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Abstract

The concern that has arisen in recent years over the excessive use of oil-based materials
has made the development of new materials with low environmental impact imminent, in this
context. In this study, environmentally friendly composites were obtained with a thermoplastic
polylactide matrix (PLA), and jute fibers (fabrics and non-woven mats) as reinforcement. PLA/jute
bio-composites were manufactured by thermocompression. The effect of the amount of jute fibers
reinforcement (in the 30-50 wt.% range) on the tensile and flexural properties of these composites
was analyzed, and the fiber-matrix interaction was assessed by scanning electron microscopy
(SEM). The results show that thermocompression moulding is a simple technique to obtain high
environmental efficiency bio-composites with high reinforcement loading (up to 50 wt.%). As
expected, the tensile properties are directly related to the amount of fiber loading, as well as the
directionality these fibers have in the composite. Mechanical performance is also highly
dependent on fiber-matrix interactions. These bio-composites could be attractive as lightweight
interior panels in automotive industry, case/covers in electric-electronics applications, shovels’
components in the wind energy industry, among others, due to their balanced mechanical
properties, and the rather complex shapes that could be obtained by thermocompression.
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1 INTRODUCTION

New high mechanical performance materials to replace metallic materials and their alloys
have emerged in the recent years. In this sense, composite materials have been extensively
studied due to the wide range of final properties that can be obtained, making them invaluable in
industrial applications such as the automotive industry or the transport industry [1, 2]. Fiber-
reinforced polymeric materials are among the most common, as materials with unique properties
can be tailored by correctly defining the type of matrix and reinforcing fibers. These materials
generally provide high strength, good stiffness, and low weight [3]. Thermoset matrices such as
epoxy resins, polyurethanes, unsaturated polyesters, among others [4-7], and thermoplastic
matrices such as polyethylene (PE), polypropylene (PP), and polyvinylchloride (PVC), among
others [8-10], have been some of the most widely used materials in composites. This has resulted
in a huge production of polymers reaching 368 million tonnes worldwide by 2019 [11] leading to
an increase in the CO2 emissions to the environment during their production. This phenomenon,
together with the extremely low biodegradation (actually, disintegration in controlled compost soil)
rate petroleum-derived polymers show, has promoted the accumulation of these materials over
long periods, thus leading to a growing environmental impact [12].

Polymer composites combine the excellent reinforcing properties of fibers, with the
exceptional processability of polymers, thus leading to materials with unique properties. The use
of thermosetting matrices such as epoxies (EP), and unsaturated polyester (UP) has been
generalized sue to the exceptional properties with glass fibers (GF) and carbon fiber (CF) [13-
15]. Those fibers offer an unique mechanical properties (strength and stiffness) that, together with
a remarkably low density, allow their use in high-performance applications such as aerospace,
aeronautics, automotive parts, and so on [16-19]. Nevertheless, manufacturing of CF requires
complex processes at high temperatures which contribute to increase the overall carbon footprint.
This has led to an increased in the environment awareness due to the negative effects associated
with the indiscriminate consumption of petroleum-derived materials, and high energy
consumption of many manufacturing processes. For this reason, the research and development
of new materials with a lower environmental impact has emerged in the last decade [20].

The choice of natural plant fibers is a solution to conventional fibers. The most used natural fibers

are flax, sisal, hemp, jute, and many others, which have different physical, chemical, and
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mechanical properties depending on their composition [21-24]. Jute fiber offers interesting
balanced properties in terms of insulating capacity, hygroscopicity, biodegradability, and rather
good mechanical properties. Nevertheless, as with other natural fibers, the final properties are
influenced by various parameters such as the fiber length, composition, manufacturing process,
crop conditions, plant part, and so on. Biswas, Ahsan [25], reported and in-depth study of the
properties of jute, bamboo and coir natural fibers. They reported tensile strength values between
200 and 600 MPa with an elongation at break from 1.25% up to 1.9% for a fiber span length of
25 mm. With regard to the Young’s modulus, values ranging from 10 to 27 GPa, depending on
the fiber span length, were reported. In addition natural fibers are cost-effective ($0.5 per kilo)
compared to synthetic fibers such as glass fiber (GF) [26].

Environmentally friendly materials can be related to two stages in their life-cycle. The first
concern is directly related to the origin, which can be petroleum or a renewable resource. The
second topic considers the end life, thus sorting materials in two main groups, namely
biodegradable (actually, disintegrable or compostable under certain conditions), or non-
biodegradable [27, 28]. Despite some remarkable advances have been done in the field of bio-
based thermosetting materials such as epoxies (EP) from epoxidized vegetable oils [7, 29-31],
unsaturated polyesters (UP) with fully or partial bio-based content [32, 33], phenolics (PF) [34,
35], and so on, the most important advances in the field of biopolymers has been observed in the
thermoplastic industry. Additionally the use of thermoplastic materials allows recycling the
composite by the remelting of the polymer matrix [36].

Thermoplastic biopolymers include both bio-based and biodegradable polymers. Some
aliphatic/aromatic petroleum-derived polyesters such as poly(e-caprolactone) (PCL) have gained
interest as can disintegrate under controlled composting conditions. Despite these polymers are
interesting, biobased and biodegradable polymers offer the best environmental efficiency. Among
these, polylactide PLA and polyhydroxyalkanoates and PHAs are being intensively studied [37-
40]. Polylactide (PLA) is, with difference, one of the most widely used biobased and biodegradable
thermoplastic polymer. PLA is an aliphatic polyester obtained by the fermentation of natural
resources such as starch-rich materials [41]. Outstanding properties such as rapid degradability
under composting conditions, biocompatibility with the human body, high tensile strength,

transparency, have positioned PLA as a suitable material for sectors as biomedicine or food
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packaging [42-44]. In addition, PLA has driven the development of new composite materials using
renewable raw materials in the form of reinforcing fibers or fillers [27, 45, 46]. The final properties
of these new materials will depend on both the nature of the reinforcement and the amount of
filler [47-49].

The use of thermoplastic matrix allows to manufacture composites in a different way than
with thermosetting matrices. In particular, composites with interesting technical properties can be
manufactured by conventional thermoplastic processing techniques such as injection moulding,
extrusion, roto-moulding and thermocompression. It is worthy to note the interesting
characteristics of thermocompression moulding since it offers several advances due to a lower
cost, minimal waste, simplicity and better mechanical properties [50].

This has led several authors to focus their efforts on the study of PLA/natural fiber
composite materials. An important parameter to consider during the manufacture is the
processing temperature since most lignocellulosic fibers (including flax, hemp, jute and so on)
can undergo degradation above 195 °C and as a result the composite performance could be
reduced [51]. Du, Peng [52] manufactured bio-composites based on jute fabrics pre-treated with
an alkaline solution in a PLA matrix by hot compression molding. The pretreatment resulted in
better bonding between the fibers and the matrix, as well as improved thermal stability.
Silanization and alkali treatments have also been successfully used to improve fiber-polymer
interactions in PLA-flax fiber composites [53]. Khan, Terano [54] investigated the influence of fiber
orientation on the mechanical properties of bio-composites made from non-woven jute fabrics and
woven jute fabrics in PLA matrices. Woven materials offer superior mechanical properties
compared to non-woven materials, giving better warp than weft directions. Jute has been
proposed as reinforcement in environmentally friendly composite laminates with different
thermosetting matrices such as unsaturated polyester (UP) and epoxy (EP) resins, with balanced
mechanical properties and a clear advantage from an environmental standpoint, compared with
their counterparts with conventional glass fibers [55-57]. Despite jute fiber has been widely used
as reinforcement into thermosetting resins, an interesting challenge is manufacturing of jute-
based composites with thermoplastic polymers matrices by using conventional manufacturing

techniques of polymers.



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

The main objective of this study is the development and characterization of high
environmentally friendly green composites based on polylactide (PLA) matrix and different jute
reinforcement contents in both woven and nonwoven structures. The novelty of this work relies
on the use of a cost-effective thermocompression moulding process to obtain high jute loading
PLA composites up to 50 wt.%. The influence of the weight content of the jute fiber on the
mechanical properties of the biocomposites in terms of flexural and tensile properties is shown.
Furthermore, the quality of the interface between the jute fiber and the PLA matrix is assessed by

scanning electron microscopy (SEM).

2 EXPERIMENTAL
2.1 Materials

PLA grade Ingeo™ 6201D supplied by NatureWorks LLC (Minnetonka, MN, USA) was
used as the thermoplastic matrix. It has a glass transition temperature (Tg), around 60 °C and a
melting peak temperature close to 170 °C; this grade possesses a melt flow index (MFI) between
15-30 g/10 min measured at 210 °C. It also has a relative density of 1.24 g/cm3. Two types of jute
textiles were used as reinforcement fibers. The first one was a biaxial plain wave fabric with a
surface density of 380 g/cm2. The second one, consisted of a non-woven fabric with a surface

density of 270 g/cm?, both of them were kindly supplied by Hilaturas Ferre S.A. (Alicante, Spain).

2.2 MANUFACTURING OF THE PLA/JUTE BIOCOMPOSITES.

Manufacturing of PLA/jute biocomposites was carried out by thermocompression
moulding in a Hoytom M.N 1417 hot-press from Robima S.A. (Bilbao, Spain) equipped with a
temperature control from Dupra S.A. (Castalla, Spain). Prior to the processing of the
biocomposites, PLA pellets were dried at 60 °C for 24 hours to remove moisture and prevent PLA
from degradation by hydrolysis [58]. A schematic plot of the thermocompression process can be
seen in Figure 1. Despite there have been developed many processes which combine different
stacking sequences of polymer film/sheet and fabrics, this work focuses on the potential of a still
more easy processing technology. This consists of depositing interleaved layers of PLA pellets

and jute fiber in an aluminum mold (Figure 1a & Figure 1b) designed to produce squared plates



149 of 200x200 mm and different thickness. Different weight proportions of jute fibers/PLA were
150  selected for this work, ranging from 30 to 50 wt.% as proposed in Table 1.
151
152  TABLE 1 Composition and code designation of the different PLA/jute bio-composites.
Type fiber
Jute
Woven Non-woven
Fiber
Jute PLA Jute PLA
(Wt%) Code Code
layers layers layers layers
0 PLAo - 1 PLAo - 1
30 PLA_WJFso 3 4 PLA NWJFs30 5 6
40 PLA_WJF40 4 5 PLA_NWJF40 6 7
50 PLA_WJFso 5 6 PLA_ NWJFso 8 9
153
154 The corresponding amounts of PLA pellets were weighed and distributed homogeneously

155 between the jute fabric layers to give the above-mentioned wt.% jute as seen in Table 1. To
156 enhance full embedment of jute fabrics with PLA, both the top and the bottom layers consisted of
157 PLA pellets (Figure 1c). Since the melt peak temperature of PLA is around 165-170 °C, the mould
158  was closed and subjected to a temperature of 190 °C with a constant load of 2 Tn for a total time
159 of 20 min. These conditions allow PLA to flow and embed the jute reinforcements. After the
160 heating program, the aluminium mould was cooled down to 70 °C in a water circulating bath.
161 Finally, the obtained green composite plates were released from the mould for further

162 characterization.
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FIGURE 1 Manufacturing process of PLA/jute biocomposites by thermocompression moulding.
a) placing the first PLA layer on the aluminum mould; b) placing the last PLA layer on top of the
jute fiber layer; c) schematic representation of the stacking sequence of PLA pellets and jute

fibers.

Figure 2 shows the appearance of woven (Figure 2a) and non-woven (Figure 2b) jute
fiber fabrics supplied by the manufacturer, where the distribution and orientation of the fibers in
the different fabrics can be seen. Figure 2c and Figure 2d, show the surface appearance
obtained after thermocompression moulding, where it was possible to observe the good
compaction that jute fabrics have with the PLA matrix since the matrix was able to completely

embed the jute fabrics. This resulted in highly homogeneous composites.
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FIGURE 2 Images of the woven jute fabric (left column) and the non-woven jute fabric (right
column). a)- b) before thermocompression moulding and c)-d) after thermocompression

moulding.

2.3 MECHANICAL PROPERTIES OF THE PLA/JUTE BIOCOMPOSITES

The mechanical properties of the PLA/jute biocomposites were evaluated in tensile and
flexural conditions. Both tests were performed in a universal testing machine Instron 3340
(Norwood, MA, USA) at room temperature (~25 °C). The machine was equipped with a load cell
of 5 kN. Tensile tests were carried out following ASTM D3039/D3039M. Tensile test specimens
had these dimensions: 250 mm length, 25 mm width, and 2.5-3.5 mm thick. Tests were carried
out at a crosshead rate of 10 mm/min. By means of this test it was possible to obtain the tensile
strength at break (ob), the Young’s modulus (E:), and the elongation at break (%é¢nb). Flexural test
was performed according to ASTM D790 standard. The specimens for flexural tests had the

following dimensions: 100 mm length, 10 mm width, and 2.5-3.5 mm thick. The crosshead rate
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for flexural tests was set to 5 mm/min and the corresponding flexural strength (o¥), and the flexural
modulus (Er) were obtained. To obtain reliable data, at least five different specimens were tested

for each composite and the corresponding mechanical parameters were averaged.

2.4 MORPHOLOGY ANALYSIS OF THE PLA/JUTE INTERFACE

The interaction between the jute fibers (woven and non-woven fibers) and the PLA matrix
was studied by scanning electron microscopy (SEM) in the fractured cross-sections of the
specimens after tensile tests. A Phenom scanning electron microscope from FEI Company
(Eindhoven, The Netherlands) operated at 10 kV was used. Prior to the surface characterization,
all samples were sputtered with a thin layer of gold/palladium alloy in an EMITECH Sputter Coater
model SC7620 from Quorum Technologies (East Sussex, UK). Furthermore, a stereomicroscope
system model SZX7 supplied by Olympus (Tokyo, Japan) was used to study the morphology of

the cross-section of the different biocomposites based on woven and non-woven jute fibers.

3 RESULTS AND DISCUSSION
3.1 MECHANICAL PROPERTIES OF THE PLA/JUTE BIOCOMPOSITES

The mechanical characterization of neat PLA and the PLA/jute biocomposites with jute
fibers are gathered in Table 2. It is possible to see that neat PLA has a high Young's modulus
(Ev), and a high tensile strength (ob) with values of 3430.3 MPa and 56.7 MPa, respectively. These
values are in accordance with the literature since PLA is a stiff material that also presents a brittle
behaviour, which is evidenced by its extremely low elongation at break of about 1.7 % [58, 59].
PLA/jute biocomposites containing 30 wt.% of woven jute fiber show a slight decrease in the
stiffness, which can be seen by a decrease of 7.61% and 12% of its Young's modulus and tensile
strength, respectively, as well as a noticeable increase of around 53% in its elongation at break
(2.6%). These results suggest that this amount of fiber is not sufficient to reinforce the PLA matrix
and hence, in this case would be acting as a filler. Similar situation was reported by Burrola-
Nafez, Herrera-Franco [60]. They observed that the incorporation of low amounts of short jute
fibers (5 wt.%) was not enough to reinforce the PLA matrix. Furthermore, this effect of decreasing
Young’s modulus and tensile strength was also attributed to the low adhesion of the fibers to the

matrix.
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TABLE 2 Tensile and flexural properties of the PLA/Jute bio-composites.

Tensile Properties Flexural Properties

Code
E: (MPa) o, (MPa) € (%) E: (MPa) oi (MPa)
PLAo 3430.3460.3 | 56.7+2.8 | 1.7+0.06 | 3338.8+102.5 | 39.8+2.1
PLA_WJFs | 3169.2+128.4 | 49.8£1.9 | 2.6+0.09 | 3740.4+152.2 | 86.0+3.4
PLA_WJFs | 3325.7+166.3 | 53.2+3.1 2.6£0.1 | 3621.8+144.2 | 94.0+3.8
PLA_WJFso | 3779.0+151.1 | 44.9+2.8 1.5+0.1 | 3993.6+115.7 | 71.7+2.9
PLA_NWJF3 | 1111.7465.1 | 14.7+0.6 | 2.5+0.02 | 3489.3£137.2 | 39.4+2.5
PLA_NWJF4 | 1078.0#58.7 | 29.1+1.3 | 2.6+0.03 | 3597.1+146.7 | 42.8+2.6
PLA_NWJFso | 1345.3469.2 | 34.5+2.1 | 2.6+0.06 | 3679.8+128.4 | 62.2+3.1

In addition, these results also suggest stresses are not transmitted properly between the
matrix and the reinforcing fiber [61]. This is due to the different structure of the polymer matrix
and the reinforcing fibers. Jute fibers are highly hydrophylic, as other lignocellulosic fibers, while
PLA matrix is hydrophobic due to very low polarity, compared to the fibers [62, 63]. It is worth
bearing in mind that the 40 wt.% PLA/jute biocomposite with woven jute fibers presents a slight
increase in the Young's modulus and tensile strength with values of 3325.7 MPa and 53.2 MPa,
respectively, these values being very close to those of neat PLA. The PLA/jute biocomposite
containing 40 wt.% of jute fiber has a higher elongation at break, which makes the properties in
general very attractive, since the integration of natural fibers allows to reduce the amount of PLA
resulting in a material with balanced mechanical properties and reduced costs. These results are
in agreement with those presented by Singh, Singh [64]. They reported a noticeable improvement
in tensile strength (64 MPa by increasing the jute fiber loading in the composites. The best results
were obtained in composites with 30 wt.% jute fibers. By increasing the percentage of jute fibers
up to 50 wt.%, a clear increase in the material's stiffness is observed with a Young's modulus of
3779 MPa. Consequently, the brittleness also increases. Hence, the composite with 50 wt.%
shows a clear decrease in the elongation at break and the tensile strength. This phenomenon is

probably related with a deficient embedding of the fiber into the PLA matrix due to the reduction

10
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of the polymer proportion in this composition. This effect was also reported by Gunti et al. in PLA
composites reinforced with short jute fibers previously subjected to alkali treatment [65].

The tensile properties of PLA/jute biocomposites reinforced with woven jute fibers are
directly related to the direction of fibers (weft and warp). Therefore, if the applied load is aligned
with one of these directions the material will have the best mechanical properties. Furthermore,
the mechanical performance of PLA/jute biocomposites depends to a large extent on the quality
of the interface between the reinforcing fiber and the surrounding matrix [66]. As expected, due
to the random arrangement of the fibers in the nonwoven jute bio-composites, the resulting tensile
properties are lower compared to biocomposites with woven jute fiber. Taking this into account,
it is remarkable that both Young's modulus and tensile strength show a considerable reduction,
reaching values of 1111.7 MPa and 14.7 MPa, respectively, when the composite is reinforced
with 30 wt.% non-woven jute fiber. Despite increasing the percentage of jute fiber up to 40 or 50
wt.%, the reinforcing effect is not noticeable to any great extent as the modulus remains almost
invariable with values around 1300 MPa. This may be because both the fibers and the matrix act
as separate phases, i.e. poor load transfer between the matrix and the fiber. This effect can be
attributed to several phenomena. On one hand, to the low affinity between the jute fibers and the
PLA matrix due to their hydrophilic and hydrophobic nature [67], respectively. On the other hand,
Khan, Shaikh [68] claims that composites with high reinforcement loading, do not allow full fiber
embedding into the polymer matrix, resulting in a lack of bonding between the fibers and the
matrix, which causes a decrease in the stiffness of the material due to poor stress distribution.
Despite this, it may be observed that the tensile strength is positively influenced by the increase
in fiber loading.

Regarding PLA/jute biocomposites with a fiber content of 50 wt.%, the op value is 34.5
MPa, 134% higher than the PLA/jute biocomposite with a 30 wt.% non-woven jute fiber. It should
be noted that the amount of non-woven fiber loading does not affect elongation at break,
remaining at about 2.6%. As observed in the morphology analysis, the PLA/jute biocomposites
manufactured with non-woven jute presented higher gap between the fiber and the surrounding
PLA matrix, thus providing a reduction in the mechanical properties. As a result, an increase in
fiber content does not provide an improvement in the elongation at break. Despite having

relatively low tensile properties, PLA/jute biocomposites with non-woven jute mats exhibit

11
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FIGURE 3. Mechanical properties of the PLA/Jute bio-composites a) tensile test properties:
Young modulus (E:), tensile strength (ob), elongation at break (ev) and b) flexural properties:

flexural modulus (Ey), flexural strength (o).

Regarding the flexural properties of the PLA/jute biocomposites reinforced with jute
fabrics, it is possible to see that neat PLA has a flexural modulus and flexural strength of 3338.8
and 39.8 MPa, respectively, which are close to those reported by Dong, Ghataura [71] in PLA
composites reinforced with coir fibers. They reported a flexural strength and flexural modulus
values of 57 MPa and 2.80 GPa, respectively, in PLA composites with 20 wt.% short coir fibers.
It can be clearly seen that both the flexural modulus and the flexural strength of PLA/jute
biocomposites increase with the increase in the wt.% of jute fiber [72]. With regard to PLA/jute
biocomposites with jute fabrics, the flexural strength and stiffness are generally provided by the
external layers. In flexural conditions, the upper face is subjected to compressive stress, while
the bottom face is mainly subjected to stretching (tension). Therefore, the flexural behaviour of
the PLA/jute biocomposites depends on the strength of their external layers [73]. Biocomposites
containing 30 wt.% of woven jute fiber, show an increase of 12% and 116% of the flexural modulus
and flexural strength, respectively. These results show flexural conditions are less aggressive in
terms of stress concentration phenomena as tensile conditions. By increasing the woven jute fiber
load up to 50 wt.%, the flexural modulus rises to 3993.6 MPa, which corresponds to an
improvement of about 20% compared to neat PLA, thus showing a clear improvement in flexural
stiffness. Similarly, there is an increase in flexural strength, reaching values of 71.7 MPa. The
configuration of the jute fibers on biocomposites, i.e. the fiber orientation, makes them capable of
withstanding greater loads [74]. A maximum flexural strength of 94.0 MPa was obtained for
PLA/jute biocomposite with 40 wt.% woven jute fiber, as reported previously with regard to tensile
properties. Higher fiber content as that for PLA/jute biocomposites with 50 wt.% woven jute fiber,
show a decrease in flexural properties due to poor fiber embedding.

As with woven fiber-reinforced composites, the flexural properties of PLA/jute
biocomposites with non-woven jute mats are related to the amount of fiber loading [75], resulting
in increased flexural properties by increasing the wt.% of fiber in PLA/jute biocomposites. It can

be seen that biocomposites containing 50 wt.% non-woven jute mats, show flexural modulus and

13
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flexural strength values of 3679.8 and 62.2 MPa, respectively. The increase in flexural properties
achieved by non-woven jute fibers is slightly lower than that observed for the woven jute fibers.
This may be due to several factors, including the low interaction between the jute fibers and the
PLA matrix [76], and the distribution of the fibers in the matrix [68]. Jawaid, Khalil [77] suggested
that the random distribution of non-woven fibers in a polymer matrix causes a counterproductive
effect on the flexural properties since having a smaller continuous surface makes the composite
to have a lower load capacity. This effect that can be clearly seen in composites containing woven
jute fibers, which are composed of long, perfectly aligned and continuous fibers, and this, results
in better load capacity. Singh, Singh [64], have recently reported interesting results in jute/PLA
bio-composites by using different processing temperatures ranging from 160 °C to 180 °C. The
most relevant results that they provide indicate an increasing trend in mechanical properties up
to 30 v/iv.% jute fiber and above this, mechanical properties decrease. They attribute this to the

weak fiber-matrix interface interactions as the PLA matrix content is reduced.

3.2 FIBER-MATRIX INTERACTION AND MORPHOLOGY ANALYSIS OF THE PLA/JUTE BIO-
COMPOSITES

There are several factors with a direct influence of mechanical performance of composite
materials. Among these, it is worthy to note the fiber distribution, fiber-matrix interaction, and
directionality of the reinforcement fibers in the matrix. In general, the reinforcement fiber is stiffer
than the polymer matrix and if there is good fiber-matrix interaction (the so-called isodeformation
conditions), the stress transfer from the low stiffness component (the polymer matrix) to the high
stiffness component (the reinforcing fiber) is allowed. In contrast, if the polymer-fiber interactions
are weak, the applied stresses could not be appropriately transmitted from the matrix to the fiber,
causing the premature failure of the material due to the lack of cohesion between the polymer
matrix and the reinforcing fiber [78].

The fiber distribution and directionality also play a critical role in the mechanical
performance of composite materials. If the load is applied in the fiber direction, an improvement
in the strength and stiffness is generally obtained [74, 79]. Figure 4 shows stereomicroscopy
optical images of the cross-section of PLA/jute biocomposites with woven jute fibers (Figure 4a,

Figure 4c, and Figure 4e), and PLA/jute biocomposites with non-woven jute fibers (Figure 4b,
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Figure 4d, and Figure 4f). The alignment of the jute fibers in PLA/jute biocomposites with woven
jute bio-composites is clearly observed with the typical wave shape. Unlike PLA/jute
biocomposites reinforced with woven jute fibers, PLA/jute biocomposites with non-woven fibers
show a non-uniform distribution of the fibers, which is characteristic of this type of material
(random). Despite this, a rather good and homogeneous embedding can be observed in both

cases between the different jute fibers and the PLA matrix.

FIGURE 4 Stereomicroscopy optical images at magnification of 12.5x corresponding to the
cross-section of PLA/jute biocomposites reinforced with woven jute fibers (left column) and
PLA/jute biocomposites reinforced with non-woven jute fiber s (right column) of a)-b) 30 wt.%,

¢)-d) 40 wt.%, and e)-f) 50 wt.%.

Jute fiber is composed of aligned tubular cells which are responsible for its moderate

mechanical properties and excellent insulation properties according to Fidelis, Pereira [80].

Figure 5 shows typical scanning electron microscopy (SEM) images of the jute fiber morphology.
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FIGURE 5 Scanning electron microscopy (SEM) images of the jute fiber at different
maghnifications, a) 1000x, (scale bar of 120 um), and b) 3000x (scale bar of 40 um).

To better understand the phenomenon of the interaction between the jute reinforcement
fibers and the matrix, the fractured surfaces subjected to tensile tests were studied by scanning
electron microscopy. As already mentioned, the good synergy between the polymer matrix and
the reinforcing fiber, has a direct effect on mechanical performance. Strong polymer-fiber
interactions positively contribute to a good load transfer, resulting in the desired reinforcing effect
by fully embedding the fibers into the structure of biocomposites [65]. Figures 6a and 6c¢ refer to
the PLA/jute biocomposites reinforced with woven jute fibers (40 wt.% and 50 wt.%). In these
images, the directionality of the fibers can be clearly seen, as well as the presence of small gaps
between the jute fibers and the surrounding PLA matrix. This is because the wettability of the
matrix with the fibers is not good enough, resulting in weak polymer-fiber interactions. This is
evidenced by some pulled-out fibers from the matrix [81]. No tear marks are visible on the fiber
breakage surface, but a clean break of the fibers. This may be due to the low extensibility of the
jute fibers to tensile stress, as suggested by Jawaid, Khalil [77]. The presence of a small gap
between the fiber and the surrounding PLA matrix might be responsible for poor load transfer
and, subsequently, non-optimum mechanical properties of PLA/jute biocomposites. The pull-out
phenomenon can be clearly observed in Figure 6a and Figure 6¢ since the matrix shows a
homogeneous surface that copies the shape of the pulled-out fiber. Under these conditions with
a poor interaction, the failure mechanism for the composites is the debonding of the fibers from

the matrix providing the morphology mentioned above as proposed by [23].
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Figure 6b and Figure 6d show the fractured surface of PLA/jute biocomposites
reinforced with non-woven jute fibers. In this type of biocomposites, the random fiber distribution
is remarkable. The random alignment of the fibers can act as stress concentrators, causing
premature separation of the fibers from the matrix and causing propagation of matrix microcracks,
which leads to a decrease in the tensile properties. This may be one of the reasons why the gap
between the fibers and the matrix is larger compared to woven jute fiber-reinforced biocomposites
as suggested by Khan, Terano [54]. This morphology is in accordance with the low values
obtained in tensile tests on PLA/jute biocomposites reinforced with non-woven jute fibers. Similar
results were reported by Alavudeen, Rajini [81], in polyester composites reinforced with
banana/kenaf fibers. They concluded that the tensile performance of the plain-woven composites
was superior to that of the randomly oriented bio-composites for the same fiber content because
of the discontinuity of the matrix caused inadequate stress transmission.

The low affinity of the reinforcement fibers and the PLA matrix is largely due to the nature
of the PLA matrix and the natural fibers, as jute fibers that are mostly composed of cellulose and
lignin. As a result, fibers have a marked hydrophilic character due to the hydroxyl group, and
polyesters such as PLA have a strong hydrophobic nature. This difference is responsible for the
low PLA-jute interactions. [52, 82]. Figure 7 shows an example of the fracture surface of the
samples. PLA matrix shows a smooth and homogeneous fracture surface, typical of a brittle
fracture [44]. In addition, it was possible to observe the effects of pulled-out fibers due to the little

affinity that these two components have.
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FIGURE 6 Scanning emission microscopy (SEM) images of the fracture surface of PLA/jute

biocomposites with different percentages of woven jute fiber (left column) and non-woven jute

fiber (right column): a-b) 40 wt.%; c-d) 50 wt.%. The images were taken at 500x (scale bar of 240

pm).
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FIGURE 7 Scanning electron microscopy (SEM) image of the fracture surface of PLA/jute
biocomposite containing 50 wt.% woven jute fiber. The image was taken at 1000x (scale bar of

120 pm).

4 CONCLUSIONS

1. The present work has confirmed the feasibility of manufacturing high environmentally friendly
biocomposites of polylactide (PLA) and jute fiber reinforcements.

2.These bio-composites can be easily manufactured by thermocompression molding by directly
stacking fabrics and PLA pellets. This stacking system provided enough wettability of the fibers
with the matrix during the thermocompression process at 190 °C, resulting in biocomposites with
a high percentage of reinforcing fiber (up to 50 wt.%).

3. The morphology analysis by scanning electron microscopy (SEM) showed that the interaction
between the jute fibers and the PLA matrix was relatively low. In spite of this, the interaction of
the PLA matrix with the woven fibers was better, since the PLA-jute fiber gap was smaller than
the one obtained in PLA/jute biocomposites with non-woven jute fibers.

4. With respect to the mechanical tensile properties under tensile conditions, better properties are
obtained in PLA/jute composites with woven jute fibers, mainly due to the directionality of their
fibers, this effect is more noticeable in the high Young's modulus obtained.

5. With regard to the flexural properties of PLA/jute biocomposites, these are not critically affected

by the directionality of the reinforcement fibers, tending to increase with increasing fiber content.
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6. These biocomposites fully obtained from renewable sources, offer balanced mechanical
performance comparable to many conventional petroleum-based polymeric materials. Therefore,
the partial or total use of these PLA/jute biocomposites in the different areas such as construction,
automotive, wind energy, and furniture, among others would help to a sustainable development.
In addition, the use of natural fibers allows a cost reduction, due to the lower percentage of

polymer used.

ACKNOWLEDGEMENTS

This research is a part of the grant PID2020-116496RB-C22 funded by
MCIN/AEI/10.13039/501100011033, and the grant AICO/2021/025 funded by Generalitat
Valenciana-GVA. S. Rojas-Lema is a recipient of a Santiago Grisolia grant from Generalitat
Valenciana (GVA) (GRISOLIAP/2019/132). D. Lascano wants to thank Universitat Politécnica de
Valéncia (UPV) for the grant received through the PAID-01-18 program. L. Quiles-Carrillo thanks
Universitat Politecnica de Valencia for a postdoctoral position (PAID-10-20)- SP20200073. J.
Ivorra-Martinez wants to thank FPU19/01759 grant funded by

MCIN/AEI/10.13039/501100011033 and by ESF Investing in your future.

References.

1. Wei X, Russell J, Zivanovié S, Mottram JT. (2019), Measured dynamic properties for FRP
footbridges and their critical comparison against structures made of conventional construction
materials. Composite Structures. 223:110956.

2. Rohit K, Dixit S. (2016), A Review - Future Aspect of Natural Fiber Reinforced
Composite. Polymers from Renewable Resources. 7(2):43-59.

3. Swolfs Y, Verpoest |, Gorbatikh L. (2019), Recent advances in fibre-hybrid composites:
materials selection, opportunities and applications. International Materials Reviews. 64(4):181-
215.

4. Ma H-l, Jia Z, Lau K-t, Leng J, Hui D. (2016), Impact properties of glass fiber/epoxy
composites at cryogenic environment. Composites Part B: Engineering. 92:210-7.

5. Otto G, Moisés M, Carvalho G, Rinaldi A, Garcia JC, Radovanovic E, et al. (2017),
Mechanical properties of a polyurethane hybrid composite with natural lignocellulosic fibers.
Composites Part B: Engineering. 110:459-65.

20



452
453
454

455
456
457

458
459

460
461
462

463
464
465

466
467

468
469

470
471
472

473
474
475

476
477
478

479
480
481

482
483

484
485
486

487
488

6. Vu CM, Nguyen DD, Choi HJ, Pham TD. (2018), Micro-fibril cellulose as a filler for glass
fiber reinforced unsaturated polyester composites: fabrication and mechanical characteristics.
Macromolecular Research. 26(1):54-60.

7. Lascano D, Valcarcel J, Balart R, Quiles-Carrillo L, Boronat T. (2020), Manufacturing of
composite materials with high environmental efficiency using epoxy resin of renewable origin
and permeable light cores for vacuum-assisted infusion molding. Ingenius. (23):62-73.

8. Sullins T, Pillay S, Komus A, Ning H. (2017), Hemp fiber reinforced polypropylene
composites: The effects of material treatments. Composites Part B: Engineering. 114:15-22.

9. Mulinari D, Voorwald H, Cioffi M, da Silva M. (2017), Cellulose fiber-reinforced high-
density polyethylene composites—Mechanical and thermal properties. Journal of Composite
Materials. 51(13):1807-15.

10. Pulngern T, Chitsamran T, Chucheepsakul S, Rosarpitak V, Patcharaphun S,
Sombatsompop N. (2016), Effect of temperature on mechanical properties and creep
responses for wood/PVC composites. Construction and Building Materials. 111:191-8.

11. PlasticsEurope. Plastics- the Facts 2020: An analysis of European plastics production,
demand and waste data. Belgium, Europe: PlasticsEurope; 2020.

12. Emadian S, Onay T, Demirel B. (2017), Biodegradation of bioplastics in natural
environments. Waste management. 59:526-36.

13. El-Wazery M, El-Elamy M, Zoalfakar S. (2017), Mechanical properties of glass fiber
reinforced polyester composites. International journal of applied science and engineering.
14(3):121-31.

14. Kaundal R. (2018), Investigation of Mechanical and Thermo-Mechanical properties of
Cement-by-Pass Dust Filled Short Glass Fiber Reinforced Polyester Composites. American
Journal of Polymer Science & Engineering. 6(1):45-57.

15. Fu S-Y, Lauke B, Mader E, Yue C-Y, Hu X. (2000), Tensile properties of short-glass-fiber-
and short-carbon-fiber-reinforced polypropylene composites. Composites Part A: Applied
Science and Manufacturing. 31(10):1117-25.

16. Tang S, Hu C. (2017), Design, preparation and properties of carbon fiber reinforced
ultra-high temperature ceramic composites for aerospace applications: a review. Journal of
Materials Science & Technology. 33(2):117-30.

17. Borba N, Blaga L, dos Santos J, Amancio-Filho S. (2018), Direct-Friction Riveting of
polymer composite laminates for aircraft applications. Materials Letters. 215:31-4.

18. Meng F, McKechnie J, Turner T, Wong K, Pickering S. (2017), Environmental aspects of
use of recycled carbon fiber composites in automotive applications. Environmental science &

technology. 51(21):12727-36.

19. Ravishankar B, Nayak SK, Kader MA. (2019), Hybrid composites for automotive
applications—A review. Journal of Reinforced Plastics and Composites. 38(18):835-45.

21



489
490
491

492
493
494

495
496
497
498

499
500

501
502
503

504
505

506
507
508

509
510
511
512

513
514
515

516
517
518

519
520
521

522
523
524

525
526
527

20. Correa JP, Montalvo-Navarrete J, Hidalgo-Salazar M. (2019), Carbon footprint
considerations for biocomposite materials for sustainable products: A review. Journal of
cleaner production. 208:785-94.

21. Ramesh M. (2019), Flax (Linum usitatissimum L.) fibre reinforced polymer composite
materials: A review on preparation, properties and prospects. Progress in Materials Science.
102:109-66.

22. Naveen J, Jawaid M, Amuthakkannan P, Chandrasekar M. Mechanical and physical
properties of sisal and hybrid sisal fiber-reinforced polymer composites. Mechanical and
physical testing of biocomposites, fibre-reinforced composites and hybrid composites: Elsevier;
2019. p. 427-40.

23. Wang H, Memon H, AM Hassan E, Miah M, Ali M. (2019), Effect of jute fiber
modification on mechanical properties of jute fiber composite. Materials. 12(8):1226.

24, Jariwala H, Jain P. (2019), A review on mechanical behavior of natural fiber reinforced
polymer composites and its applications. Journal of Reinforced Plastics and Composites.
38(10):441-53.

25. Biswas S, Ahsan Q, Cenna A, Hasan M, Hassan A. (2013), Physical and mechanical
properties of jute, bamboo and coir natural fiber. Fibers and polymers. 14(10):1762-7.

26. Dittenber D, GangaRao H. (2012), Critical review of recent publications on use of
natural composites in infrastructure. Composites Part A: Applied Science and Manufacturing.
43(8):1419-29.

27. Agliero A, Garcia-Sanoguera D, Lascano D, Rojas-Lema S, Ivorra-Martinez J, Fenollar O,
et al. (2020), Evaluation of different compatibilization strategies to improve the performance
of injection-molded green composite pieces made of polylactide reinforced with short flaxseed
fibers. Polymers. 12(4):821.

28. Vinayagamoorthy R, Rajmohan T. (2018), Machining and its challenges on bio-fibre
reinforced plastics: A critical review. Journal of Reinforced Plastics and Composites.
37(16):1037-50.

29. Samper M-D, Ferri JM, Carbonell-Verdu A, Balart R, Fenollar O. (2019), Properties of
biobased epoxy resins from epoxidized linseed oil (ELO) crosslinked with a mixture of cyclic
anhydride and maleinized linseed oil. Express Polymer Letters. 13(5):407-18.

30. Carbonell-Verdu A, Bernardi L, Garcia-Garcia D, Sanchez-Nacher L, Balart R. (2015),
Development of environmentally friendly composite matrices from epoxidized cottonseed oil.
European Polymer Journal. 63:1-10.

31. Lascano D, Garcia-Garcia D, Rojas-Lema S, Quiles-Carrillo L, Balart R, Boronat T. (2020),
Manufacturing and Characterization of Green Composites with Partially Biobased Epoxy Resin
and Flaxseed Flour Wastes. Applied Sciences. 10(11):3688.

32. Dai Z, Yang Z, Chen Z, Zhao Z, Lou Y, Zhang Y, et al. (2018), Fully biobased composites

of an itaconic acid derived unsaturated polyester reinforced with cotton fabrics. ACS
Sustainable Chemistry & Engineering. 6(11):15056-63.

22



528
529
530

531
532
533

534
535
536

537
538
539

540
541
542

543
544
545

546
547
548
549

550
551
552

553
554
555

556
557
558
559

560
561
562

563
564
565

566
567
568

33. Fidanovski B, Spasojevic P, Panic V, Seslija S, Spasojevic J, Popovic . (2018), Synthesis
and characterization of fully bio-based unsaturated polyester resins. Journal of materials
science. 53(6):4635-44.

34. KOKTEN E, Ozbay G, Ayrilmis N. (2018), Synthesis of biobased phenolic resins using
catalytic pyrolysis oil and its effect on oriented strand board performance. The Journal of
Adhesion.

35. Khalil HA, Davoudpour Y, Saurabh C, Hossain MS, Adnan A, Dungani R, et al. (2016), A
review on nanocellulosic fibres as new material for sustainable packaging: Process and
applications. Renewable and Sustainable Energy Reviews. 64:823-36.

36. Asghar MA, Imad A, Nawab Y, Hussain M, Saouab A. (2021), Effect of yarn singeing and
commingling on the mechanical properties of jute/polypropylene composites. Polymer
Composites. 42(2):828-41.

37. Malikmammadov E, Tanir T, Kiziltay A, Hasirci V, Hasirci N. (2018), PCL and PCL-based
materials in biomedical applications. Journal of Biomaterials science, Polymer edition. 29(7-
9):863-93.

38. Moustafa H, Guizani C, Dufresne A. (2017), Sustainable biodegradable coffee grounds
filler and its effect on the hydrophobicity, mechanical and thermal properties of biodegradable
PBAT composites. Journal of Applied Polymer Science. 134(8).

39. Jorda M, Montava-Jorda S, Balart R, Lascano D, Montanes N, Quiles-Carrillo L. (2019),
Functionalization of Partially Bio-Based Poly (Ethylene Terephthalate) by Blending with Fully
Bio-Based Poly (Amide) 10, 10 and a Glycidyl Methacrylate-Based Compatibilizer. Polymers.
11(8):1331.

40. Kourmentza C, Placido J, Venetsaneas N, Burniol-Figols A, Varrone C, Gavala H, et al.
(2017), Recent advances and challenges towards sustainable polyhydroxyalkanoate (PHA)
production. Bioengineering. 4(2):55.

41. Riba J-R, Cantero R, Garcia-Masabet V, Cailloux J, Canals T, Maspoch ML. (2020),
Multivariate identification of extruded PLA samples from the infrared spectrum. Journal of
Materials Science. 55(3):1269-79.

42. Rojas-Lema S, Quiles-Carrillo L, Garcia-Garcia D, Melendez-Rodriguez B, Balart R,
Torres-Giner S. (2020), Tailoring the Properties of Thermo-Compressed Polylactide Films for
Food Packaging Applications by Individual and Combined Additions of Lactic Acid Oligomer and
Halloysite Nanotubes. Molecules. 25(8):1976.

43, Tyler B, Gullotti D, Mangraviti A, Utsuki T, Brem H. (2016), Polylactic acid (PLA)
controlled delivery carriers for biomedical applications. Advanced Drug Delivery Reviews.
107:163-75.

44, Lascano D, Quiles-Carrillo L, Balart R, Boronat T, Montanes N. (2019), Toughened poly
(lactic acid)—PLA formulations by binary blends with poly (butylene succinate-co-adipate)—
PBSA and their shape memory behaviour. Materials. 12(4):622.

45, Balart J, Garcia-Sanoguera D, Balart R, Boronat T, Sdnchez-Nacher L. (2018),

Manufacturing and properties of biobased thermoplastic composites from poly (lactid acid)
and hazelnut shell wastes. Polymer Composites. 39(3):848-57.

23



569
570
571

572
573

574
575
576

577
578
579

580
581
582

583
584
585

586
587
588

589
590
591

592
593
594

595
596

597
598

599
600
601

602
603
604

605
606
607

46. Quiles-Carrillo L, Montanes N, Sammon C, Balart R, Torres-Giner S. (2018),
Compatibilization of highly sustainable polylactide/almond shell flour composites by reactive
extrusion with maleinized linseed oil. Industrial Crops and Products. 111:878-88.

47. Bourmaud A, Beaugrand J, Shah DU, Placet V, Baley C. (2018), Towards the design of
high-performance plant fibre composites. Progress in Materials Science. 97:347-408.

48, Hasan KMF, Horvath PG, Markd G, Alpér T. (2022), Thermomechanical characteristics
of flax-woven-fabric-reinforced poly(lactic acid) and polypropylene biocomposites. Green
Materials. 10(1):1-10.

49, Aldas Carrasco MF, Rouault Nicolas J, Ferri Azor JM, Lépez-Martinez J, Samper
Madrigal MD. (2020), A new bio-based fibre-reinforced polymer obtained from sheep wool
short fibres and PLA. Green Materials. 8(2):79-91.

50. Jaafar J, Siregar J, Tezara C, Hamdan M, Rihayat T. (2019), A review of important
considerations in the compression molding process of short natural fiber composites. The
International Journal of Advanced Manufacturing Technology. 105(7):3437-50.

51. Sanivada UK, Marmol G, Brito FP, Fangueiro R. (2020), PLA Composites Reinforced with
Flax and Jute Fibers—A Review of Recent Trends, Processing Parameters and Mechanical
Properties. Polymers. 12(10):2373.

52. Du S, Peng X, Gu H. (2019), Experimental investigation on fabrication and thermal-
stamping of woven jute/polylactic acid biocomposites. Journal of Composite Materials.
53(7):851-61.

53. Avci A, Eker AA, Bodur MS. (2020), Effect of coupling agent and alkali treatment on
mechanical, thermal and morphological properties of flax-fiber-reinforced PLA composites.
Green Materials. 9(3):131-44.

54. Khan GA, Terano M, Gafur M, Alam MS. (2016), Studies on the mechanical properties
of woven jute fabric reinforced poly (l-lactic acid) composites. Journal of King Saud University-
Engineering Sciences. 28(1):69-74.

55. Yildirim M, Negawo TA, Kilic A, Candan Z. (2020), Development and characterization of
hybrid composites from sustainable green materials. Green Materials. 9(4):182-91.

56. Anandan G, Gopalan V, Rajamohan V. (2020), Investigation on thermal buckling
analysis of jute/epoxy polymer matrix composites. Emerging Materials Research. 9(4):1229-36.

57. Gopalan V, Suthenthiraveerappa V, Tiwari SK, Mehta N, Shukla S. (2020), Dynamic
characteristics of a honeycomb sandwich beam made with jute/epoxy composite skin.
Emerging Materials Research. 9(1):132-40.

58. Agliero A, Morcillo MC, Quiles-Carrillo L, Balart R, Boronat T, Lascano D, et al. (2019),
Study of the influence of the reprocessing cycles on the final properties of polylactide pieces
obtained by injection molding. Polymers. 11(12):1908.

59. Ferri J, Garcia-Garcia D, Sanchez-Nacher L, Fenollar O, Balart R. (2016), The effect of
maleinized linseed oil (MLO) on mechanical performance of poly (lactic acid)-thermoplastic
starch (PLA-TPS) blends. Carbohydrate polymers. 147:60-8.

24



608
609
610
611

612
613
614

615
616
617

618
619
620

621
622
623

624
625
626

627
628
629

630
631
632

633
634
635

636
637
638

639
640
641

642
643
644

645
646

60. Burrola-Nuiez H, Herrera-Franco P, Soto-Valdez H, Rodriguez-Félix DE, Meléndrez-
Amavizca R, Madera-Santana TJ. (2019), Production of Biocomposites Using Different Pre-
treated Cut Jute Fibre and Polylactic Acid Matrix and Their Properties. Journal of Natural
Fibers.1-14.

61. Qian S, Wang H, Zarei E, Sheng K. (2015), Effect of hydrothermal pretreatment on the
properties of moso bamboo particles reinforced polyvinyl chloride composites. Composites
Part B: Engineering. 82:23-9.

62. Alvarez-Chévez C, Sdnchez-Acosta D, Encinas-Encinas J, Esquer J, Quintana-Owen P,
Madera-Santana T. (2017), Characterization of extruded poly (lactic acid)/pecan nutshell
biocomposites. International Journal of Polymer Science. 2017.

63. Garcia-Garcia D, Quiles-Carrillo L, Montanes N, Fombuena V, Balart R. (2018),
Manufacturing and Characterization of Composite Fibreboards with Posidonia oceanica
Wastes with an Environmentally-Friendly Binder from Epoxy Resin. Materials. 11(1):35.

64. Singh JIP, Singh S, Dhawan V. (2020), Influence of fiber volume fraction and curing
temperature on mechanical properties of jute/PLA green composites. Polymers and Polymer
Composites. 28(4):273-84.

65. Gunti R, Ratna Prasad A, Gupta A. (2016), Preparation and properties of successive
alkali treated completely biodegradable short jute fiber reinforced PLA composites. Polymer
Composites. 37(7):2160-70.

66. Ali A, Shaker K, Nawab Y, Jabbar M, Hussain T, Militky J, et al. (2018), Hydrophobic
treatment of natural fibers and their composites—A review. Journal of Industrial Textiles.
47(8):2153-83.

67. Roy SK, Khan GA, Haque MA, Alam MS, Haque MI, Gafur M. (2017), Effect of Chemical
Treatments and Coupling Agents on the Properties of Unidirectional Jute Fiber Reinforced
Polypropylene Composite. Jurnal Kejuruteraan. 29(2):63-70.

68. Khan GA, Shaikh H, Alam M, Gafur MA, Al-Zahrani S. (2015), Effect of chemical
treatments on the physical properties of non-woven jute/PLA biocomposites. BioResources.
10(4):7386-404.

69. Das O, Bhattacharyya D, Hui D, Lau K. (2016), Mechanical and flammability
characterisations of biochar/polypropylene biocomposites. Composites Part B: Engineering.
106:120-8.

70. Essabir H, Boujmal R, Bensalah M, Rodrigue D, Bouhfid R, el kacem Qaiss A. (2016),
Mechanical and thermal properties of hybrid composites: oil-palm fiber/clay reinforced high
density polyethylene. Mechanics of Materials. 98:36-43.

71. Dong Y, Ghataura A, Takagi H, Haroosh H, Nakagaito A, Lau K. (2014), Polylactic acid
(PLA) biocomposites reinforced with coir fibres: Evaluation of mechanical performance and
multifunctional properties. Composites Part A: Applied Science and Manufacturing. 63:76-84.

72. Jia W, Gong R, Hogg P. (2014), Poly (lactic acid) fibre reinforced biodegradable
composites. Composites Part B: Engineering. 62:104-12.

25



647
648

649
650

651
652

653
654

655
656
657

658
659
660

661
662
663

664
665
666

667
668
669

670
671

672

673

674

675

676

677

678

679

680

681

682

73. Ahmed KS, Vijayarangan S. (2007), Experimental characterization of woven jute-fabric-
reinforced isothalic polyester composites. Journal of applied polymer science. 104(4):2650-62.

74. Sudha S, Thilagavathi G. (2016), Effect of alkali treatment on mechanical properties of
woven jute composites. The Journal of The Textile Institute. 107(6):691-701.

75. Durante M, Formisano A, Boccarusso L, Langella A, Carrino L. (2017), Creep behaviour
of polylactic acid reinforced by woven hemp fabric. Composites Part B: Engineering. 124:16-22.

76. Sood M, Dwivedi G. (2018), Effect of fiber treatment on flexural properties of natural
fiber reinforced composites: A review. Egyptian journal of petroleum. 27(4):775-83.

77. Jawaid M, Khalil H, Bakar A. (2011), Woven hybrid composites: Tensile and flexural
properties of oil palm-woven jute fibres based epoxy composites. Materials Science and
Engineering: A. 528(15):5190-5.

78. Zafar MT, Kumar S, Singla RK, Maiti SN, Ghosh AK. (2018), Surface treated jute fiber
induced foam microstructure development in poly (lactic acid)/jute fiber biocomposites and
their biodegradation behavior. Fibers and Polymers. 19(3):648-59.

79. Gnaba I, Wang P, Soulat D, Omrani F, Ferreira M, Vroman P. (2019), Investigation
about the effect of manufacturing parameters on the mechanical behaviour of natural fibre
nonwovens reinforced thermoplastic composites. Materials. 12(16):2560.

80. Fidelis M, Pereira TVC, Gomes O, de Andrade Silva F, Toledo Filho R. (2013), The effect
of fiber morphology on the tensile strength of natural fibers. Journal of Materials Research and
Technology. 2(2):149-57.

81. Alavudeen A, Rajini N, Karthikeyan S, Thiruchitrambalam M, Venkateshwaren N.
(2015), Mechanical properties of banana/kenaf fiber-reinforced hybrid polyester composites:
Effect of woven fabric and random orientation. Materials & Design (1980-2015). 66:246-57.

82. Faruk O, Bledzki A, Fink H-P, Sain M. (2012), Biocomposites reinforced with natural
fibers: 2000-2010. Progress in polymer science. 37(11):1552-96.

26



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

FIGURE CAPTIONS

FIGURE 1 Manufacturing process of PLA/jute bio- composites by hot compression moulding. a)
placing the first PLA layer on the aluminum mould; b) placing the last PLA layer on top of the jute

fiber layer; c) schematic representation of the stacking sequence of PLA pellets and jute fibers.

FIGURE 2 Images of the woven jute fabric (left column) and the non-woven jute fabric (right

column). a)- b) before hot compression moulding and c)-d) after hot compression moulding.

FIGURE 3 Mechanical properties of the PLA/Jute bio-composites a) tensile test properties:
Young modulus (E), tensile strength (ov), elongation at break (en) and b) flexural properties:

flexural modulus (Es), flexural strength (o).

FIGURE 4 Stereomicroscopy images at magnification of 12.5x corresponding to the cross
section of the woven jute fiber green composite (left column) and non-woven jute fiber green

composite (right column) of a)-b) 30 wt.%, c)-d) 40 wt.%, and e)-f) 50 wt.%.

FIGURE 5 SEM images of the jute fiber used: (a) 1000x, with a marked scale of 120 um. (b)

3000x, with a marked scale of 40 um.

FIGURE 6 Scanning emission microscopy (SEM) images of the fracture surface of PLA-based
bio-composites with different percentages of woven jute fiber (left column) and non-woven jute
fiber (right column): (a) and (b) 40 wt%; (c) and (d) 50 wt%. The images were taken at 500x with

a marked scale of 240 pm.

FIGURE 7 Scanning emission microscopy (SEM) image of the fracture surface of PLA-based bio-

composites (i.e. 50 wt% woven jute fiber). The image was taken at 1000x with a marked scale of

120 pm.
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TABLE CAPTIONS

TABLE 1 Composition and code designation of the different PLA/jute bio- composites.

TABLE 2 Tensile and flexural properties of the PLA/Jute bio-composites.
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