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Abstract

The environmental threat of discarded tires needs to be addressed through alternative applications with the enormous increase
in the global vehicle population. When tire rubber particles are combined with environmentally friendly, and biodegradable
natural fibers in polymer composites, such materials have a lot of potential for use in a variety of applications of insulating
structures. The current work explores the effect of adding waste tire rubber particles (TRP) to natural fiber-based hybrid
composites, on mechanical and acoustic properties and investigate the possibility of a potential insulating structural material.
Tire rubber particles were employed as fillers and chopped banana fibers as reinforcing fibers (particle size less than 400
pm) with epoxy resin as the matrix in this work. Five compositions were formulated in which the TRP content was varied
from 0O to 36 wt.%, compensating for the fiber wt.%. The different compositions prepared by compression molding technique
were subjected to compressive, impact, and acoustic characterization. In the natural fiber composites, the compressive
strength was observed to dip with increase in TRP content while impact strength was found to rise till 15 wt.% TRP content.
Beyond 15 wt.% TRP fillers, the impact strength and brittleness declined. The optimal acoustic response in terms of the
sound transmission loss was observed for the composition with 15 wt.% TRP fillers. Polymer composites with natural fiber
reinforcing and elastomeric fillers create excellent interior lining materials for buildings, automobiles, and aircrafts, because
of their superior mechanical properties and acoustic proofing.

Keywords Elastomeric filler - Banana fiber - Transmission loss - Scanning electron microscopy - Mechanical
characterization
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Weight fraction of matrix

Pun Matrix density (kg/m?)

Py TRP filler density (kg/m?)

X Banana fiber density (kg/m?)

Pe Theoretical density of the composite (kg/m?)
Pac Actual density of the composite (kg/m?)

1 Introduction

In many applications, fiber-reinforced polymer composites
have become one of the most popular material groups
replacing monolithic metallic structures. Fiber being a long,
thin, continuous component that imparts reinforcement to
the structure, is categorized as natural, semi-synthetic,
and synthetic. Natural fibers, especially those with low
density, high strength-to-weight ratio, high aspect ratio,
and high strength, are widely available and less expensive
than other fibers. Natural fibers have recently received a
lot more attention in the composites industry due to their
biodegradability and environmental friendliness. Natural
fibers are thought of as an alternative to synthetic fibers
since they are economical, non-toxic, non-abrasive, and
lightweight. The composites industry is moving more
and more toward lignocellulosic materials due to growing
environmental concerns. Natural fibers such as jute, sisal,
hemp, kenaf, and Borassus are popular as reinforcing
materials in composites [10]. Natural fibers have shown
traits of replacing glass and carbon fibers too in some
applications [11]. The utilization of natural fibers would
improve the environment by lowering waste, landfill, toxic,
and greenhouse emissions [12, 13]. Natural fiber composites
have been employed in a variety of industries, including
packaging, consumer goods, military applications, building
and construction (ceiling panels, partition boards), and
transportation (automobiles, trains, and planes). In the car
sector, natural fiber-reinforced composites are successfully
replacing interior panels and seat cushion components that
were formerly made of fiberglass PMC or polymeric foams.
Numerous polymer composites based on easily accessible
natural fiber have been created as a result [14]. Table 1
shows the summary of recent literatures on the different
mechanical characterization and acoustic studies on natural
fiber composites. For a long time, the aviation industry has
focused on ecological effects of air travel. In the past 50
years, there has been a 70% decrease in fuel-burn/passenger-
kilometer, and the aviation sector is committed to further
reducing emissions, production effectiveness, and costs [15].
Environmentally friendly airplane fuels and manufacturing
processes have been developed by the aviation industry and
are still advancing. However, research and development for
sustainable aircraft also include manufacturing methods
in addition to biofuel research. Future aircraft generations
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are anticipated to have lower processing costs owing to
the use of more composite materials, which do not require
hazardous chemical metal surface finishers, and product
enhancement, which improves existing aerospace materials
when new ones become unaffordable. The utilization of
lightweight materials, electric motor optimization, and
carbon dioxide emission reduction are major concerns
in the automotive industry. However, the end users are
most influenced by the design’s appeal, robustness, and
ergonomics. The use of natural fibers as interior replacement
materials for cars contributes significantly to increased
sustainability [16]. Natural fibers may be utilized to create a
wide range of reinforcement composites, such as continuous
and discontinuous unidirectional fibers and random fiber
orientation for obtaining specific mechanical behavior [17].
Fillers are generally used to control the density of
composite materials, improve mechanical properties,
increase the material’s internal friction and influence the
acoustic characteristics. To act as lining materials against
acoustic absorption and soundproofing, building materials
must also have favorable mechanical and acoustic properties
[18-23]. Sound transmission loss (STL), one of the
important factors in acoustic performance, is used to
measure “Transmission” of acoustic energy that occurs
when sound waves encounter a wall or other obstruction.
As a result, when incident sound wave reaches a wall,
some of the energy is reflected, some is absorbed inside
the wall structure, and the remaining energy is transferred
through the wall. Contrarily, sound absorptions include
the transformation of acoustic energy into a different form
of energy, typically heat. [24]. The study of the effect of
elastomeric fillers on acoustic performance is an interesting
domain, especially when the fillers are sourced from non
bio-degradable, waste tires [25]. A new domain of acoustic
metamaterials has emerged based on rubber based materials
as coating layers, sandwiched layers, and scatterers, to
incorporate modifications in the mass density, elastic
modulus, and refractive index [26, 27]. This led to the usage
of rubber-based particles in the current work. The term
"Natural Fiber with Elastomeric Filler reinforced Composite
(NFEC)" was used in this study to refer to five compositions
of banana fiber-reinforced epoxy composites using TRP
fillers. The prepared NFEC’s mechanical and acoustical
properties were then assessed by the employing impact test,
compression test, and impedance tube experiments.

2 Materials and methods

This section covers the pretreatment of banana fiber, ball
milling and screening of the TRP fillers, fabrication of
the composites through the compression molding route,
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Table 1 Summary of the literature review on natural fiber composites

Author Parameters

Materials used

Key remarks and findings

Balaji et al. [1] Tensile, Impact, Thermal,

Morphological

Nguyen et al. [2] Tensile, Compressive, Flexural,

Impact

Wijianto et al. [3] Alkali treatment, Tensile, Flexural

Pai et al. [4] Tensile, Impact, Hardness

Hegde et al. [5] Acoustic, Tensile, Flexural, Impact

Yogeshwaran et al. [6] Alkali treatment, Flexural, Impact,
Tensile

Singh et al. [7]

Acoustic Impedance

Hassan et al. [8] Acoustic Properties

Elkhaoulani et al. [9]  Tensile

Banana fiber/epoxy composite

Banana fiber/ epoxy composite

Banana fiber/ polyester composite

Laterite filler/ polyester composite

Waste tire particle filler, jute and
araca fiber / epoxy composite

Banana fiber / polyester composite

Banana fiber (20 mm length) content
beyond 15 wt.% led to poor fiber
wetting, reducing the interface
area for stress transfer and in turn
saturation of composite's strength

Tensile, compressive and impact
strength increased with banana fiber
content till 20 wt. %. Fiber length was
30 mm

Alkali treatment (5% conc. NaOH)
improved the tensile and flexural
strength of banana fiber composites,
owing to improved interfacial bond
strength. Treated fibers exhibited
resistance to fiber pull-out

Tensile modulus, hardness, impact
strength and tensile strain to failure
increased with filler content, while
brittleness and tensile strength were
reduced

Fly ash cenosphere/ epoxy composite Tensile, flexural, and impact properties

of the composite increased with rise
in filler content. Addition of fillers led
to reduction in transmission loss

Alkali treatment of natural fibers (5 h).
Acid treatment of tire particles (1
min) employed. Tensile, flexural
and impact strength increased for
composites with chemically treated
fibers and tire particles

Randomly oriented banana fibers
showed improved sound absorption
and transmission loss. As the areal
density of composites increased, the
sound absorption also increased

Natural fiber-based material reviewed Addition of plasticizer and fire-

retardant coating improved the

sound absorption coefficient (SAC).
Randomly oriented fibers absorbed
sound more efficiently. Reducing the
diameter of fibers and alkali treatment
increases SAC.

Hemp fiber/ polypropylene composite Tensile and torsional strength increased

with addition of fibers. Alkali-treated
fibers showed poor energy absorption
in plastic region

and different mechanical and acoustic characterization
techniques employed for evaluation as shown in Fig. 1.

2.1 Treatment and microscopic characterization
of the banana fibers

The extracted banana fibers were first treated for an hour
at ambient temperature and atmospheric pressure with 5%
concentration of NaOH solution (alkali treatment) as shown

in Fig. 2. After that, the fibers were cleaned with distilled
water and dried in the sun for 24 h to remove the moisture
[28, 29]. The process aimed to remove hydroxyl groups from
the fiber to reduce hydrophilicity and promote adhesion
between the fiber surface and the polymer matrix. This also
boosts fiber strength and decreases water absorption, which
aids in bonding and improves the composites’ mechanical
properties and dimensional stability [30]. The morphology
of the fiber, such as aspect ratio and fiber diameter, was
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Fig. 1 Methodology adapted for the analysis of the banana fiber-
reinforced epoxy composites

Experimental Analysis
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determined using scanning electron microscopy (SEM) on a
treated strand of banana fiber (Fig. 3). The average diameter
of the banana fiber was found to be 128.7 ym.

2.2 Preparation of tire rubber particles

The tire particles were fed to the ball grinder (Fig. 4a)
and spun at 300 RPM for 30 min for creating finer and
consistent-sized particles. The finer particles were then
transferred to a stack of mechanical sieves (Fig. 4b) [31-33],
with mesh sizes decreasing from 400 to 70 um. The sieve
was then agitated for 15 min before collecting the separated
particles separately.

Fig.2 a Untreated banana fiber
b banana fiber soaked in alkali ¢
treated banana fiber
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2.3 Fabrication of the composites

Table 2 shows the constituent weight fractions designated
for the different compositions. Theoretical density was
computed using Eq. 1, which was based on the Agarwal and
Broutman equation [4]. The actual density was measured
as per ASTM D792 standard [34]. The porosity of each
composition was determined using Eq. 2 [4]. The computed
values of the porosity are shown in Table 2 which varied
from 4.39 to 5.68%. With increase in the TRP content,
the porosity was observed to increase. The treated banana
fibers chopped into a uniform size of 20 mm length (Aspect
ratio ~ 155:1) [35]. Mild steel molds were fabricated for
the mechanical characterization (Fig. 5a) and acoustic
characterization (Fig. 5b) using vertical milling machine
for the former and wire-electric discharge machining for
the latter.

1
p,=————
W LW W )
Pp 143 Pm

Pc ~ Pac

Porosity =———— )

The banana fibers were weighed and placed randomly
into the respective molds as per the corresponding
composition. Later, the TRP particles were also added
uniformly throughout the mold cavity so that they could
seep throughout between the banana fiber layers [36]. Dry
compaction was carried out on a hydraulic press for 10
min to achieve the maximum attainable volume fraction
under pressure for each composition. The epoxy resin
(CT/E-556 resin with CT/AH-951 polyamine hardener) in
weighed amount was then transferred to the mold as per
the composition and the fabrication of the composites was
accomplished on a compression molding machine. A curing
time of 24 h was allowed before extracting the composites.
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Fig.3 SEM micrographs of the banana fiber at random locations a Spot 1 b Spot 2

Fig.4 a Ball grinder with TRPs
b Sieving stack for size-wise
segregation of TRPs

Table 2 Details of the TRP and

f 0 diff Composition Weight fraction (%) Theoretical Actual Porosity (%)
banana . l_:Jer content in different density (kg/m3) density (kg/m3)
compositions
Banana fiber TRP Epoxy
NFEC-I 53 47 1.275 1.318 4.39
NFEC-II 45 5 50 1.238 1.291 4.28
NFEC-III 31 15 54 1.168 1.223 4.71
NFEC-IV 13 27 60 1.007 1.043 5.14
NFEC-V 0 36 64 0.95 1.004 5.68

2.4 Mechanical characterization

To investigate the response of the different compositions,
compressive tests on the specimens were conducted on
a servo-hydraulic testing machine UNITEK®9450 at
a displacement rate of 1 mm/min as per ASTM 695-15
standard [37, 38]. For each composition, five specimens
were tested to assess the compressive behavior.
Figure 6a shows the compressive test setup with the

specimen dimensions in the inset. The Young’s modulus,
compressive strength, and respective failure strains were
measured for the specimens. The impact strength of the
composites were determined by the Charpy impact test as
per ASTM 6110-10 standard [39]. Charpy tests determine
the degree of energy absorption under dynamic loading
conditions. Five specimens of each composition were
subjected to the impact test. Notched specimens with
aspect ratio of 6:1, were subjected to the impact test on the

@ Springer
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: Mould for Mechanical Characterization
Specimens

Moulds for Acoustic Characterization
Specimens

Fig.5 a Vertical milling machine with mold for mechanical test
samples in inset b Wire-EDM with mold for acoustic test samples in
inset

setup shown in Fig. 6b. The impact strength was calculated
using Eq. 3. The brittleness of the composite ’B’ is related
to the impact strength *I;” by the Eq. 4 as given in [40].
The values of the parameters are given as, a, = —0.64
b, =1.63.

Fig.6 a Compression test setup b Charpy impact test setup
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2.5 Acoustic characterization

The acoustic characterization of the different compositions
was carried out on the impedance tube (Make: BSWA Tech)
setup in adherence to ISO 10534-2:1998 standard [41].
The apparatus comprises two different-sized tubes of inner
diameters 30 mm (high frequency tube) and 100 mm (low
frequency tube), respectively, requiring separate specimens
of each composition to measure the transmission loss
characteristics for the system frequency range of 63-6300
Hz. Using a transfer function technique and four 1/4-inch
microphones with sensitivities of 55.6 mV/Pa, 56.2 mV/
Pa, 56.9 mV/Pa, and 55.6 mV/Pa, transmission loss in the
frequency range of 63 Hz and 6300 Hz were recorded.
Transmission loss is a good indicator of the acoustic
absorption since higher the transmission loss (in dB), better
is the sound absorption capacity. The data were acquired
by NI-9234 DAQ hardware. Figure 7 shows the impedance
tube setup. The sound transmission loss is computed from
transmission coefficient *z” using Egs. 5 and 6.

45°

12

All dimensions are in mm
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Fig. 7 Impedance tube schematic with the specimens fitted inside respective tubes
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3 Results and discussion
3.1 Mechanical response
3.1.1 Compression test behavior of the compositions

Figure 8 shows the variation of the true compressive stress
with true compressive strain across the compositions.
Figure 9 depicts the variation in compressive strength for
the different sets of the composite fabricated. The pattern
indicates a gradual decline in the compressive strength
from O to 36 wt.% of TRP fillers. However, the compressive
modulus was observed to vary between 0.4 and 0.55 GPa
for NFEC-I to NFEC-V. With the addition of TRP, the
composite’s compressive strength gradually decreases,
which could be attributed to the following causes [42—46].

e Lack of adequate TRP and epoxy bonding. This results
in a non-uniform load distribution

e Rubber has a lower specific gravity than epoxy, resulting
in a non-homogeneous TRP concentration

e TRP has a lower stiffness than banana fiber, lowering the
overall composite stiffness and load bearing capability

e The soft aggregate-like behavior of TRP is regarded to
have a stronger impact on compressive strength than the
other two

e Due to its bonding with epoxy, the unequal sizes of TRP
(< 400 pm) have a key influence in the composite’s
compressive strength. Greater the size of the TRP, lower
is the composite’s compressive strength

Table 3 shows the mechanical properties of the compositions.

3.1.2 Fractographic analysis of compressive test specimens

The failure pattern analysis was conducted for all the
compression test samples as shown in Fig. 10. It was
observed that the samples with higher banana fiber content
(NFEC-I and II) underwent multiple modes of failure
comprising axial splitting, crushing, and microbuckling.
This behavior was due to the random orientation of the
chopped banana fibers. Delamination buckling failures
result from gradual interlaminar crack propagation and
buckling of the layers [42]. In case of NFEC-III, all
the samples showed wedge splitting mode of failure. A
delamination caused by the growth of the tensile crack
along two shear planes would cause wedge splitting
failure [46]. NFEC-IV showed multiple failure modes
of delamination buckling with axial splitting. NFEC-V
showed multiple fractures with shearing failure along
a 45°plane. When the composite’s compression stress

@ Springer
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Table 3 Mechanical properties
of the compositions

Fig.8 True stress versus true
strain plots for the different
compositions from compression
tests

Fig.9 Compressive strength
and compressive modulus of the
compositions

surpasses the fiber’s intrinsic crushing strength, crushing

Composition Compressive Compressive Impact strength  Energy Brittleness
strength (MPa) modulus (MPa) (kJ/m?) absorbed (J)
NFEC-I 26.64 0.41 23.33 2.8 0.026
NFEC-II 24.99 0.55 37.50 4.5 0.017
NFEC-III 19.98 0.42 43.33 52 0.014
NFEC-IV 15.97 0.54 21.67 2.6 0.028
NFEC-V 14.92 0.37 18.33 22 0.033
30
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mode failure occurs. Owing to the random orientation of

the fibers and increasing TRP content, the failure stresses
may vary fiber to fiber. Multiple fractures along different

planes occur as a result.
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Composition

NFEC-V

3.1.3 Impact test behavior of the compositions

As seen in Fig. 11, increasing the TRP content till 15 wt.%
greatly enhanced the composite’s impact strength, reaching

a peak value for NFEC-III. Additional increase in the
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NFEC-I
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Wedge splitting Crushing

Microbuckling

Fig. 10 Failure modes of the compositions during compression tests

NFEC-III

Wedge splitting
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NFEC-I

TRP content resulted in a drop in the composite’s impact
strength. A bell-curve behavior was observed for the
impact strength with increasing TRP content. This pattern
of energy absorption as a function of TRP concentration
may be explained by seeing energy absorption as a trade-
off between the composite’s flexibility and strength [4]. At
low-to-medium TRP concentration levels, the low stiffness
of the TRP allowed the fiber composite to have a reasonable
amount of flexibility, allowing the fiber composite to absorb
a significant amount of energy. The fiber composite becomes
weaker when the TRP content is increased because large
stresses are formed during loading, limiting the material’s
ability to absorb energy. Studies involving natural fiber
(vetiver grass in polypropylene matrix) composites with
rubber fillers conducted by Ruksakulpiwat et al. [47] showed
that the impact strength and elongation improved for the
composites with rubber content ~ 20 wt. %. Higher rubber

NFEC-II

NFEC-III NFEC-IV  NFEC-V

Composition

content led to a reduction in the strength and modulus of the
composites. Ethylene propylene diene monomer (EPDM)
rubber compositions showed superior mechanical properties
compared to natural rubber compositions. The deterioration
in mechanical properties of natural rubber filled hemp fiber-
reinforced composites with higher rubber content was also
observed in [48].In comparison to natural rubber, tire rubber
particles show greater resistance to microbial degradation
[49, 50].

3.1.4 Fractographic analysis of the impact test specimens

Figure 12 shows the failed specimens of the various
compositions during Charpy impact tests. The failure
modes for the notched specimens comprised tensile
fracture origination near the tip of the notch [51] in all
compositions. The micro-scale fracture leads to a build-up
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NFEC-I NFEC-II

‘ Delamination

Delamination

Fig. 12 Failure modes of the compositions during Charpy impact tests

of in-plane shear stresses, which when shoots beyond the
inter-laminar shear strength (ILSS) leads to delamination
failure. NFEC-I, NFEC-II and NFEC-III, containing a
high banana fiber content displayed delamination failures
initiated from the fracture location at the notch tip. In the
compositions NFEC-IV and NFEC-V, the high TRP content
and high Brittleness led to the crack propagation along
the direction of the notch causing complete rupture of the
specimens. Additionally, the low degree of bonding between
TRP particles and the binder would have led to interfacial
debonding in the last two compositions [51].

3.2 Acoustical response of the compositions

The acoustic response of the different compositions was
assessed using the sound transmission loss (STL) as the
key metric, expressed in ‘dB,” the expression is given in
Eq. 7. Figure 13 shows the variation of the STL for all the
compositions, for the frequency between 63 and 6300 Hz.
The compositionwise STL variation is shown in Fig. 14.

I
STL = 1ogm<11£> ™)

tran

The frequency specific STL variation for all the
sequences is displayed in Fig. 15. At low-frequency range
(63-500 Hz), NFEC-II shows lowest Sound Transmission
Loss (STL) value (16.7 dB), NFEC-III shows the highest
STL value (30.37 dB), followed by NFEC-I (28.6 dB),

@ Springer

NFEC-III

NFEC-IV

NFEC-V

‘ Tensile fracture ‘

NFEC-V (27.2 dB), and NFEC-IV (20.3 dB). At medium-
frequency range (500-1600 Hz), STL value of NFEC-I
was highest among all compositions (33-35 dB), followed
by NFEC-1V (27-28 dB), NFEC-III (26.4-33.5 dB) and
NFEC-II (20-21.2 dB). NFEC-V showed the lowest STL
in this frequency range. For the high-frequency range
(1600-6300 Hz), the STL values for NFEC-I and NFEC-II
were found to be the highest, followed by NFEC-V.
NFEC-I and NFEC-II having the high values of density
among the sequences contributed to the high transmission
loss [52]. NFEC-III and NFEC-IV showed a diminished
acoustic response through consistently lower STL values
in the high-frequency range. The acoustic impedance
values of banana fibers (~ 10° Ns/m?), TRP (~ 1.1 x 10°
Ns/m?), and epoxy (~ 2.96 x 10 Ns/m?) [53] play an
important role in the attenuation of acoustic energy. When
the lining materials are exposed to air (acoustic impedance
~ 418 Ns/m?) on one side, the relative volume fractions,
distribution and location of the natural fiber whiskers and
TRP fillers augment the STL values till 15 wt.% of TRP.
Elastomeric materials are known for their ability to absorb
and dampen vibrations, which is relevant in the context
of reducing the influence of sound-induced vibrations by
using elastomeric TRP fillers.

Considering the overall acoustic performance, NFEC-I
showed the highest average STL, followed by NFEC-III and
NFEC-II. NFEC-IV and NFEC-V showed low transmission
losses which indicate that content of TRP >15 wt.% does
not improve the acoustic properties of the banana fiber
composites.
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Fig. 13 STL response of each composition at the specified frequencies

4 Conclusion

The current work looked at developing banana fiber-
reinforced hybrid composites with waste tire rubber particle
fillers in varied weight fractions. Five compositions were
subjected to the mechanical and acoustical characterization.
The following conclusions were drawn:

e Increasing the content of TRP fillers led to a drop in the
compressive strength, although the compressive modulus
was not affected to a great extent.

The compressive failure mode changed from wedge
splitting to multiple fractured mode, owing to the
increasing brittleness of the compositions at high content
of TRP fillers.

The impact strength increased initially with TRP content
and then was found to drop. The highest impact strength
was noted for NFEC-III containing 15 wt.% TRP fillers.
Accordingly, the brittleness was minimum for NFEC-III
and was found to increase steeply for higher TRP content.
The high brittleness of NFEC-IV and NFEC-V led
to abrupt fracture of the impact specimens without
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Fig. 14 Combined plot of the
variation of STL with frequency
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displaying any delamination, which was augmented by
the lower content of reinforcing banana fibers.

e From the acoustic response, NFEC-III showed high
sound transmission loss for the low frequency range
(60-1600 Hz), while NFEC-I displayed high sound
transmission loss for the high frequency range (1600-
6300 Hz). Addition of TRP fillers beyond 15 wt.% was
not beneficial for acoustic performance of the hybrid
composites.
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