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Abstract

The present research work is focussed on the development of agro-waste-based bio-
filler-reinforced polymer composites with reinforcement derived from three different
plants sources and investigating its static and dynamic mechanical properties with
strain rate and temperature variation. The chosen plant sources are wood, bamboo
and coconut, derived from the stem and fruit part of the plant. The reinforcing fill-
ers are subjected to alkali treatment to make its surface rougher and suppress mois-
ture absorption. A specific grade epoxy composite is prepared using five different
weight fractions of all three micro size treated particle fillers. The composite speci-
mens are tested in uniaxial tension loading with varying crosshead speeds to evalu-
ate its effect on strength and stiffness of bio-composite samples. Moreover, the lin-
ear elastic fracture mechanics is applied to reveal the fracture toughness value and
mechanism of fracture initiation and propagation. The glass transition temperature
and damping factor of the produced reinforced plastic material are evaluated with
dynamic mechanical analysis over a spectrum of temperature from RT to 150 °C. It
is observed from the result that Young’s modulus value increased by approximately
16% as filler type is changed from bamboo to wood. For the best static mechani-
cal properties, coir and wood filler are found to be the most suitable amongst all
three filler materials. Moreover, the glass transition temperature was observed to be
increased as filler type changes from stem kind to fruit kind for most of the filler
loading.
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Introduction

The use of ‘fossil-derived’ plastics for the different purposes in this century is so
large that the present age of civilization will be named as plastics age after the
Bronze and Iron Age. However, extensive deliberations have been performed in
the research and development to erect natural cellulosic biomass as a robust alter-
native to synthetic fibre-based polymer composites. The competence of natural lig-
nocellulosic fibres over traditional finite fossil-based fibres includes the excellent
specific mechanical properties, abundant availability, improvised energy recovery,
neutral with respect to the emission of CO,, and biodegradability [1, 2]. Moreover,
the material scientists got attracted towards bio-fibres owing to its nonabrasivity
and user-friendly handling nature. Nonetheless, conversely, some bottlenecks like
poor compatibility between the fibres and the matrix, limited thermal stability and
inherently high moisture absorption hampered the large-scale commercial consump-
tion of natural fibres [3, 4]. Furthermore, the dimensional variation based on cli-
mate condition and defects along the fibre length are another set of concerns [5].
The compatibility issues are mostly resolved by subjecting natural fibres to different
types of chemical treatments like alkali, silane, etc., whereas fibre orientation and
uniformity problems are sorted out by using particle fillers in place of fibres [6, 7].
The particle fillers derived from lignocellulosic resources recently found good atten-
tion for reinforcement in thermoset and thermoplastic matrices [8, 9]. The particle
fillers are reinforced to the matrix materials on a weight basis, and even a small
amount of filler particles resulted in a tremendous increase in mechanical properties
of the composite material [10, 11].

It can be observed from the latest trends that the lignocellulosic materials are
rigorously investigated for producing novel plastic material either in replacing
existing wood-based panels or in developing automobile interior components and
packaging material. The collective drift in the use of reinforcing phase towards
the bio-derived material can be perceived from the research works carried out
by the different researchers on various plant-based bio-fibres like kenaf, bamboo,
sisal, agave, coconut coir, hard and soft wood, bagasse, flax, jute, cotton, ramie,
hemp, etc. [12—15]. The plant-based bio-fibres are originated from the stem, leaf,
fruit and bast part of the tree and categorized accordingly. In view of that, the
amount of constituent material like cellulose, hemicellulose and lignin present in
these fibres varies and it has some decisive effect on the mechanical properties of
polymer matrices reinforced using the aforementioned fibres [16, 17]. However,
the separate study of these leaf, stem and fruit fibres with various polymer matri-
ces showed excellent mechanical strength comparable to their synthetic counter-
parts like glass and carbon fibre. Moreover, most of the leaf and fruit fibres are
available in form of agro-by-product, and therefore, its use not only adds value
but also develops sustainable income sources for the growing communities.
Recently, there is a growing interest in agricultural waste normally discarded in
the form of garbage as a substitute for wood-based raw materials [17, 18].

The present study put forward the comparative analysis of composites manu-
factured with reinforcing phase derived from three different resources like stem,
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bast and fruit part for the first time, and to the best knowledge of authors, this
type of research work has not been carried out till now. The present work dem-
onstrated the ability and reinforcing effect of natural plant-based bio-fillers
originated from different sources like fruits and stem of trees in improving the
mechanical properties of epoxy-based thermosetting polymers. The composite
samples have undergone tensile, flexural, fracture and dynamic mechanical tests.
The static and dynamic mechanical properties of all three filler-reinforced epoxy
composite materials are compared to find the best source of filler reinforcement
amongst these three. Availability as agriculture by-product and robust nature due
to tropical products are driving force behind the selection of coir dust, whereas
microscopically graded structure and rapid growth mechanism are motives to
bamboo fillers as reinforcement in the epoxy matrix. Wood filler is selected solely
for comparison purposes as reference material for industrial application on the
basis of cellulose content and accessibility in the form of agro-by-product. A
comparison between all those properties of the composite is very much required
to find the best possible material amongst those three under the applied input par-
ametric conditions. The comparisons for different mechanical properties such as
tensile, flexural, fracture and dynamical mechanical are depicted.

Materials and experimental details
Materials

The special ‘adhesive grade’ epoxy resin AW106 and corresponding hardener
HV953IN, supplied by Huntsman India, are employed as continuous matrix
phase. The properties considered for choosing this matrix material are high vis-
cosity, negligible dimensional shrinkage, room temperature curability and good
mechanical strength in comparison with other similar grade polymers. The spe-
cific gravity and kinematic viscosity of the selected resin and hardener are 1.17
and 0.92 g/cc and 45,000 cP, respectively. The resin and hardener are used in
the molar ratio of 3.38:1, and the number average molecular weight of resin
lies between 700 and 1100. Regarding the reinforcement phase, three types of
reinforcing materials such as wood, bamboo and coir fillers are used in the par-
ticle size range of less than 75 um. These three natural bio-fillers are selected
for the present work on the basis of their origin source, growth rate, cellulose
content, availability as agricultural residue and specific mechanical properties.
The as-received raw materials of reinforcing fillers have undergone first grinding
and then ball-milling process through a planetary ball mill to reduce the particle
sizes. The indigenous saw mill has supplied the wood particles in raw form avail-
able as a by-product of wood working industries. The wood particles are pounded
into the filler form with the use of planetary ball milling. The milling was carried
out for 0.5 h depending on required particle size range. On the other note, bam-
boo fillers are prepared from the bamboo culms obtained from the native bamboo
research centre. The bamboo culms are subjected to soaking in water for 2-3 h,
and then fibrous parts are abstracted from it. The extracted fibrous parts are dried
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and chopped to obtain bamboo fillers. Then, the bamboo fillers are pulverized
in powder form with a planetary ball mill. The coir filler is prepared using the
flakes of dried outer husk of coconut shell by ball milling it for 40 min. Then, the
fibrous filler is oven-dried and ground into fine particle fillers with the help of a
grinder used in food processing industry. Afterwards, a set of sieves is instituted
(in descending order from 300 to 75 pum) to screen the particles below of 75 pm
as shown in Fig. 1. The particle filler images for all three reinforcing fillers after
the sieving process are depicted in Fig. 2.

Mechanism of surface modification

To overcome the insufficient bonding and incompatibility between natural fibres
and polymer matrix due to its hydrophilic nature, surfaces of reinforcing fibres
have been modified through alkaline treatment. The alkali treatment is carefully
chosen to modify the filler surface owing to the presence of sodium ions and
hydroxyl group in NaOH molecules that directly affects the cellulose fibrils rear-
rangement and extraction of lignin along with hemicellulosic compounds from
the bio-filler. An aqueous NaOH solution of 5 wt% was prepared in a cylindrical
beaker, and 8 gm of filler is added to it. The filler containing solution is stirred
magnetically at 870 rpm for 8 h at 48 °C to complete the oxidation reaction. The
two-step reaction mechanism consists of initial dissociation of sodium hydrox-
ide molecules into Na* and OH™ ions and then attachment of sodium cations to
the filler surface. The breaking of NaOH molecules results in the creation of a
marginally basic solution. Later on, the treated filler is washed first with distilled
water and subsequently with acetone until the pH value reaches 7. The crystal-
line structure of the bio-filler is modified through this treatment. The entire reac-
tion mechanism is depicted in Fig. 3. The brown and purple colour used in the
aforementioned figure is only for representational purpose of bonds present in the
treated and untreated filler.

Fig. 1 Stacking of sieves for
filler segregation
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Fig. 2 Particle fillers after sieving a wood, b bamboo and ¢ coir

Rearrangement of structure
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Pre-treated bio-filler Post-treated bio-filler

Fig. 3 Reaction mechanism

Composite sample synthesis

The all three natural fillers are oven-dried at 60 °C for 8 h before processing for
composite sample fabrication. The composite samples are prepared for all three
treated filler-reinforced epoxy materials using hand layup techniques. The reinforce-
ment level of fillers starts at 2.5 wt% and then increases with an interval of 2.5 like
5%, 7.5%, 10% and up to 12.5%. Therefore, five different reinforcement levels of
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fillers are selected for all three types of fillers. The corresponding matrix material
levels are 97.5%, 95% and so on equivalent to each filler level. The silicon rubber
mould of the required dimension according to respective ASTM standard for differ-
ent composite samples is prepared using polypropylene patterns. The cavities in the
form of rectangle and dumbbell shape are created in the silicon rubber mould for
fracture, flexural, dynamic mechanical and tensile test samples. The low-tempera-
ture curing ‘adhesive grade’ epoxy resin AW 106 and matching hardener HV953IN
are mixed in a ratio of 10:8 by weight. The mixture is stirred mechanically with the
aid of overhead stirrer, and subsequently, the treated bio-filler is poured in a calcu-
lated amount to maintain the reinforcement level as a chosen one. Again the whole
dough mixture is stirred for 10—15 min at 200 rpm to ensure uniform distribution of
filler in the matrix system. Now to remove the trapped air bubbles from the mixture,
the whole set-up is placed inside the vacuum desiccator for 15 min. Soon after, the
whole mixture is gradually placed into the mould and left for curing for 12 h at room
temperature and subsequently post-cured in a muffle furnace at 70 °C for 3 h. When
the curing completed, samples are removed from the mould and subjected to differ-
ent mechanical testing. The camera images of silicon rubber mould and cured com-
posite samples are demonstrated in Fig. 4a, b, respectively [19].

Testing and characterization
Filler characterization

The untreated filler and treated filler are characterized for its spectral, thermal and
crystal properties using Fourier transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA) and X-ray diffraction (XRD). The Fourier transform
spectra are recorded in the transmittance range of 3900-450 cm™'. The X-ray dif-
fraction analysis is carried out on a 26 scale from 10° to 90° at a speed of 2°/min.
The thermogravimetric analysis is done at a heating rate of 10 °C/min from room
temperature to 800 °C. The instrument models used for FTIR, XRD and TGA char-
acterization are Bruker 3000 Hyperion Microscope with Vertex 80 FTIR System,

Fig. 4 a Silicon rubber mould and b cured composite samples
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Bruker D8 Advance X-ray diffractometer (XRD) and thermal analyser NETZSCH
STA 449 F3 Jupiter, respectively.

Mechanical testing

The uniaxial tension test is carried out to evaluate the basic design information on
the strength of materials and widely accepted as the universal test for finding out the
properties of engineering materials. The ASTM D-638 type v is followed to conduct
the tensile test. The recommended shape and dimensions of tensile specimens are
dumbbell and 63.5 mmx 10 mmXx3.2 mm with a gauge length of 7.65 mm. The
crosshead speed is varied from 1 to 3 mm/min to find valuable insights in tensile
properties with respect to strain rates.

The three-point flexural test gives flexural strength and bending modulus values.
The flexural strength is one of the important material properties and basic param-
eters used for calculating the deflection of specimen for structural applications. The
defined standard for the flexural test is ASTM D 790-03 with specimen dimension
of 65 mmXx12.7 mmx3.2 mm. The suggested support span length and crosshead
speed are 50 mm and 1.3 mm/min.

Furthermore, the ASTM D 5045-14 is used to evaluate plane strain fracture prop-
erties with a single-edge-notch bending specimen. The endorsed specimen dimen-
sion and crosshead speed are 55 mmXx 12.5 mmXx6.25 mm and 10 mm/min. All
these three tests are carried on the universal testing machine of Instron make with
test loads up to 50 kN.

The viscoelastic characteristics of the developed polymeric materials are deter-
mined using the dynamic mechanical analysis for assessing its damping behaviour
and glass transition temperature. The specimen dimension and bending fixture are
63.5 mmX 12.7 mm X 3 mm and dual cantilever. The properties are measured in the
temperature range of 25 °C to 150 °C at a heating rate of 5 °C. The temperature scan
is carried out in a nitrogen atmosphere with dynamic mechanical analyser DMA
Q800 (TA Instruments make) fortified with 150 N load cells.

The static and dynamic mechanical properties of all three filler-reinforced epoxy
composite samples are compared considering the variation in filler type, filler con-
tent, crosshead speed and temperature.

Results and discussions
Filler characterizations

The presence and reduction in functional group intensity after chemical treat-
ment have been observed for all three fillers as depicted in Table 1. However, the
decrease in intensity is found to be distinct for different fillers. The highest drop
is observed for the bamboo filler, whereas the lowest is in the case of wood filler
in functional group intensity at a wavenumber range of 3200-3400 cm~'. For
other functional groups like carboxylic and carbonyl group, the intensity reduc-
tion is revealed to be more for coir filler in comparison with bamboo and wood
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Table 1 Reduction in the transmittance of hydroxyl functional group

Wavenumber Wood filler (%) Bamboo filler (%) Coir filler (%)

3200-3400 cm™! 3.8 34.35 11.22

filler. The respective figures for FTIR spectra of wood, bamboo and coir fillers
in the treated and untreated state can be found in research works of the authors
reported earlier [19-21].

The effect of chemical treatment in increasing the % crystallinity and crystal-
linity index of raw filler after the treatment is presented in Table 2. An observa-
tion can be made from the above presented data that the highest improvement has
been found in case of wood filler, whereas the lowest is for bamboo filler. The
increase in the crystallinity index varies from 8 to 13% for a diverse range of filler
material. The different increase in the crystalline region for distinct fillers is asso-
ciated with the presence of a diverse percentage of cellulose molecules owing
to the different sources of origin of three fillers. It leads to the difference in the
removal % of the hydroxyl group after chemical treatment, thus resulting in the
reorientation of molecules and changed crystallinity %.

The thermogravimetric analysis of treated and untreated filler has depicted the
different mass loss rates as well as initial thermal degradation temperature in case
of all three fillers. The thermal stability of fillers has been improved after sur-
face modification in terms of their mass degradation as observed from Table 3.
The improvement in resistance to thermal degradation is different for wood, bam-
boo and coir filler being maximum and minimum enhancements of 7.85% and
2.65%, respectively, in terms of residue mass. The residue mass has been found to
the greatest for coir filler while wood filler showed the lowest value. The associ-
ated cause of this conduct is the inbuilt weathering and thermal resistance in case
of coir filler owing to its greater lignin content and origination in the tropical
environment.

Table 2 Improvement in

Filler t Crystallinity (% I t
crystallinity % after the Hertype rystallinity (%) fprovemen
chemical treatment Untreated Treated

Wood 40.32 534 13.08

Bamboo 66.67 75.21 8.54

Coir 48.3 59.8 11.5
Table 3 Residual mass at the . .

Filler t Residual s I t
end of thermal degradation of Heriype eotdta mass fprovemen
all three fillers Untreated (%) Treated (%)

Wood 13.90 20.75 6.85

Bamboo 20.64 23.29 2.65

Coir 25.22 28.58 3.36
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Tensile properties

The tensile properties of all three filler-reinforced epoxy composite materials have
been compared to find the best amongst these three on the basis of their sources
of origin like stem and fruit filler. The aforesaid properties have been evaluated at
three different crosshead movement speeds and for five distinct filler contents for
each reinforcement type. The basic design information about the developed poly-
mer composite material like ultimate tensile strength and Young’s modulus is
obtained from this test which is crucial for defining its application. The ultimate
tensile strength values for neat epoxy samples at three different crosshead speeds
are 4.5 MPa, 10 MPa and 7 MPa [19]. The variation of ultimate tensile strength as a
function of filler type and filler content for each crosshead speed (from 1 mm/min to
3 mm/min) is demonstrated in Fig. Sa—c, respectively.

It can be depicted in Fig. 5a at 1 mm/min of speed; as the filler is changed from
wood to coir type, tensile strength value increased by about 93% being the highest
for coir—epoxy samples at 2.5% of filler loading. The strength value for coir—epoxy
composite sample, in this case, is 20.93 MPa. For 2.5% of filler content, the tensile
strength value is first increased as filler type varied from stem to fruit, but after-
wards, the strength deteriorated quite abruptly. For 5% of filler content, similar pat-
tern in strength variation is observed but with comparatively lesser drop. However,
at 7.5 wt% of filler loading, the variation is rather different as compared to earlier
observation. The drop in tensile strength value from stem to fruit is around 25%.
The strength value is consistently increased with reinforcement type shifting from
stem to coir and at last to fruit filler. A further addition to filler content of 10% and
12.5% has not much changed the strength value either in increment or in decre-
ment, but maximum value is observed for fruit and leaf filler samples. Therefore
for higher filler loading, the reinforcing phase derived from fruit part of the plant
is more appropriate under uniaxial tension loading. However, the tensile strength
values are also quite affected by the change in crosshead. As the crosshead speed
changes from 1 to 2 mm/min, the strength has increased for each type of filler rein-
forcement. The attributed reason to this phenomenon is the reorientation of filler
particles in applied loading direction, thus contributing towards the higher strength.
Nevertheless, further increase in crosshead speed resulted in adversely affecting the
ultimate tensile strength owing to the less time available for fillers to compete with
applied load, and thus, failure occurs at relatively lesser load value. The maximum
values of tensile strength are 21 MPa, 27.6 MPa and 24 MPa at 1, 2 and 3 mm/min,
respectively, for 2.5% of filler loading. It can be observed that at all three crosshead
speeds, coir—epoxy composite shows the highest tensile strength in comparison with
other three composite types being value of 27.6 MPa. The second highest value is
demonstrated in case of wood—epoxy composite, whereas the bamboo—epoxy sam-
ples depicted lowest tensile strength. A similar variation is observed for 5% of filler
content as shown in Fig. 5b. The maximum value of tensile strength amongst all
three composite types considering all filler loadings is 27.6 MPa. Furthermore,
the value is achieved at the crosshead speed of 2 mm/min. However for 7.5% of
filler loading at 3 mm/min of crosshead speed as shown in Fig. 5c, wood—epoxy
composite has emerged with greatest value of tensile strength at all three crosshead
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@ Springer



Polymer Bulletin (2021) 78:1231-1252 1241

speeds, whereas the lowest value is observed to bamboo-epoxy composite. At
2 mm/min, the PALF-epoxy composite evolved as the second best composite mate-
rial amongst four in terms of tensile strength. Further increase in filler content to
10% and 12.5% has resulted in the maximum tensile strength for bamboo—epoxy
and wood—epoxy composite samples as revealed in Fig. 5b. For the crosshead speed
of 3 mm/min, comparable variation in strength value for all filler types is occurred
being coir—epoxy and bamboo—epoxy the highest and the lowest, respectively.

The elastic modulus variation is demonstrated in Fig. 6a—c, respectively, for a
crosshead speed of 1, 2 and 3 mm/min. For neat epoxy samples, the Young’s modu-
lus of elasticity values at aforementioned crosshead speed are 268 MPa, 518 MPa
and 356 MPa, respectively [19]. Conversely to tensile strength, Young’s modu-
lus variation depicts a different scene by showing maximum elastic modulus for
wood—epoxy composite for 10% of filler loading. At 2.5 wt% of filler content, as
filler type changes from wood to bamboo, elastic modulus value dropped by about
10%. However, after that a sudden increase is demonstrated in case of fruit and sub-
sequent decrease for bamboo filler samples. The enhancement in elastic modulus
value due to the change in filler type from stem to fruit is about 115%. Moreover
with the increase in crosshead speed to 2 mm/min, the modulus value gets intensi-
fied and the value is 750 MPa for coir filler content of 2.5%. For 5% filler content,
the variation is similar to in case of 2.5%, but at higher filler loading the modulus
values continue to drop for all filler types. The increase in crosshead speed from 1
to 2 mm/min can be observed, and wood—epoxy composite depicts higher impact on
Young’s modulus than other two composite types. Moreover, the wood—epoxy com-
posite samples demonstrate increasing trend in modulus value as speed increases
from 1 to 2 mm/min. On the contrary, the bamboo—epoxy and coir—epoxy composite
reveal decreasing trend in the same with crosshead speed variation. At this amount
of filler loading, coir—epoxy sample shows highest modulus value, whereas lowest
value is observed in case of bamboo—epoxy composite. Nevertheless, the change in
modulus value for wood—epoxy composite is more prominent showing the highest
values. The maximum value for Young’s modulus is 700 MPa, and it varies from a
minimum of 289-700 MPa. However, the effect of crosshead speed on the modu-
lus values can be summarised in form of initially increasing and then subsequent
decrease owing to the filler orientation along with the loading direction [22]. Actu-
ally, the loading direction in tensile testing is uniaxial and filler trying to reorient
in the loading direction so that the applied load to the matrix phase can be easily
transferred to reinforcement phase. But at higher crosshead speed, this phenomenon
of strengthening is suppressed. At higher speed, filler does not have time to get ori-
ented along with loading direction; therefore, the modulus value gets lowered [23,
24]. Nevertheless, the minimum value is again observed for bamboo—epoxy samples.
Moreover, the change in crosshead speed (from 1 to 3 mm/min) has not significantly
affected the modulus value for wood—epoxy and bamboo—epoxy composites. The
filler loading of 7.5% and 10% has revealed the different variations in elastic mod-
ulus values in comparison with previous filler loading as demonstrated in Fig. 6a.
The Young’s modulus value is found to be decreasing as filler type changes from
wood to coir at all three crosshead speeds. The highest and lowest modulus values
are observed for wood—epoxy composite and coir—epoxy composite, respectively, for
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both 7.5 and 10% of filler content. The maximum value of elastic modulus for 7.5%
and 10% of filler loading is 709 MPa and 965 MPa, respectively. Further increase
in filler content to 12.5% has again resulted in the drop in modulus value with the
change in filler type from stem to fruit as depicted in Fig. 6b. However, for bamboo
filler category, the imitated value is greater than the fruit filler-reinforced samples
at filler loading of 7.5% and beyond. Here, again the highest value is observed for
wood—epoxy composite and the minimum value is found for coir—epoxy samples.

Flexural properties

The variation of modulus of rupture (or flexural strength) and flexural modulus
as a function of composite type for all filler loadings is demonstrated in Figs. 7
and 8, respectively. The flexural properties values for neat epoxy are 17.32 MPa
and 0.31 GPa, respectively, for flexural strength and flexural modulus [19]. It can
be perceived from the presented diagrams that coir—epoxy composite showed the
highest value of flexural strength for 2.5% of filler content. The flexural strength
value decreases as filler type changes from stem to fruit category for all filler con-
tents except 2.5%. At the aforementioned filler content, just opposite phenomena
are observed with increase of around 75% as filler changes from wood to coir type.
Moreover as the filler content increases, the bending strength value is enhanced for
wood—epoxy and bamboo—epoxy composite but up to 10 wt% of filler loading. How-
ever for coir—epoxy samples, the increase in filler loading has adversely affected
the flexural strength. The greatest value of flexural strength for this filler loading is
33.88 MPa for coir-based composite samples. For 5 wt% of filler amount as shown
in Fig. 7, the aforementioned variation has changed and bamboo—epoxy composite
displayed the maximum value of the flexural strength. However at 5%, the difference
in flexural strength value for various filler types is not much substantial in contrast
to other filler loadings. Therefore at higher filler loading like 10% and 12.5%, the
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Fig. 7 Flexural strength versus composite type
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Fig. 8 Flexural modulus versus composite type

stem-derived filler reinforcements like wood and bamboo showed exceedingly well
flexural strength value as compared to fruit-based filler system. Conversely at lower
filler loading, coir filler samples depicted good strength value contrasting the stem
filler system [25, 26].

From flexural modulus variation presented in Fig. 8, it can be established that
bamboo—epoxy composite showed the lowest value for all filler loadings. Moreover
for 2.5% of filler content, as filler type changes from wood to bamboo, there is no
change in bending modulus value, but after that, an impulsive growth of about 150%
took place in modulus value as filler changed to coir. However, the alternation in
reinforcement type from stem to fruit is favourably influenced the flexural modu-
lus for all conditions. Furthermore, by increasing filler loading to 5% and 7.5%, the
modulus value gets decreased as filler type varies from wood to bamboo, and after-
wards, continuous increase in modulus value is observed irrespective of filler type.
Similar trends are perceived in modulus variation with further addition of filler con-
tent to 10% and 12.5%. The increase in filler content to 10% has flexural modulus
maxima attained for coir—epoxy composite samples. The individual composite type
has demonstrated the maximum flexural modulus value at different filler loadings.
The coir—epoxy and bamboo—epoxy samples showed the highest value for 2.5% of
filler content, whereas for wood—epoxy samples, the maxima occurred, respectively,
for 10% of filler content. At 12.5% of filler loading, bamboo and wood filler epoxy
composite sample, respectively, showed maximum value for strength and modulus
and the corresponding values are 26.54 MPa and 0.44 GPa. Nevertheless, at this
filler loading the coir—epoxy composite illustrates inferior properties in terms of
flexural strength.

Considering all five filler loadings and three filler composite types, the maximum
flexural strength and modulus are 33.88 MPa and 1 GPa, respectively. Consequently,
it can be confirmed that at higher filler loading, the coir filler composite sample per-
forms better in three-point bend load conditions if stiffness of the material is taken
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into consideration. The reason attributed to this conduct is the different sources of
origin for wood filler and coir filler that is instrumental in providing variation in %
of constituent materials like cellulose and lignin [27, 28]. Also with the inclusion
of bio-fillers in epoxy matrix, the load transfer between the matrix and reinforce-
ment improved considerably resulting in increase in strength value [29]. However,
it seems that the higher reinforced filler content has affected the flexural modulus
more positively as compared to flexural strength value. In case of flexural strength,
the values observed were more variable.

Fracture properties

The fracture properties like fracture toughness and fracture energy for all filler
loadings are presented, respectively, in Figs. 9 and 10 as a function of composite
type. The fracture properties values for neat epoxy samples are 0.51 MPa m®?
and 239 J/m? in terms of fracture toughness and fracture energy values [20]. It
can be observed from the presented variation that the coir—epoxy composite has
demonstrated the maximum value of fracture toughness for 2.5% of filler load-
ing. Moreover, for 5% of filler content, maxima and minima of the same are
observed for coir—epoxy composite and bamboo—epoxy composite, respectively,
as revealed in Fig. 9. Further increase in filler content to 7.5% has continued to
retain the earlier trend, and coir—-epoxy composite again showed maximum frac-
ture toughness value. This conduct has continued to happen for further filler
loading of 10% and 12.5%. Therefore for all of the filler loading, coir filler com-
posite sample performs better and shows maximum toughness value. The overall
trend in fracture toughness variation is observed to be almost same as filler type
changes from stem to fruit in case of all filler loadings. Furthermore, as rein-
forcement type is substituted with fruit filler in place of stem category, the tough-
ness value continued to be improved for most of the filler loading. The increased
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Fig. 9 Fracture toughness versus composite type
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Fig. 10 Fracture energy versus composite type

fracture toughness is most likely attributed to stress dissipation and blockage to
crack propagation through the composite material in the presence of the reinforc-
ing phase. The maximum and minimum value of fracture toughness amongst all
composite samples is 1.792 MPa m®> and 0.396 MPa m®?, respectively.

The variation of fracture energy exhibited absolutely different behaviours, thus
contrasting the plane strain fracture toughness change with filler type and con-
tent. The fracture energy value is demonstrated to be the highest and lowest in
case of bamboo—epoxy composite and wood—epoxy composite for 2.5% of filler
loading. For 5 and 7.5% of filler content, the bamboo—epoxy composite contin-
ued to show the maxima of fracture energy. However at higher filler loading of
10 and 12.5%, a difference came into picture in form of wood—epoxy composite
revealing maximum energy values. The maximum and minimum value of fracture
energy considering all three filler composite samples is 1133 J/m? and 463 J/m?,
respectively. The associated cause of this behaviour is the difference in constitu-
ent’s % for stem and fruit originated fillers [30, 31]. It can be observed that for
all filler loadings, the stem filler demonstrates maximum fracture energy value as
compared to fruit filler samples. For most of the filler loading, the bamboo—epoxy
composite depicted the highest fracture energy. Moreover, as filler type changes
from stem to fruit (wood to coir), the fracture energy value gets enhanced. How-
ever, if compared to bamboo filler, the energy values dropped for each filler load-
ings. Furthermore, it can be perceived that the stem-type reinforcement (wood
and bamboo filler) has resulted in the best fracture energy values. The intertwined
and highly packed microstructure of natural plant-based bio-fillers leads to a
greater degree of alignment along the loading direction, which in turn signifi-
cantly improves the interfacial area between the fibrous layers [1]. Furthermore,
the enhanced interfacial area has contributed towards a massive number of reit-
erating events of hydrogen bond formation, breaking and reformation, therefore
increasing the fracture energy values.
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Fig. 12 Damping factor versus composite type at glass transition temperature

Dynamic mechanical properties

The characterization of polymeric materials by viscoelastic behaviour directed at
moderate damping parameter fallouts in the finding of some interesting properties
like dynamic modulus, tan d that brands them for required dynamic applications.
The variation in storage modulus and damping factor values at glass transition
temperature is demonstrated in Figs. 11 and 12. The alternation in these aforesaid
values is presented with respect to the temperature change from RT to 150 °C,
reinforcement levels and filler type. The glass transition temperature signifies
the temperature range during which the transition from glass to rubbery state of
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material takes place. It can be observed from the presented variation that for 2.5%
and 5% of filler loading, storage modulus value depicted the almost same value as
filler changes from bamboo to wood. Furthermore, the glass transition tempera-
ture in case of neat epoxy sample is 90.44 °C [21]. Moreover, the reinforcement
of coir filler has resulted in the improved storage modulus value. The respective
enhancement in case of fruit filler as compared to stem filler is 68%. However,
further increase in filler content to 7.5% leading to a drop in storage modulus
value with reinforcement varies from wood to bamboo, but thereafter a consist-
ent increase in the same is observed. A similar pattern of variation for the filler
loading of 10% and 12.5% is exhibited. Nevertheless, the highest leap in modulus
value is mostly demonstrated in case of fruit filler reinforcement. The maximum
value of storage modulus is 133 MPa, imitated for coir filler type. And so it can
be assumed that the fruit filler category is more suited for a dynamic application
point of view. Adding to it, the fruit filler also wrested the better performance
than the stem filler like wood and bamboo. Therefore, the fruit-based filler sys-
tem is quite resistant to deformation and heat dissipation at higher temperatures
as compared to stem filler [32]. The degradation of lignocellulosic materials is
highly dependent on its composition. The composition of any agricultural resi-
due, in turn, varies according to the origination [33, 34].

The damping factor values also showed parallel variation in comparison with
storage modulus for 2.5% of filler loading with an exception for coir—epoxy compos-
ite. For 5% and 7.5% of filler content, as filler type changes from wood to bamboo,
damping facto gets increased. Further increase in filler content to 10% and 12.5%
has impacted the tan & value positively as type of reinforcement varies from stem
type to fruit type. The peak value on the tan & curve is used to determine the 7,
value and is attributed to loosening of polymer chains and partial segment move-
ment. It was found that the composites made of stem- and fruit-based filler resulted
in enhanced physical and mechanical properties compared to the ones made from
leaf filler [10, 35, 36]. The values of glass transition temperature of all three filler-
reinforced composite samples are compared and depicted in Fig. 13, respectively,
for wood, bamboo and coir filler. It can be observed that for 2.5% of filler content,
the coir—epoxy composite depicted the maximum glass transition temperature. How-
ever for 5%, maximum value for the same is observed for bamboo—epoxy composite.
Further increase in filler content to 10% has once again revealed the maximum tem-
perature value for bamboo—epoxy composite. Both values have been observed for
coir filler—epoxy composite material. The increase in filler content to 12.5 wt% has
resulted in the continuous increase in temperature value as filler type varied from
wood to bamboo and then to coir. At this filler content, the glass transition tem-
perature values are 67.17 °C, 90.27 °C and 115.35 °C, respectively, for wood—epoxy,
bamboo—epoxy and coir—epoxy composite samples. Considering all filler compos-
ite samples, the maximum and minimum value of glass transition temperature for
developed material is 65 °C and 115 °C, respectively. Therefore, the fruit filler-type
reinforcement will perform better and might be appropriate material in temperature-
sensitive applications. The difference in the tan 6 values at T, suggests that the fibre
causes mechanical restraint on the matrix material or that the hydrodynamic effect
of the fibre on the matrix material affects the deformability and mobility of the
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matrix material. If there is a drop in the damping factor peak, then the occurrence of
molecular relaxation is obvious [2, 37].

Microstructural characterization

The microstructure of all three developed composite samples is investigated with
scanning electron micrographs. The dispersion of reinforcing fillers can be seen in
all composite samples. With increasing amount of filler content, a more condense
pattern of reinforcing phase is observed in the morphological images of composite
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specimens. The morphological observation of composite samples showing the filler
amount of 5-7.5% is suitable for reinforcement. At this filler loading, matrix accom-
modated the maximum amount of particle fillers to much of its capacity. Further
addition of fillers to the epoxy matrix resulted in the agglomeration of fillers at vari-
ous spots. All the microstructural images with necessary and deep explanation can
be accessed in previous research work of authors [19-21].

Conclusions

The static and dynamic mechanical properties of all three filler-reinforced composite
materials are compared considering the filler content and filler type with sources of
origin. The following conclusions can be withdrawn from the comparative study.

¢ The maximum reduction in the transmittance of the hydroxyl functional group is
depicted in case of bamboo filler, whereas the lowest drop is observed for wood
filler.

e The enhancement in crystallinity % after treatment is found to be maximum for
wood filler and minimum for bamboo. The improvement in thermal stability of
particle filler after NaOH treatment is observed to be maximum for coir filler and
lowest for bamboo filler.

e It can be deduced that the maximum value of ultimate tensile strength has been
increased by about 12% as filler type is changed from wood to coir.

e The Young’s modulus value is found to be increased by approximately 16% as
filler type is changed from bamboo to wood.

e The fracture toughness values are decreased by about 21% as filler is altered
from coir to wood.

e The flexural strength value is observed to be increased by about 32%, whereas
flexural modulus is decreased by 12% as filler type changed from wood to coir
for 10% of filler loading.

e The dynamic mechanical properties of prepared composite samples have resulted
in the improvement in glass transition temperature as filler type changes from
stem to fruit kind for most of the filler loading.

Furthermore, as the present work utilized three different fillers obtained from
two different sources of origin like stem and fruit, the static mechanical properties
are found to the best in case of stem and fruit fillers, but dynamic properties are
observed to be superlative for fruit filler category. Therefore, these things should be
taken into consideration to decide the commercial application of developed compos-
ite material. The accomplished research work signifies the adequacy of the devel-
oped filler-reinforced polymer composite materials for a wide range of applications.
Specifically, the potential application area is the development of ankle—foot orthosis
(AFO) using the aforementioned material for the patients struggling with the foot
drop problem.
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