the composites were characterized in terms
of their mechanical performances [17]. Alawar et al. worked
on the characterization of treated date palm tree fiber as
composite reinforcement [18]. From the literature, it can
be seen that different plant fibers have been used for the
development of biobased composites for a wide range of
applications including housing and automotive panels and
furniture.

In our previous studies, we have examined the effective-
ness of various natural fibers like banana, oil palm empty
fruit bunch, sisal fiber, and so forth as potential reinforcing
agents in various polymeric matrices [19-24]. The present
paper highlights a thorough investigation of the mechanical
properties such as tensile, flexural, and impact strength of
banana fiber reinforced PF composites prepared by RTM
and CM techniques. The studies were done by varying fiber
length and fiber loading. The mechanical properties of the
composites show a great improvement and were found to be
dependent on the fiber length and fiber loading. Scanning
electron microscopy (SEM) studies have been carried out
to get an insight into fiber/matrix interaction and fiber
breakage. Attempt has been made to compare the mechanical
properties of the composites fabricated by CM and RTM
techniques with theoretical predictions.

2. Experimental

2.1. Materials. The reinforcement, banana fiber used in the
present study was obtained from Sheeba fibers and handi-
crafts, Poovancode, Tamilnadu, India. Phenol formaldehyde
resole type resin obtained from M/S West Coast Polymers
Pvt. Ltd., Kannur, Kerala, India, was used as matrix. Phenol
formaldehyde resin has a dark brown colour, with a viscosity
of 18CPS and a density of 1.3g/cm’. Sodium hydroxide
(commercial grade), acetic acid (commercial grade), sodium
hypochlorite (commercial grade), and oxalic acid (commer-
cial grade) were obtained from Nice Chemicals, Cochin,
India. Important characteristics of banana fiber are given in
Table 1.

2.2. Fabrication of Phenol Formaldehyde Composites

2.2.1. Macrocomposites. Banana fibers were chopped to the
desired length, dried in an air oven at 70°C for 4 hrs, and then
dried in a vacuum oven at 60°C for 1 h before the preparation
of composites. The mould was polished, and mould releasing
agent was applied. The cleaned fibers were arranged in
the mould in the form of mats and pressed. Composites
were fabricated using compression moulding (CM) and resin
transfer moulding (RTM) methods. The dimensions of the
mould in CM technique was 150 x 150 X 3mm?, and that
of RTM was 300 x 200 x 3mm®. The composite samples
were prepared by prepreg method in CM. Here, the resin
was poured into the mat until it was completely soaked. The
mould was closed and hot pressed at a temperature of 130°C
for 20 min at a pressure of 10 kg/cm?, and the curing was
done. In RTM, phenol formaldehyde was injected into the dry
banana fiber, which was placed in the mould cavity. An opti-
mum pressure of 1kg/cm” was maintained. Simultaneously,
vacuum was applied. The resin spreads through the mould
and impregnates the fiber by pushing the air, if any, left in the
mould. Thus, the resulting composite has low void content
and better interfacial adhesion. All the samples prepared were
subjected to postcuring operation at 70°C for 1h to ensure
complete curing. Composite samples were prepared by CM
and RTM techniques by varying fiber length (10, 20, 30, and
40 mm) and fiber loading (10, 20, 30, 40, and 50 wt%).

2.3. Characterisation

2.3.1. Scanning Electron Microscopy (SEM) Analysis. Scan-
ning electron micrographs of composites were captured using
Philips SEM 515. The samples were coated with platinum
using sputtering technique.

2.3.2. Mechanical Testing. Tensile testing was carried out
using FIE electronic universal testing machine TNE 500
according to ASTM D638-76. Three point flexure properties
were also tested using the same machine according to ASTM
D790. Charpy impact strength (unnotched) was measured in
a WinPEN CEAST S.p.A., Italy, according to ISO 179.

3. Results and Discussion

3.1. Tensile Behavior of Phenol Formaldehyde/Banana
Fiber Composites

3.1.1. Effect of Fiber Length. The properties of the composite
are strongly influenced by the fiber length. The fiber length



ISRN Polymer Science

25

RTM

20

15

Tensile stress (MPa)
O,

4 6

Tensile strain (%)

—0— 30mm
—#*— 40mm

—o— Omm
—A— 10mm
—v— 20mm

()

204 CM O/O
o A%
/ */
O /
157 / * NV

10

Tensile stress (MPa)
O\
\i\

0 T T T T
0 2 4
Tensile strain (%)
—o— (Omm —o0— 30mm
—— 10mm —%— 40mm

—— 20mm

(®)

FIGURE 1: Tensile stress-strain behavior of banana fiber/PF composites fabricated by (a) RTM and (b) CM techniques at different fiber lengths

(fiber loading 30 wt%).

TaBLE 2: Tensile properties of banana fiber/phenol formaldehyde composites at different fiber lengths (fiber content 30 wt%).

. RTM CM
Fiber length (mm)
Tensile strength (MPa) Elongation at break (%) Tensile strength (MPa) Elongation at break (%)

0 9+1.0 1.49 7+20 1.47
10 13+1.3 4.0 12+ 1.5 4.2
20 18+ 1.5 5.0 15+1.2 5.3
30 24 +2.1 6.5 20+24 5.8
40 21+1.8 6.4 19+09 5.4

plays an important role in the fracture of short fiber com-
posites. To gain maximum level of stress in the fiber, the
fiber length must be at least equal to the critical fiber length
[19]. Figures 1(a) and 1(b) show the stress-strain behavior
of the composites fabricated by RTM and CM techniques,
respectively, at different fiber lengths. The tensile strength or
maximum stress at break expresses the load the material can
bear before it ruptures. The stress-strain curve of PF explains
the brittle fracture nature. The plasticizing effect increases in
fiber-filled composites due to the presence of cellulosic fiber.
Composites with 10 mm and 20 mm fiber length have high
plastic deformation due to less fiber entanglement. At high
fiber lengths (30 and 40 mm), a stable network structure can
occur throughout the composite, which hinders easy defor-
mation within the composite upon application of an external
stress. The composites show a linear behavior at low strains
followed by a significant change in slope showing a nonlinear
behavior which is maintained up to the complete failure of the
composite. RTM and CM composites show a similar trend
evidenced by the similar stress-strain behavior. The tensile
strengths for PF/banana fiber composites fabricated by RTM

and CM techniques as a function of fiber length are given
in Table 2. Tensile strength gets increased with fiber length,
and the maximum value is for 30 mm fiber and thereafter
decreased. Therefore, for PF/banana composites, the fiber
length 30 mm is optimized in both techniques. In the case of
fibers shorter than this optimum length (lower than critical
fiber length), the fibers will debone from the matrix resulting
in failure of composite under low strain. Similarly, lowering
of stress value at higher fiber length (greater than critical fiber
length) was observed, because the effective stress transfer
is not possible due to fiber curling and fiber bending. The
processing method does not affect the optimum fiber length
since it depends on length and diameter of fiber. Sreekumar
[12] and Joseph [19] et al. reported a similar trend in the
case of polyester/sisal and PF/banana fiber composites that
the maximum mechanical properties were for the composite
having critical fiber length. Thus, it can be concluded that the
fiber-having length of 30 mm was found to be the optimum
for effective reinforcement in PE It is important to mention
that the tensile strengths of the RTM composites were higher
than CM composites. The better properties in RTM-moulded
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TaBLE 3: Tensile properties of banana fiber/phenol formaldehyde composites at different fiber loadings (fiber length 30 mm).
Fiber loading (wt%) RTM M
Tensile strength (MPa) Elongation at break (%) Tensile strength (MPa) Elongation at break (%)
0 9+1.0 1.49 7+2.0 1.47
10 14+24 4.3 13+1.6 4.5
20 19+16 5.2 16 £2.7 5.0
30 24+2.1 6.5 20+24 5.8
40 28 £1.9 6.6 24 +1.9 6.0
50 26 £1.2 7.0 21+ 1.7 6.5

TABLE 4: Flexural strength of banana fiber/phenol formaldehyde
composites at different fiber lengths (fiber content 30 wt%).

TaBLE 5: Flexural strength of banana fiber/phenol formaldehyde
composites at different fiber loadings (fiber length 30 mm).

Fiber length (mm) RIM M Fiber loading (wt%) RTM M
Flexural strength Flexural strength Flexural strength Flexural strength
(MPa) (MPa) (MPa) (MPa)
0 11+1.8 10+ 2.0 0 11+1.8 10+ 2.0
10 28 £2.1 25+1.7 10 27+£28 25+1.9
20 36 1.4 33+24 20 37+34 34+23
30 44 £2.6 41+1.8 30 44 +2.6 41+1.8
40 40+ 1.3 38+2.0 40 48+ 1.8 44 +£29
50 43 £2.6 39+£3.0

composites were due to lesser voids which led to better fiber-
matrix interaction [12].

3.1.2. Effect of Fiber Content. Table3 describes tensile
strength for PF/banana fiber composites fabricated by RTM
and CM techniques as a function of fiber loading. The tensile
strength increased with the increase in fiber loading up to
40 wt% and then decreased in both techniques, and a max-
imum property was obtained at 40 wt% loading. Addition of
fiber makes the PF matrix ductile. At lower fiber loading (10-
30 wt%), dispersion of fiber is so poor that the stress transfer
will not occur properly. At higher fiber loading (50 wt%),
there is a strong tendency for fiber-fiber interaction. This
leads to poor wetting of fibers and fiber dispersion. In such
a case, crack initiation and its propagation will be easier
[25]. Even if fiber/matrix bonding is present, poorly dispersed
fibers give rise to fiber-fiber interactions and reduce the
load-bearing capability of the fibers and thereby reduce the
available stress transfer area.

3.2. Flexural Behavior as a Function of Fiber Length and Fiber
Content. By the application of flexural force, the upper and
lower surfaces of the specimen under three point bending
load are subjected to compression and tension, and the axi-
symmetric plane is subjected to shear stress. This creates
two failure modes in the material: bending and shear failure.
The specimen fails when bending or shear stress reaches
the corresponding critical value. The modes of failure of
the composites under three point bending can be obtained
from the force deflection curves. The deformation behavior of
PF/banana fiber composites fabricated by RTM and CM tech-
niques as a function of fiber length and fiber content under
flexural stress is given in Tables 4 and 5, respectively. From

the tables, the flexural strength increases with increasing fiber
length and fiber loading. Maximum value is found for 30 mm
long fiber composites with 40 wt% fiber content. Xue et al.
[26] also observed an increase in the mechanical properties
of kenaf fiber composites with increasing fibre content. In the
case of flexural properties too, a definite distinction can be
seen for different processing techniques via RTM and CM;
the former resulted in better properties. This is due to the
less fiber/fiber contact, that is, good wettability and less void
content in RTM.

3.3. Izod Impact Behavior as a Function of Fiber Length
and Fiber Loading. Impact resistance of a composite is a
measure of the total energy dissipated in the material before
final failure occurs. Figures 2(a) and 2(b) display the Izod
impact strength of the PF/banana fiber composites fabricated
by RTM and CM techniques as a function of fiber length
and fiber content, respectively. As the cellulose fibres are
more porous, the impact strength of the composites increases
with the increase in fibre loading. In both techniques, the
impact strength was found to increase up to 30 mm fiber
length and then decrease with the increasing fiber length.
As the length of fiber increases, the number of fiber ends
and number of defects will be low [27]. However, after an
optimum fiber length, the effective stress transfer is not
possible due to fiber curling and fiber bending. So, a small
decrease in impact strength is noticed as the fiber length
increases [28]. The impact strength increased with increase
in fiber loading up to 40 wt% and then decreased in both
techniques, and a maximum property was obtained at 40 wt%
loading. The impact strength of RTM composite is slightly
lower than CM composite at all fiber loadings [8]. It indicates
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FIGURE 2: Impact properties of banana fiber/PF composites at (a) different fiber lengths (fiber loading 30 wt%), (b) different fiber loadings

(fiber length 30 mm).

FIGURE 3: SEM impact fractograph of 30 mm banana fiber/PF composite with 40 wt% fiber loading fabricated by (a) RTM and (b) CM

techniques.

the increased fiber/matrix interaction in RTM composites
more than the CM composites. The impact strength of a com-
posite depends upon many factors like toughness properties
of the reinforcement, the nature of the interfacial region, and
frictional work involved in pulling out of the fiber from the
matrix. If the interfacial bonding of the composite is weak as
in the case of CM composites, the crack will be propagated
along the fiber matrix/interface causing debonding. As a
result of debonding, new surfaces will be produced which
lead to a significant increase in the energy absorbing capacity
of the composites [29]. Therefore, it can be expected that the
impact strength of the CM composites would be higher when

compared to RTM composites. This can be explained by the
SEM micrographs.

Figures 3(a) and 3(b) show the impact fracture surfaces of
30 mm banana fibre/PF composites with 40 wt% fiber content
fabricated by RTM and CM, respectively. More fibre crowding
is seen in CM composite. Fibre pullout is easier in this case.
Clean fibre pullout in CM composite explains the decreased
fibre/matrix interaction compared with RTM composites.
The extent of fibre pullout is lower for RTM composite. From
our studies, we can conclude that the optimum condition
for improved mechanical strength is with 30 mm long fiber
composites with 40 wt% fiber content.



4. Theoretical Modeling

4.1. Modeling of Mechanical Properties. Theoretical values of
tensile strength of short banana fiber reinforced PF resin
composites have been determined by making use of various
models like modified rule of mixtures (ROM), parallel, series,
and Hirsch models. They have subsequently been compared
with the experimental values.

4.1.1. Rule of Mixtures. The rule of mixtures is the most
popular method used to calculate the strength of the fiber
reinforced composite. The tensile strength T, is given by the
following equations.

Parallel model:

Series model:

_ T, T¢ 5
c . ( )
T,V +V, Ty

Modified rule of mixtures (ROM):

where T, T,, and T, are the tensile strengths of the
composite, matrix, and fiber, respectively. V,, and V are the
volume fractions of matrix and fiber, respectively. # is the
additional coeflicient which accounts for the weakening of
the composite due to fiber orientation and is less than 1.

4.1.2. Hirsch’s Model. Hirsch’'s model is a combination of
parallel and series models [30]. According to this model,
tensile strength is calculated using the following equation:

(1-2)T,T;

Tc =X (Tme + Tfo) + m

(4)

The value of x varies between 0 and 1, which is a good
indication of effective stress transfer in the composites [31].
Variation of experimental and theoretical tensile strength
values of banana fiber/PF composites fabricated by RTM
and CM techniques as a function of fiber loading is dis-
played in Figure 4. The experimental results illustrate that
there is an increase in strength with the increase in fiber-
loading up to 40 wt% volume fraction and then a subsequent
decline. Modified ROM prediction is in some agreement
with the experimental data. The agreement was viable only
when the value of # is 0.1. The modified ROM accounts
for the uniform fiber dispersion within the matrix, which
enables it to predict the strength. Series model gives lower
values than experimental values. The deviations arise because
the interaction between the components is not taken into
consideration in the series model. According to this model,
the fiber and matrix exist as two components without any
adhesion, but in actual composite systems, there is a chance
of interaction between the components depending on the
chemical nature of the constituents. Parallel modeling is
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FIGURE 4: Experimental and theoretical values of tensile strength for
30 mm banana fiber/PF composites at 25°C fabricated by RTM and
CM.

found to be irreconcilable to any models or experimental
values, whereas Hirschs reveals slightly higher values. The
most fitting value of x in this model is 0.1, and the value of
x in this model is found to be a decisive factor for elaborating
the behavior of short fiber composites [12]. The deviation
of the predicted values from the experimental results at
higher fiber loading for Hirsch’s models can be attributed
to the structural defects that occurred during processing.
At higher fiber loading, processing becomes difficult, and
fiber agglomeration or phase separation may occur during
processing. Hence, the applied load was seen distributed
unevenly between nonagglomerated and agglomerated fibers.
Consequently, experimental values were seen to deviate from
Hirsch’s model at higher fiber loading. What was observed
from the deviation for the CM samples from Hirsch’s mod-
eling was that the fiber/matrix adhesion is not very good. It
is also noted that agglomeration and void content are very
high when compared to RTM composites. This increases the
fiber-to-fiber contact, which results in decreased fiber/matrix
adhesion and decreased strength properties.

5. Conclusion

The mechanical properties of banana fiber/PF resin compos-
ites fabricated by RTM and CM techniques were analyzed as a
function of fiber length and fiber loading. Tensile and flexural
properties were found to be higher in RTM composites as
compared to CM composites at all values of fiber loading.
At higher fiber lengths, the stress value was lowered due the
entanglements and fiber curling. The optimized fiber length
was 30 mm. It was found that increasing the fiber content
had a positive effect on the tensile and flexural strengths. The
tensile and flexural properties increased with fiber loading
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up to 40 wt% for both RTM and CM techniques and then
decreased with an increase in fiber loading. The impact
strength of RTM composites is slightly lower than that of CM
composites. SEM indicated that the extent of fiber pullout was
lower for RTM composites in comparison with CM compos-
ites. Thus, fiber/matrix interaction is substantially improved
in RTM composites. Therefore, it can be concluded that
the mechanical properties of the composites are intimately
dependent on the fabrication techniques.
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