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Abstract

A Bio composite comprising Prosopis Juliflora Fiber (PJF) and Poly Lactic Acid (PLA) was processed considering two
particulate sized reinforcements, coarse PJF (avg. 15 um) and fine PJF (10-50 nm). They were added individually at
ratios of 10, 15, 20 and 25 wt% into PLA matrix. The composites were extruded and tested for mechanical properties.
The addition of PJF resulted with an increase in the tensile, flexural and impact strengths of the polymer. Adding PJF
to PLA showed a decrease in the hardness of the polymer. Water Absorption test showed an increase in water uptake
with increasing fiber content. The most optimum ratio of PLA to PJF was found to be 80:20. The fine PJF reinforced
composites proved to be superior over the coarse PJF reinforced composites at all stages of the research. FESEM and
TGA were used to study morphology and thermal characteristics respectively.
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1. Introduction

Non biodegradable polymers and composites have always
been a difficult task when it comes to waste management,
they are not decomposable and pose a major threat towards
land pollution. Biodegradable thermo plastics on the other
hand, plastic materials derived commonly from agro products
like cassava, sugarcane and beet!!!. These bioplastics undergo
complete decomposition when they are buried, thereby
helping to avoid land pollution. The rising demand for
biomaterials as an alternative to non-biodegradable plastics
has led to vast research to develop biopolymer composite
materials that possess excellent mechanical properties and
are suitable for various applications.

This research involves on such investigation, where
Prosopis Juliflora Fiber (PJF) is reinforced in coarse and
fine particle forms individually into Poly Lactic Acid
(PLA) matrix to develop a novel bio-composite material for
Wood Plastic Composite (WPC) applications, focusing on
good flexural and impact properties along with low water
absorptiona and good thermal stability.

PLA, a starch based biodegradable thermoplastic
polymer is one of the most widely used bio-plastics in the
world. Experiments with wood flour reinforced into different
biopolymers!>3! have been successfully executed among
which PLA based composites have shown outstanding
mechanical performance. PLA has also proven to have better
mechanical properties over conventionally used petroleum
based polymers like Polypropylene!* & Polystyrenel™ and
can also be processed by similar methods. PLA and its
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composites are currently being used in versatile applications
like aircraft and automobile interiors, medical implants,
3D printing and other biomedical equipment!*3..

Prosopis Juliflora (PJ) a medium sized tree found
in the tropical zones around the globe and abundantly
available in South Asia, South America and Africa. It is
considered as a weed to be eradicated due to its abnormal
water absorbing tendency!®. PJ is currently used as fire
wood and its fruit as animal fodder. Saravanan et al.l”’
did a detailed study on PJF, and has proven its superior
chemical properties when compared to other commonly
used plant fiber reinforcements like jute, flax, ramie,
hemp, kenaf, and okra. PJF has one of the highest Lignin
contents among plant fibers and this chemical acts as a
thermal stability compound. Lignin also helps in providing
higher stiffness and as a water proofing agent in the micro
fibrils®®'%. Plants with higher lignin content also have a
natural capability of resistance towards brown and white
rot fungus, which are common wood fungal attacks!®!.
These features of PJF led to this approach of reinforcing
this economically cheap source of wood fiber into PLA
matrix to develop the novel PLA/PJF Bio-composite
material, a combination that has not been taken up by any
research till date to the author’s best knowledge. PJF also
having one of the lowest wood fiber densities!”! ensures
to provide a light weighing WPC. Literature reveals that
PLA has been previously worked with a few saw dust
reinforcements like rubber wood!'!), Poplar wood!'>!* and
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maple wood!'¥, which have showed improved mechanical
properties. In few other cases, wood filler particles
like bamboo!™! and pine!'® had shown reduction in the
mechanical properties of PLA when reinforced. PJF when
reinforced into Epoxy had produced improved mechanical
properties of the polymer!7.

2. Materials and Methods

2.1 Matrix material

PLA of grade 3052D is one of the most widely used
bio-thermoplastic polymer and was obtained from Natur
tek, Chennai, Tamilnadu, India. PLA was obtained in the
form of granules having a density of 1.24 g.m, a glass
transition temperature of 55-60 °C, a crystalline melt
temperature of 150-160 °C and a melting temperature
ranging between 170 and 180 °C. The granules were bright
white in color in their virgin form.

2.2 Fiber extraction

PJ wood was obtained from the trees at the waste
lands of Namakkal district, Tamilnadu, India. The outer
layers were peeled off and the inner solid bark was dried
in an oven at 90 °C for 12 hours. The bark was then held
in the chuck of a lathe machine and turning operation was
performed (500 rpm and 2mm depth of cut) to obtain long
continuous fiber strings as shown in Figure 1a.

The wood fiber strings were alkali treated for 12 hours
in a solution containing 95% water and 5% NaOH!"-!®! to
enhance the adhesion of the fiber with the matrix. The soaked
fiber was again dried in an oven at 90 °C for 12 hours to
remove all the moisture as shown in Figure 1b. Finally the
dried fibers were powdered in a pulverizer (an equipment
commonly used to crush large wood pieces into powder).
The powdered PJF was sieved using a #400 mesh to obtain the
Coarse PJ reinforcement as shown in Figure 1¢c. The average
size (a particle between the smallest and largest size was
considered) of the coarse powder was around 12 um which
was measured using FESEM at 4000 X magnification,
(Model: Zeiss, Coimbatore Institute of Technology, Coimbatore)
as shown in Figure 2a. A portion of the coarse powder was
further ground into fine particles using a food processer
at 10000 rpm approximately. After every two minutes of
grinding, the lid of the processor was opened and the wood
flour that had been accumulated on the lid’s inner surface
due to centrifugal force, was collected. This procedure was
followed to replicate the study carried out by Fanl'”), where
the author had used the principle of centrifugal force and
additional setups in a pulverizer to achieve superfine wood
particles. These fine particles were considered as the nano PJ
reinforcement as shown in Figure 1d, having a size ranging
from 10 to 50 nm (measured using Particle Size Analyzer,
Model: Nanophox, Nano Lab, KSR Engg College, Erode,
India). The graphical output of the nano particle size analysis
is shown in Figure 2b.

(c)

(d)

Figure 1. a) Turning operation carried out on the lathe machine to extract the fibers from the bark, b) Alkali treated and dried fibers in
the form of long strands, ¢) Coarse fiber particles (magnification 10 X), d) Fine fiber particles (magnification 10 X).

2/11

Polimeros, 30(1), e2020012, 2020



Influence of Prosopis Juliflora wood flour in Poly Lactic Acid — Developing a novel Bio-Wood Plastic Composite

(b)

Figure 2. a) Size of the coarse particles, measured using FESEM and b) Size of the fine particles, measured using Nano particle size analyzer.

Table 1. Composition of PLA to PJF in wt% ratio for coarse and fine fiber reinforced composites.

Fiber form - collective name

Name of the composite

wt% of PLA matrix  wt% of fiber reinforced

Plain Polymer
Coarse/Micro sized PJF reinforced samples. — “C Samples”

Fine/Nano sized PJF reinforced samples. — “F Samples”

PLA 100 0
Cl 90 10
C2 85 15
C3 80 20
C4 75 25
Fl1 90 10
F2 85 15
F3 80 20
F4 75 25

2.3 Preparation of PJF reinforced PLA composites

Measured quantity of PLA and wood flour as shown in
Table 1 were processed using a mini twin screw extruder
(Kongu Engineering College, R&D, Tamilnadu, India)
which had four processing stages. PLA was fed into stage 1
(170 °C), through a hopper, wood flour was added at stage 2
(180 °C) through a side feeder. Stage 3 (190 °C) ensured
thorough belnding of the matrix and filler. Stage 4 (170 °C)
near the exit nozzle ensured that the molten composite was
extruded through dies of ASTM dimensions. The extruded
composite bars were then cut into 10 mm thick test
specimens for tensile test (ASTM D256) and flexural test
(ASTM D790). The impact test (ASTM D256) specimens
were obtained from cutting the length of additional fleural
specimens to 127 mm.

Huda et al.l"1 has proved that the fiber reinforcement in
a polymer matrix less than 10 wt% ratio reduces the tensile
strength of the composite material due to insufficient fiber
loading thereby resulting in flaws or plasticization effect
of the composite. Considering the former statement, the
amount of reinforcement for this research was set to start
from 10 wt% with an increase of 5 wt% for each consecutive
composite specimen that was fabricated. Fabrication of the
composite was not successful beyond 25 wt%. At 30 wt%
filler content (trial attempted), the physical quantity of the
filler material was greater than that of the matrix material.
Extrusion, therefore could not be carried out due to the
high melt viscocity. This occurrence coincides with the
study carried out by Valentina®’ who had investigated the
rheology of spruce flour reinforced PLA composite and
proved that the melt flow index was very large at 30 wt%,
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thereby preventing the easy processing of the composite.
This phenomenon is also justified by the fact that the density
of PJ is very low when compared to other commonly
used fibers like jute, ramie, flax, hemp and kenaf which is
tabulated in detail by Saravanan et al.” who determined
the density of PJF to be 580 kg.m while that of Jute, Flax,
Ramie, Hemp and Kenaf fibers were 1460, 1500, 1500,
1480 and 1400 kg.m respectively. Due to the low density of
PJF, the physical quantity of fiber during reinforcement was
very high, thereby restricting the fabrication of the PLA/PJF
composite to a maximum fiber loading limit of 25 wt%.

Chandramohan et al.?!!] explained the detailed shape
and dimensioning of polymer composite materials with
respect to the ASTM standards that have been considered
for this study. The composite materials were fabricated
to ASTM D638 (Type I) for tensile test, depicted in
Figure 3a, 3c and 3d. ASTM D790 was followed for flexural
test specimens (Figure 3b, 3e) and ASTM D256 for impact
test. These ASTM standards were also followed by various
other researchers!!*!¢17:22] to determine the mechanical
characterization of polymer composite materials.

2.4 Mechanical characterization

Mechanical testing was performed on all the speimens
shown in Table 1. Tensile test was carried out using a Universal
Testing Machine (Brand: Kalpauk, Model: KIC-2-1000-C)
operating with a load cell of 10 KN and a cross head speed
of 5 mm.min"'. Flexural test was also carried out on the
same UTM, with the test specimen placed on a three point
bending fixture, with a span of 120 mm. Izod impact test was
carried out on unnotched specimens using a 15 kg hammer
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(d)

Figure 3. a) PLA and coarse fiber reinforced composites as per ASTM D638, b) PLA and composites fabricated to ASTM D790 and
ASTM D256 for flexural and impact test respectively, (c) Width of tensile specimen at the end, (d) width of tensile specimen at the neck

and (e) width of the flexural specimen.

head weight. Vickers micro hardness test was conducted
(Make: Wilson hardness, Model: 402 MVD) and Vickers
Hardness Number (HV) was calculated for each of the test
specimens. A load of 100 kgf was maintained as constant
for all the samples, with a dwell time of 10 seconds.

2.5 Morphological analysis

The fractured surface of all the WPCs were scanned
under FESEM. SEM micrographs of the flexural specimens
were scanned at a magnifications of 2000 X to obtain clear
images. The scale was kept constant at 20 um. The specimens
were gold sputtered prior to FESEM.

2.6 Degradation studies

Focusing on constructional applications for which
this composite is being developed, the composites were
subjected to tests relating to environmental conditions like
water and heat/thermal surroundings. Water Absorption
Test (WAT) was carried out since a natural fiber is used
as a filler, which has a natural tendency to absorb water.
Thermo Gravimetric Analysis (TGA) was conducted to
analyze the thermal degradation and thermal stability.
Weight measurement for the WAT was carried out using a
high sensitive digital weighing scale. The specimens were
first measured in their dry condition (dry weight). Then they
were immersed in water at room temperature for 48 hours.
The specimens were finally taken out, pat dry and measured
again for the final weight (wet weight). Water Absorption
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was calculated using the formula® [(Wet weight — Dry
weight) / Dry weight] x 100.

TGA was used to study the thermal stability of PLA, PJF
and the WPC that resulted in providing the best mechanical
property. 50 mg of samples were place in the test pan in a
nitrogen atmosphere and treated upto a maximum of 500 °C
with variation of 20 °C/min.

3. Results and Discussions

3.1 Tensile properties

The tensile strength in both the coarse and fine particle
reinforcements increased with increasing fiber content
upto 20 wt% which had a maximum tensile strength
of 21.14 MPa for C3 and 24.69 MPa for F3 while plain
PLA had a tensile strength of 10.05 MPa as shown in
Figure 4. PLA had an increase in tensile strength by 110%
and 145% with addition of 20 wt% coarse and fine filler cases
respectively. At 25 wt% loading, the tensile strength of C4 had
anegligible reduction to 20.78 Mpa and F4 had a reduction
to 21.66 Mpa. This may be due to the insufficient wetting of
the fiber by the matrix material due to the higher physical
presence of the filler material at the higher reinforcement
level which was clearly evident in the FESEM image 10d.
The tensile strength of F4 also had reduced when compared
to the tensile strength of F3 due to the same reason. This
study revealed that the F composites had superior tensile
strength over the C composites in all the four cases of fiber
loadings since the nano particles had better reinforcement
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capability than the micro particles®. The values of the
tensile modulus followed similar fashion of the tensile
strength values as shown in Figure 5a. The tensile modulus
of both the C and F composites increased upto 20 wt%
filler content and then reduced at 25 wt% reinfrocement.
The good bonding between the matrix and fiber due to the
addition of PJ may have increased the stiffness.

Elongation of PLA increased with increasing PJ content
in both the coarse and fine cases. This may be due to the
nature of PJF, which when reinforced into PLA reduced
its brittleness by giving it additional plasticity. C4 had the
highest elongation among all the composites. The coarse PJ
reinforced composites individually showed larger variation in
elongation with each consecutive sample (C1, C2, C3 and C4),
while the fine PJ reinforced composites showed smaller
increase in elongation values with each consecutive sample
(F1, F2, F3 and F4), as shown in Figure 5b. Nasrin et al.l),
carried out a study where chitin was added to PLA. An addition
of chitin content from 1, 5 upto 10% into PLA matrix,
showed an increase in the tensile strength, tensile modulus

¥ " .
7Z) Coarse fiber reinforced composites
30 «f [ Fine fiber reinforced composites

4 JPLA

Tensile Strength(MPa)

owt% 10 wt% 15 wt% 20 wt%
%wt of fiber reinforcement into PLA matrix

Figure 4. Tensile strength for PLA, Coarse fiber reinforced
composites and Fine fiber reinforced composites.
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and elongation parallely. A study with epoxy-bagasse also
showed increase in the elongation of the composite with
increment in the filler content from 15 to 30 wt%!*¢!.

3.2 Flexural strength

The flexural strength of all the C and F composites
increased with upto 20 wt% filler content, where a flexural
strength of 59.95 MPa and 67.73 MPa were observed
for C3 and F3 respectively. PLA had a flexural strength
0f20.61 MPa as shown in Figure 6.

The maximum increase in flexural strength was 190%
and 228% with addition of 20 wt% coarse and fine PJ
particles, respectively, into the PLA matrix. At 25 wt%
loading, the flexural strength dropped down to 56.49 MPa
for the C4 sample and 58.51 MPa for the F4 sample. This
was due to the dominating physical quantity of wood particle
content which had eventually led to the loose bonding between
the matrix and fiber. The matrix therefore could not achieve
complete wetting of the fiber which inturn could not producce
good fexural strength as of the 20 wt% filled composite. This
study revealed that the F composites had superior flexural
strength over the C composites in all the four cases of fiber
loadings since smaller sized reinforcements provide better
mechanical properties over larger sized reinforcement by
providing larger surface area and better impergnation with
the matrix material®!. The flexural modulus increased with
increasing filler content as shown in Table 2.

3.3 Impact strength

Impact strength of the composites were greater than
that of the polymer (0.45 J.mm) in all reinforcement levels
as shown in Figure 7. C1, C2, C3 and C4 had an impact
strength of 0.55, 0.65, 0.89 and 0.67 J.mm™ respectively
while C4 sample had a decrease in impact strength which
is justified by the SEM image studies from the number of
delamination formed on the fractured surface which were
responsible for the resistance towards the testing force.
The number/area of delamination was lesser for C4 when
compared to the C3 composite. This may be due to the

3.5
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3.0 ==w=CFine fiber reinforced composites
2.56 56
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0 wt% 10 wt% 15wt% 20 wt% 25 wt%

% wt of fiber reinforced into PLA matrix
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Figure 5. (a) Tensile modulus of coarse and fine fiber reinforced composites and (b) Percentage Elongation at break of coarse and fine

fiber reinforced composites.
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Table 2. Flexural modulus for PLA, Coarse fiber reinforced composites and Fine fiber reinforced composites.

Name of the % of fiber Flexural Modulus Name of the % of fiber Flexural Modulus
composite reinforcement (GPa) composite reinforcement (GPa)
PLA 0 17.70 PLA 0 17.70
Cl1 10 40.51 F1 10 44.26
C2 15 48.16 F2 15 50.22
C3 20 51.47 F3 20 58.16
C4 25 48.39 F4 25 50.24

: V77 Coarse fiber reinforced composites
80 HEEE Fine fiber reinforced composites

{C_JPLA

58.49

Flexural strength (MPa)

owt% 10 wt% 15 wt% 20 wt%

%wt of fiber reinforcement into PLA matrix

Figure 6. Flexural strength for PLA, Coarse fiber reinforced
composites and Fine fiber reinforced composites.

1.50

=@ Fine fiber reinforced composites
=== Coarse fiber reinforced composites
=== PLA
1.254
o
£
£
=1.00
=
S
i
2
Z
£0.754
£
050 045 0.55
o
0%wt 10%wt 15%wt 20%wt 25%wt

%wt of fiber reinforcement into PLA matrix

Figure 7. Impact strength for PLA, Coarse fiber reinforced
composites and Fine fiber reinforced composites.
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Figure 8. Hardness for PLA, Coarse fiber reinforced composites
and Fine fiber reinforced composites.
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dominating fiber content which was similar in the case
of the reduction of the tensile strength of the C4 sample.

In the case of fine fiber reinforced composite materials,
F1, F2, F3 and F4 had impact strengths of 0.60, 0.74,
1.09 and 0.92 J.mm™ respectively. The nano particulate
fibers at the highest fiber loading of 25 wt% dominated
over the plasticization effect of the matrix material to help
in absorbing and transferring the energy created by the
impact test to the polymer matrix effectively. This was
also evident through the morphological studies which
clearly showed the areas of resistance towards the force
during testing.

Comparing the coarse and the fine fiber specimens,
the Fine particle reinforced samples had better impact
strength over the coarse reinforced samples at all the four
different fiber loadings. This was due to the fact that nano
particles have better distribution in a polymer matrix when
compared to micro particles, which might have helped in
the even energy transfer within the composite during the
impact test?”). The addition of nano particle improving the
impact strength of a polymer composite was also proved
by Nagalingam et al.?®. The impact resistance was found
to be highest at 20 wt% fiber loading for both variants of
composites.

3.4 Hardness

Figure 8 shows that the Vickers Micro hardness of
all the composite samples was lower than PLA in both
the micro and nano reinforcement studies due to the
addition of the PJ. Increase in fiber content had a reduced
pattern on hardness values, the C1 and F1 composite
had the highest hardness while C4 and F4 composite
had the lowest hardness value within their categories.
This factor is in contradiction with the fact that hardness
increses with increase in elastic modulus!. The observed
reduction in hardness can only be assumed that the nature
of PJ, since every wood fiber has its own distinctive
property?®®. PJF might have had the ability to enhance
the rigidity of PLA by providing increase in modulus by
possesing good bonding ability. On the other hand PJF
had given a plasticizer effect on PLA (the latter being a
very brittle material by nature*!), thereby turning PLA
into a softer compound thereby justifying the increase in
the elongation as well as reduction in the hardness with
increasing particle reinforcement. The hardness of the F
samples was greater than the C samples at all reinforcement
levels since smaller particles provide better mechanical
properties when compared to the larger particles®?. This
factor was also substantiated in a study carried our by
Sifat et al.’3], where nano paricle reinforcement had shown
better mechanical performance than the micro particles.

Polimeros, 30(1), e2020012, 2020
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3.5 Water absorption analysis

The PLA sample did not show any water uptake while in
both the coarse and the fine reinforced samples, an increase in
fiber content showed increase in water absorption. Comparing
the coarse and the fine fiber specimens, sample F1 having the
least water absorption tendency among the F samples also proved
superior to C1 which had the least water absorption tendency
among the C samples. The C samples at all reinforcement levels
had greater amount of water uptake when compared to the F
samples as tabulated in Table 3. The Standard Deviation for
all the mechanical properties and water absorption test that
were analyzed are elaborated in Table 4.

Generally NaOH treatment on natural fibers lead to a
phenomenon known as Super-swelling®* which is responsible
for greater water absorption tendancy of the fiber. In this

research the micro PJ particles may have undergone larger
super swelling than the nano particulates thereby the showing
a larger physical presence of wood particles in the matrix at
the similar reinforcement ratios. For better understanding a
diagramatic explanation is shown in Figure 9 where PLA
matrix is filled with 25 micro particles as C composites
and 25 nano particles as F composites. The amount of PLA
is greater in the F composites thereby leading to lower
water uptake.

3.6 Morphological study

Figure 10 a, b, ¢ and d show the FESEM images of
C1, C2, C3 and C4. The morphological image of C1 shows
large areas with insufficient PJ loading which was the reason
behind the low mechanical properties exhibited by C1 when

Table 3. Water Absorption test results for PLA, Coarse fiber reinforced composites and Fine fiber reinforced composites.

SAMPLE INITIAL WEIGHT OF THE — FINAL WEIGHT OF THE ot et absorbea
PLA 3.488 3.488 0

C1 2.720 2.722 0.073

C2 2.696 2.699 0.111

C3 2.650 2.657 0.263

C4 2.629 2.638 0.341

F1 3.146 3.147 0.031

F2 3.115 3.117 0.062

F3 3.057 3.061 0.119

F4 3.024 3.031 0.198

Table 4. Standard Deviations.
Property Sample PLA C1 C2 C3 C4 F1 F2 F3 F4
Tensile Strength 1 9.67 13.58 18.96 20.67 21.15 17.61 19.29 24.6 20.93
2 9.35 13.38 17.62 20.78 21.31 17.82 20.27 2491 21.18
3 11.02 12.98 18.53 21.56 20.36 16.98 19.89 25.52 22.21
4 9.76 12.54 17.8 21.22 20.88 18.06 19.12 24.18 22.38
5 10.45 13.46 17.95 21.48 20.2 17.33 19.64 2425 21.61
MEAN 10.05 13.19 18.17 21.14 20.78 17.56 19.64 24.69 21.66
SD 0.67 0.43 0.56 0.4 0.48 0.42 0.46 0.49 0.56
Tensile Modulus 1 0.91 2.11 2.17 2.56 2.84 1.94 2.31 3.22 2.46
2 1.17 1.35 2.35 2.68 2.57 2.31 2.49 3.18 2.83
3 1.46 1.81 2.48 2.44 2.68 2.11 2.58 3.27 2.78
4 1.53 1.61 2.1 2.96 2.63 2.45 2.38 2.88 2.46
5 1.23 1.56 2.51 2.81 2.97 2.4 2.73 3.1 2.52
MEAN 1.26 1.69 2.32 2.69 2.74 2.24 2.5 3.13 2.61
SD 0.25 0.28 0.18 0.2 0.16 0.21 0.17 0.15 0.18
Elongation 1 0.91 1.18 2.01 2.11 3.36 2.1 2.42 2.49 2.63
2 1.05 1.23 2 2.14 3.49 2.13 2.31 2.54 2.63
3 1.01 1.11 1.91 2.17 342 1.95 2.29 2.55 2.65
4 0.91 1.09 2.04 2.2 3.38 1.89 2.25 2.59 2.72
5 0.93 1.14 2.09 2.13 34 2.04 2.34 2.61 2.67
MEAN 0.96 1.15 2 2.15 341 2.02 2.32 2.56 2.66
SD 0.057 0.05 0.06 0.03 0.04 0.09 0.05 0.04 0.03
Flexural 1 20.08 47.12 55.4 60.21 56.68 50.87 57.85 66.96 58.54
Strength 2 19.5 47.52 56 60.54 56.82 51.46 58.72 67.93 59.34
3 21.87 46.86 56.79 59.66 55.67 51.3 58.19 67.71 58.9
4 20.92 46.5 56.41 59.23 56.31 51.91 59.23 68.68 57.79
5 20.68 4791 55.81 60.08 57.07 52.21 58.46 67.39 57.98
MEAN 20.61 47.18 56.08 59.95 56.49 51.55 58.49 67.73 58.51
SD 0.89 0.55 0.53 0.51 0.54 0.52 0.52 0.57 0.57
Polimeros, 30(1), 2020012, 2020 7/11
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Table 4. Continued...

Property Sample PLA Cl1 C2 C3 C4 F1 F2 F3 F4
Flexural 1 17.28 39.98 47.24 50.6 48.15 44.4 51.11 57.05 50.82
Modulus 2 16.61 40.34 47.79 51.47 47.46 43.02 50.88 57.65 49.78
3 17.85 39.75 48.5 50.85 48.82 43.82 49.24 58.8 50.35
4 18.32 40.86 48.22 52.45 49.11 44.85 49.57 59.1 51.05
5 18.45 41.6 49.05 51.98 48.41 4521 50.3 58.2 49.2
MEAN 17.7 40.51 48.16 51.47 48.39 44.26 50.22 58.16 50.24
SD 0.68 0.66 0.61 0.68 0.57 0.77 0.72 0.74 0.68
Impact Strength 1 0.49 0.5 0.75 0.79 0.59 0.69 0.71 1.02 0.81
2 0.45 0.53 0.69 0.84 0.62 0.61 0.68 1.08 1.01
3 0.38 0.6 0.61 0.94 0.69 0.51 0.75 0.98 0.97
4 0.42 0.57 0.61 0.99 0.79 0.57 0.77 1.21 0.88
5 0.51 0.56 0.58 0.88 0.66 0.62 0.8 1.16 0.93
MEAN 0.45 0.55 0.65 0.89 0.67 0.6 0.74 1.09 0.92
SD 0.05 0.03 0.06 0.07 0.07 0.06 0.04 0.08 0.07
Micro Hardness 1 33.5 20.95 18.9 19.18 16.41 22.66 21.28 20.65 20.02
2 31.32 21.36 19.44 19.25 16.66 21.91 21.09 21.15 19.15
3 31.65 21.61 19.76 18.95 16.11 22.4 21.47 21.03 19.32
4 33.03 20.6 20.1 19.48 17 21.71 20.86 20.03 19.68
5 325 21.15 19.95 19.64 16.82 22.12 20.95 20.87 20.13
MEAN 324 21.13 19.63 19.3 16.60 22.16 21.13 20.8 19.66
SD 0.8 0.3 0.4 0.2 0.3 0.3 0.2 0.3 0.4
Water 1 0 0.073 0.111 0.247 0.365 0..031 0.057 0.112 0.19
Absorption 2 0 0.073 0.103 0.284 0.32 0.031 0.06 0.137 0.185
3 0 0.073 0.119 0.258 0.335 0.031 0.069 0.108 0.219
MEAN 0 0.073 0.111 0.263 0.34 0.031 0.062 0.119 0.198
SD 0 0 0.008 0.019 0.022 0 0.006 0.015 0.018

PLA F composites

( )

C composites

Greater matrix
domination

Greater fiber
domination

Figure 9. Diagrammatic explanation of lower micro and nano fiber
distribution into PLA.

compared to the higher reinforcement content composites.
C2 had better fiber distribution when compared with C1 which
improved the mechanical properties over C1. C3 being the
best sample among the C samples, shows clear evidence of
superior mechanical properties form the large delaminates
formed on its fractured surface during the testing. C4 has
largely dominating fiber content and reduced amount of
laminates; hence the mechanical strengths were comparatively
reduced when compared to C3. Figure 10 e, f, g and h show
the FESEM images of F1, F2, F3 and F4. The morphological
images of the fine fiber reinforced composites had large
areas displaying clear resistance to the shear force during
testing. F3 sample having the highest mechanical properties
when compared to F1, F2 and F4 clearly exhibits the largest
area of resistance to the flexural force.
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The FESEM images of the 10 and 15 wt% PJ reinforced
composites in both the coarse and fine cases show better
delamination when compared with plain PLA. This
evidently proves that the addition of PJF incresed the
mechanical properties of the polymer. The increase in the
mechanical properties with increasing PJF reinforcement
into PLA may be due to the excellent bonding of the PJF
with PLA matrix, thereby resulting in a good resistance
towards the testing forces. It is also visible that PJF has
even particulate distribution within the matrix material with
each consecutive fiber increament upto 20 wt% beyond
which agglomeration of reinforced particlutes reduces the
mechanical properties. Figure 11 shows the FESEM image
of plain PLA sample that had been scanned on its fractured
surface after the flexural test. The very small amount of
delammination in it shows that it had lower mechanical
strength when compared witht the micro annd nano PJF
reinforced composites.

The composites in both the C and F cases with 20 wt%
fiber loading had the best mechanical properties which is
extensively in synchronization with a couple of researches
who had used various wood fibers with PLA!N>3],
Ediga et al.*®! had analyzed the mechanical properties of
Epoxy-PJF composite and also concluded that 20 wt% of
PJF reinforced composite had the best strengths which
strongly supports the fiber loading parameter of this study.
The mechanical properties of the PJF/Epoxy compositel*®!
and PJF/PLA composite (this study), when compared
showed that PJF performed as a better reinforcement with
PLA than with epoxy.

Polimeros, 30(1), e2020012, 2020
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Figure 10. (a) FESEM image of C1, (b) FESEM image of C2, (c) FESEM image of C3, (d) FESEM image of C4, (¢) FESEM image of
F1, (f) FESEM image of F2, (g) FESEM image of F3, (h) FESEM image of F4.

3.7 Thermo Gravimetric Analysis (TGA)

Thermal stability of PLA was good upto 250 °C beyond
which it had a sharp degradation rate and the polymer reduced
to a mass of just 6% at 400 °C as shown in Figure 12. There
were no residue remains at 500 °C, since PLA had turned

Polimeros, 30(1), 2020012, 2020

volatile. PJF began to degrade around 220 °C losing 7%
mass and had slow degradation to nearing 270 °C. Between
300 to 400 °C there was a sharp decrease in the mass to 9%.
The F3 specimen had equivalent thermal stability to that of
the PJF and PLA, following the rule of mixtures. Majority
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Figure 11. FESEM image of PLA.

TGA curves
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Figure 12. TGA curves for PLA, PJF and F3.

of the plant fibers are thermally stable upto 200 °C, while
PJF had superior thermal degradation comparing to other
commonly used natural fiber reinforcements. This may be
due to the high lignin content in PJF which is known to
be responsible for the thermal stability of natural fibers!®..
The lignin content in PJF is 17%!" while other common plant
fiber reinforcements like Flax, kenaf, jute, hemp and Sisal
have a lignin content of 2, 9, 12, 10 and 9 respectively”.

4. Conclusions

The addition of novel PJF in the form of both coarse
and fine fiber reinforcements into PLA had significantly
improved the tensile, flexural and impact properties of
the polymer. The excellent bonding ability and even
distribution of PJF with PLA matrix is the reason behind the
improvization of the mechanical properties of the polymer.
The PJF PLA composites in both the C and F variants had
reduced hardness when compared to the plain PLA sample.
The most optimum ratio of reinforcement of PLA to PJF
irrespective of the size of particulate that was reinforced
was concluded to be 80:20 wt%

On comparing the coarse and fine fiber reinforcements, the
fine fiber reinforced composites revealed better mechanical
strengths in all the cases of this investigation.

The large lignin content in PJF had greatly supported
in improving the stiffness and thermal resistance of the
composite material which was proved by the high flexural

10/11

strength and increased thermal stability respectively. PJF/PLA
composite can be sucessfully recomended for the primarily
usage and as an alternative for conventional plywood in the
construction field.
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