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Preface to ”Natural Fiber-Reinforced Hybrid

Composites”

Due to their specific properties, low price, health advantages, renewability, and recyclability,

natural fibers have received growing attention over the last few decades as an alternative to synthetic

fibers used in the reinforcement of polymeric composites.

Nevertheless, natural fibers are hydrophilic, thus showing high susceptibility to moisture

absorption and low resistance to humid and wet environmental conditions. Moreover, they show

quite low and variable mechanical properties as well as weak adhesion with polymeric matrices.

For these reasons, even if natural fiber composites are nowadays widely used in several industrial

applications, including automotive, marine and infrastructure, their applications are limited to

non-structural or semi-structural interior components.

In such a context, the production of polymeric composites reinforced with natural fibers together

with synthetic counterparts can represent a valid applied compromise. This approach has been

widely exploited in literature, and the resulting composites have shown a suitable balance of

mechanical properties, thermal stability, aging tolerance against humid or aggressive environments,

cost and environment care.

This book is comprised of five peer-reviewed original research articles and a review on jute-based

hybrid composites. Topics include the investigation of quasi-static and low-velocity impact behavior

of flax-carbon and intraply flax-basalt hybrid composites. In addition, the tensile behavior of

unidirectional bamboo-coir fiber composites and the degradation and water uptake properties of

polypropylene-based composites reinforced with pineapple-jute-cotton hybrid fabric were analyzed.

From these articles, it may be inferred that, based on their wide range of performance design,

hybrid composites could emerge as a new alternative to engineering materials in several applications,

which can optimize the use of synthetic laminates.

Hence, this volume could be useful for students as well as for designers and engineers who

would like to develop a deeper understanding on the use of natural fibers with synthetic ones as

reinforcement of composite structures.

Vincenzo Fiore

Special Issue Editor
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Abstract: The trend of research and adoption of natural plant-based fibre reinforced composites
is increasing, with traditional synthetic fibres such as carbon and glass experiencing restrictions
placed on their manufacture and use by legislative bodies due to their environmental impact through
the entire product life cycle. Finding suitable alternatives to lightweight and high-performance
synthetic composites will be of benefit to the automotive, marine and aerospace industries.
This paper investigates the low-velocity impact (LVI) and flexural properties and damage
characteristics of flax-carbon/epoxy hybrid composites to be used in structural lightweight applications.
LVI, for example, is analogous to several real-life situations, such as damage during manufacture,
feasibly due to human error such as the dropping of tools and mishandling of the finished product,
debris strikes of aircraft flight, or even the collision of a vessel with another. Carbon fibre has
been hybridised with flax fibres to achieve enhanced impact and flexural performance. The failure
mechanisms of woven flax and flax-carbon epoxy hybrid composites have been further analysed
using Scanning Electron Microscopy (SEM). It was observed from the experimental results that carbon
fibre hybridisation has a significant effect on the impact and flexural properties and their damage
modes. The results obtained from this study exhibited that the flexural strength and modulus of plain
flax/epoxy composite increase significantly from 95.66 MPa to 425.87 MPa and 4.78 GPa to 17.90 GPa,
respectively, with carbon fibre hybridisation. This significant improvement in flexural properties
would provide designers with important information to make informed decisions during material
selection for lightweight structural applications.

Keywords: flax fibres; low-velocity impact; hybrid composites; mechanical properties;
damage mechanisms

1. Introduction

The rise in global warming and the increased public awareness of the impact of pollution arising
from the use of non-renewable sources is driving governments and business sectors to tackle climate
change. There are many initiatives undertaken to stabilise and reduce the impact of greenhouse gasses
(GHGs) on the natural world. The European Union (EU) for example has set penalties in the form of
registration premiums [1] for all new vehicles registered, which exceed emission targets.

Natural fibres have a lower density and problem-free disposal, leading to them being a strong
emerging alternative to synthetic fibres [2].

Composites Evolution [3] have produced a car door using a carbon/flax hybrid system. The company
suggests that the mechanical properties of the carbon fibre are not significantly lost in a system where
the inner layers of the composite structure are replaced with flax fibre. On the contrary, the flax fibre is
proposed to reduce noise, vibration, and harshness throughout the structure. A study performed by the
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Composites Evolution (“Reducing the Cost, Weight and NVH of Carbon Fibre,” 2014) has found that
a carbon/flax hybrid system is 15% cheaper, 7% lighter, and displays 58% greater vibration damping
qualities over a full carbon fibre composite. Also, the flexural modulus is almost identical to carbon
fibre, the latter scoring 47 GPa and a carbon/flax hybrid composite achieving 44 GPa. The company
uses a 50/50 ratio of carbon/flax fibre, with the outermost layers consisting of carbon fibre.

A very interesting point has been made [4] that natural fibre composites offer an almost Carbon
Dioxide (CO2) neutral disposal process based on the captured CO2 in natural fibres during their growth.

A growing awareness of industrial environmental impact has stimulated research into the
development of environmentally friendly and sustainable materials [5]. Dhakal et al. investigated the
effects of fibre orientation and thickness of natural fibres under an impact load. This study characterises
the damage mechanisms in natural fibres throughout an impact event. It finds that after the samples are
loaded beyond their elastic limit, damage begins to occur, in the form of matrix cracking. As the load
continues the increase, the further onset of damage is seen as interfacial debonding as the specimen
reach their peak loading. After this point, delamination and fibre breakage takes place until ultimately
the sample is penetrated by the hemispherical tup. The orientation of fibres, fibre volume fraction,
and matrix properties all have a significant effect on the damage type and severity observed.

Research into flax fibre reinforced epoxy composites [6] suggests that while flax may be considered
one of the strongest natural fibre replacements for synthetic fibres, data on the transverse, shear, and
compressive response of flax reinforced components is limited. The study found that delamination
and fibre breakage is most prevalent in shear failure; while defibrillation and fibre cracking is presents
under tensile loading. They suggest that matrix-related damage events, such as cracking and plasticity,
are not a significant contributor to damage initiation or failure in flax composites.

The work undertaken by Sarasini et al. [7] studied the effects of layer sequencing on carbon/flax
hybrid composites. An impact test in their work was carried out on four different configurations at
energies between 5 and 30 J, in 5 J increments. While flax showed a better energy absorption capacity,
it suffered greater internal damage and high compliance. The study found that the arrangement of
carbon fibre on the outer layers, with inner flax fibre ply, has the best flexural performance. The damage
pattern in the carbon samples showed a propagation of shear cracks moving far away from the impact
zone, whereas the flax samples suffered heavy delamination. The samples with outer flax layers saw
better mechanical and impact absorption properties over using a flax core. The flax samples began to
show signs of penetration after 30 J, in 18-layer samples.

A study into natural fibre hybridisation by Dhakal et al. [8] looked into the performance of
a hybrid natural fibre composite material, of hemp/basalt. The study found that natural fibres alone
suffer critical issues with low post-impact residual damage tolerance through early fibre fracture and
matrix cracking; however, the basalt skins assisted in delaying fractures of the hemp core, suggesting
there are grounds for further investigating natural fibre hybridisation.

The effects of hybridising natural fibres with other materials [9], in this case, basalt, have brought
an improvement of mechanical properties, such as improved resistance to impact damage and residual
flexural strength properties compared to non-hybrid composites.

In recent years, critical engineering sectors, such as automotive, marine and aerospace are
looking for lightweight composite materials to reduce their overall cost and weight with improved
functionality [10]. The main goal of this study is to investigate the influence of carbon fibre hybridisation
on the mechanical properties of carbon fibre epoxy, flax fibre epoxy, and a hybrid carbon/flax epoxy
composite structure. This will be of direct benefit to industries aiming to reduce their carbon footprint
by investigating a combination of natural and synthetic materials, which offer greater mechanical
properties in certain applications.

Furthermore, using a variety of damage characterisation methods, this study will attempt to
understand and highlight the failure mechanisms of hybrid systems, which will be useful for design
engineers using composite materials to design components.
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2. Materials and Methods

2.1. Materials

The two reinforcing materials used were epoxy-based prepregs ‘HexPly M56’ unidirectional carbon
fibre and ‘SDH VTC401LV’ unidirectional flax fibre. Epoxy-based carbon and flax reinforcements used
were obtained from Gurit and SHD Composites, respectively. The ‘HexPly M56’ [11] unidirectional
carbon tape epoxy based prepreg, with a fabric weight of 280 g/m2 supplied by Gurit, has a fibre
density of 1.78 g/cm3.

The flax fibre prepreg unidirectional mats with a fabric weight of 350 g/m2 were obtained from
SHD Composites, based on a VTC401 epoxy component. The flax fibres have a density of 1.5 g/cm3,
and in this case, the fibre volume of the prepreg is 50%.

2.2. Sample Preparation

The samples have the same layup procedure before being cured in the oven to their respective
manufacturer specifications. The unidirectional prepreg is laid up into generic sheets of eight layers
with a stacking sequence specified in Table 1. This ensures that the interface between carbon and flax
in the hybrid composite is opposed at 90 ◦C and that there is a symmetrical distribution of fibre plies.
The averages of fibre volume fraction (FVF) for flax/epoxy, carbon/epoxy, and flax-carbon/epoxy hybrid
composites were approximately 56%, 59%, and 58%, respectively.

Table 1. Test specimen layup characteristics.

Specimen Layers Stacking Sequence (◦) Material Sequence

Flax/epoxy 8 0/+45/−45/90/90/−45/+45/0 F8

Carbon/epoxy 8 0/+45/−45/90/90/−45/+45/0 C8

Flax-carbon/epoxy hybrid 8 0/+45/−45/90/90/−45/+45/0 C2F4C2

The material uses a vacuum bag to de-bulk and removes as much air as possible; a test is carried
out by sealing the bag and removing the applied vacuum to ensure there are no vacuum leaks.

The samples were cured under similar conditions. The only difference was their ramping and
dwelling temperatures, which were from 20 ◦C to 180 ◦C ± 5 ◦C and 180 ◦C ± 5 ◦C, respectively
for CFRP composite sample, and 20 ◦C to 135 ◦C ± 5 ◦C and 135 ◦C ± 5 ◦C for FFRP and its hybrid
samples. These temperatures were effective to obtain expected full curing. To ensure full cure of the
matrix, a differential scanning calorimetry (DSC) test was performed and the correct glass transition
temperature was measured.

Once the layup is complete, and the samples have been correctly de-bulked, the panels were
placed in the oven for a controlled curing cycle as specified by the manufacturer of the prepreg epoxy
resin. Temperature ramps are strictly controlled to ensure that the resin correctly cures; otherwise
high-temperature snap curing can have reduced effectiveness as the impregnated resin is not allowed
to flow to specification. After successful curing, the samples were CNC waterjet cut to sprue style
templates for final collection and damage characterisation testing.

2.3. Low-Velocity Falling Weight Impact Testing

An impact test was undertaken on ZwickRoell HIT230F (ZwickRoell GmbH, Ulm, Germany),
using preformed impact test samples. The incident impact energy was set at 25 joules (enough to
penetrate the flax samples); with an impact velocity of 1.468 m/s and a total mass of 23.11 kg from
a height of 110 mm. The specimens were firmly fixed at all edges using annular clamps with inner and
outer diameters of 50 and 75 mm respectively. The specimens were cut by waterjet cutting from the
laminate to a specimen size of 70 mm × 70 mm. Four specimens were impacted per each composite
category and average values were taken.

3
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The data obtained from the test was used to understand and evaluate the behaviour of carbon
fibre alone, flax fibre alone, and carbon/flax hybrid composites under impact loading. It is important to
understand how the material is deforming, and the failure modes that are present.

The impact samples were fully supported on a hardened steel retaining surface. Each specimen’s
thickness was measured in 90◦ incremental rotations using calibrated digital calipers. An average
thickness, 2 mm for each sample, was obtained for each sample and then further averaged to give
a total specimen thickness.

2.4. Flexural Testing

The flax/epoxy, carbon/epoxy and flax-carbon/epoxy hybrid composites were tested for
determining flexural strength and modulus using a three-point bending test on a ZwickRoell Z030
(ZwickRoell GmbH, Ulm, Germany) machine in accordance with the BS EN 2746:1998 test method.
A total of five samples were tested for each type of composite with a crosshead speed of 2 mm/min.
The span-to-thickness ratio was kept at more than 16 times the thickness of the specimens. The panel
thickness was approximately 2 mm for each specimen. Four specimens from each composite laminate
were tested, and average values were taken.

The width and thickness of each sample were measured in three locations evenly distributed
across the specimen’s length. An average of the measurement data was obtained to be used to calculate
the cross-sectional area, which was ultimately used to calculate the flexural strength and modulus of
the specimen.

2.5. Damage Modes Characterisation

2.5.1. SEM

The fractured surfaces of failed samples under impact and flexural loadings were cut to fit within
the vacuum chamber of the Zeiss Evo 10 scanning electron microscope (SEM) (Carl Zeiss Microscopy
GmbH, Jena, Germany). The parted samples were then individually bagged to reduce contamination
and then bonded to aluminium mounting stubs, and the specimen is coated in gold/palladium (Au/Pd)
before entering the vacuum chamber.

2.5.2. Visual Inspection

The samples were catalogued with a digital camera; failure modes were observed and recorded.

3. Results and discussion

3.1. Impact Damage Characteristics

Three different types of composite materials were investigated in this study, namely: flax/epoxy,
carbon/epoxy, and flax-carbon/epoxy hybrid composites. The impact test results, shown in Figure 1,
are a comparison of these three composite types, calculated by taking the average for each material
and finding the sample with the smallest deviation from the average.

In Figure 1a, it is noticeable that the plain flax/epoxy sample shows lower impact force during the
impact event, with no return load (rebound) showing that the material has been completely penetrated
with a lowest peak force of approximately 0.93 kN, and a highest deflection of approximately 12 mm.
The rise in the displacement curve is consistent with the travel of the hemispherical tup impacting the
flax specimen and then each layer taking up the slack, finally reaching the fracture point where the tup
begins to traverse the topmost layer down consistently through each subsequent layer until it pierces
the bottom-most layer.

4
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Figure 1. Impact test traces (a) force vs. deflection trace, (b) force vs. time trace, (c) energy vs. time.

The carbon/epoxy curve shows the highest impact force, approximately 6.51 kN, with the lowest
deflection, approximately 7 mm. The rebound in the force-displacement curve is an indication that the
impact probe has not sufficiently penetrated the sample.

The flax/epoxy sample had a greater deflection than the carbon/epoxy and flax-carbon/epoxy
hybrid sample, but significantly lower impact force. However, the flax-carbon/epoxy hybrid specimen
exhibited slightly higher deflection than the carbon/epoxy specimen with slightly lower impact force,
approximately 5.39 kN. A point worthy of highlighting here is the deflection at peak force. The deflection
recorded for the hybrid specimen is 2.74 mm, which is higher than that of the carbon/epoxy specimen.
Similar observations can be made in peak energy. The flax/epoxy samples have shown the lowest
energy absorption, approximately 7 joules, whereas the flax-carbon/epoxy hybrid sample had an almost
identical energy (27 joules) to that of the carbon/epoxy samples shown in Figure 1c. This is due to higher
damping properties of the flax core ply inside the hybrid composite. As the impact event is occurring
and each layer takes up slack, the flax layers are able to absorb a greater amount of energy than that of
the carbon fibre outer layers when they are put in tension. Because of this, the flax fibre inner layers
will fail before the carbon fibre outer layers; experiencing debonding, delamination, and fibre pull-out
before the failing of the carbon layers. This is shown in the trace for Figure 1a; as the load is applied
and slack is taken up it moves at a constant rate, however after a deflection of 2 mm the carbon/flax
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specimen experiences an initial drop in force where the impact weight enters freefall. This is because
the inner flax fibres delaminate from the carbon outer layer. Once the carbon layer takes up the slack
again it cannot handle the shock load and begins to fail; after this point, the topmost carbon layers
debond longitudinally to the unidirectional layup, with the carbon fibres finally breaking after 4 mm
of drop weight travel through the sample. These observations can be related to the front and rear faces
of the impacted samples.

The hybrid carbon-flax/epoxy does not reach peak load before serious fibre breakage,
or delamination begins to occur in the data of Figure 1a. The force transferred into the impact
sample drops momentarily by 2 kN. At the same time the work exerted on the sample has a small
plateau at 28 ms into the rest as shown in Figure 1c. The force then climbs until reaching the peak load
and oscillates as the impact tip tears through the fibres and matrix layers.

What is very interesting is how the carbon/flax hybrid sample shows harmonic resonance after the
initial flax inner fibre failure [12], where the force applied also rings as it is dampened. Here, the flax
layers, which have not yet failed, are damping the resonance which the carbon layers are experiencing.

The carbon/flax hybrid shows a similar pattern to carbon fibre with similar deformation potential;
however, the downslope shows greater step sizes due to the different failure modes of the hybrid
composite. The interfaces between the immediate carbon and flax layers proved to be weak and showed
a very large delamination affected zone.

Another recent study supports the carbon/flax impact results [7], which shows a hybrid carbon/flax
sample with a flax-fibre core exhibiting a peak force 82% below that of carbon; this report shows the
hybrid carbon/flax sample demonstrating a peak force of 84.5% of carbon alone.

As the hemispherical impact tup traverses through the impact sample, plain carbon fibre
epoxy and flax-fibre epoxy both exhibit predictable behaviour; however, the hybrid samples show
interesting behaviour.

The carbon sample has a consistent application of force until it has reached its peak load at
2.237 mm. Between 2 mm and 4 mm of displacement, the impact object traverses the multiple layers of
the sample, with a sharp reduction in force of 1500 N every 0.5 mm as it breaks a new layer until it
comes to rest after breaking every fibre layer.

In Figure 1c, flax-fibre shows a smaller total amount of energy transferred between the probe and
the sample, with the rate of transfer having a slower curve than that of the other samples. The probe
comes to rest after penetrating the sample approximately 10 ms into the test, with force ceasing to be
applied once maximum deformation has been reached. This is due to the difference in the stresses
between the flax fibres and the matrix interface being large enough for debonding and delamination to
begin to occur earlier than in the plain carbon or carbon/flax samples [2].

The carbon/epoxy and flax-carbon/epoxy hybrid systems show a consistent downslope in Figure 1b
after 36 ms, due to energy being transferred back into the impact probe, as the fibres (still within
their elastic limit) return to their original elongation. The carbon/epoxy specimen shows a more
consistent reduction in the force applied until recoil; however, flax exhibits an arc of force applied to
increase before recoil, demonstrating the dampening properties of the flax layers within the sample.
Similar positive hybrid effects on the impact behaviour of natural fibre composites were reported by
Sarasini et al. [13]. with intraply hybrid flax-basalt composites. The natural fibre reinforced composites
have low impact resistance behaviour compared to their conventional counterparts, such as glass
and carbon fibre reinforced composites. A significant impact properties enhancement with the carbon
fibre hybridisation is a very positive achievement towards using these sustainable composites as an
alternative to pure synthetic composites in load-bearing applications while maintaining their partial
green attributes.

3.2. Flexural Properties

The average flexural properties of three different types of composites are presented in Table 2,
and load vs. deformation traces of these composites are shown in Figure 2. It can be extrapolated from
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the results illustrated in Figure 2 that flax-carbon/epoxy hybridised samples have shown a significant
improvement in flexural strength and modulus. Precisely, the flexural strength of plain flax/epoxy
increases significantly from 95.66 MPa to 425.87 MPa (an approximate 345% improvement) with carbon
fibre hybridisation. Similarly, the flexural modulus of plain flax composite was increased from 4.78 GPa
to 17.90 GPa (an approximate 274% improvement) with carbon fibre hybridisation. These values
represent the highest mean value amongst the studied composites. The significant enhancement in
flexural modulus is dependent on several factors such as fibre content and modulus of fibre itself.
Moreover, the compatibility between flax and carbon fibre as well as matrix and reinforcements may
have contributed to the improvement in flexural modulus. This improvement is further attributed
to the effect of hybrid mechanisms. The lay-up sequence for hybrid composites was two layers of
high-modulus carbon fibres on the outside surfaces, and the pure flax fibre in the middle has contributed
the highest strength and modulus. It is worth noting that flax fibre is a very stiff material which
has further contributed to this significant flexural properties’ improvement. The attainment of such
property enhancement with carbon fibre hybridisation provides a significant potential of natural fibre
hybrid composites to be used for structural light weight applications [14].

Table 2. Average flexural properties obtained from three-point bending testing.

Specimen
Peak Force

(N)
Flexural Strength

(MPa)
Flexural Modulus

(GPa)
Deformation at Peak Force

(mm)

Flax/epoxy
115.75
(±6.61)

95.66
(±5.46)

4.78
(±1.16)

4.01
(±0.32)

Flax-carbon/epoxy
hybrid

553.30
(±61.63)

425.87
(±50.93)

17.90
(±0.31)

3.96
(±0.22)

Carbon/epoxy
532.40
(±9.55)

464.65
(±7.89)

52.82
(±2.16)

1.16
(±0.13)

0

100

200

300

400

500

600

0 1 2 3 4 5 6 7 8 9 10
Deformation (mm)

Figure 2. Force versus deformation traces obtained from flexural testing of flax/epoxy, carbon/epoxy
and flax-carbon/epoxy hybrid composites.

The incredibly high-flexural properties of the carbon/flax hybrid could support a theory of a very
strong interfacial relationship between carbon fibre and flax fibre in an epoxy laminate under flexural
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load. Similarly, the flexural deformation was significantly higher, increasing from 1.16 mm to 3.96 mm
(an approximate 241% improvement) for flax-carbon hybrid systems compared to carbon/epoxy
systems, indicating a hybrid system is a valid approach towards achieving an improved mechanical
performance of natural fibre reinforced composites.

3.3. Damage Characterisation

3.3.1. SEM Images of Plain Flax/Epoxy Composites under Impact

Scanning electron microscopy (SEM) images of fractured surfaces after the impact of plain
flax/epoxy composites are presented in Figure 3a,b which shows extensive fibre breakage and disorder,
with one large group of fibres becoming an initial focal point. The following magnification scales
(150 and 300), display matrix cracking and debonding of the epoxy from individual fibres, and
additionally show the fibre bending and debonding around a kink band of the flax fibres structure,
with clear twisted and flattened fibres. Similar failure mode under the low velocity impact testing was
reported by Dhakal et al. for hemp fibre reinforced unsaturated based composites [15].

 

(a) 

 

(b) 

Figure 3. SEM images of fracture surface morphology of plain flax composites failed under impact
loading at different magnifications (a) fibre debonding and bending; (b) fibre breakage.

3.3.2. SEM Images of Plain Flax/Epoxy Composite under Flexural Loading

SEM images of the fractured surfaces of plain flax/epoxy composites following flexural loading
are shown in Figure 4. In Figure 4a, the tensile (T) and compressive (C) load paths have been annotated.
It is clear that under three-point bending, natural fibres are heavily affected by not only the tensile
stresses but also compression which causes a large amount of compaction on the bottom of the image,
where the loading nose would exert force. This could cause excessive debonding and shear slippage.

Figure 4b shows the result of the fractured surface after the flexural test, as the outer layer has
been debonded from the inner layers at a 0/+45◦ intersection of the flax fibre epoxy, with a large
portion of the epoxy matrix released, shown in Figure 4c, from the crack with several fibres still
attached. More enhanced views in Figure 4c show the origin of the released matrix bundle, with highly
fragmented matrix portions at this site.

3.3.3. SEM Images of Plain Carbon/Epoxy Composites under Impact Loading

Figure 5 shows uniform breakage as an outer layer of flax fractures upon receiving a flexural load
transverse to the plane of the unidirectional fibre layer. This perspective would be facing the impact
tup as it travels through the SEM image.

8
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(a) 

 

(b) 

 

(c) 

Figure 4. SEM images of fracture surfaces of flax alone composites failed under flexural loading
(a) showing tension and compressive load path; (b) debonding and large part of matrix debulked;
(c) fibre bending, fibre breaks and matrix debulking shown at both compression and tension sides.

 

(a) 

 

(b) 

Figure 5. SEM images of the outermost layer of carbon fibre impact samples (a) fibre breakage at 150×
magnification; (b) fibre breakage site at an enhanced 300×magnification.

Figure 5a shows that along with uniform fracture points on each fibre, the severe delamination
pattern from the released outermost layer of carbon still presents in the epoxy matrix. This pattern is
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more visible in Figure 5b; the fibres are failing with small delamination visibly occurring and cracks
running longitudinally along fibres.

Moving the focal length down into the impact sample in Figure 5, the multiple layers are visible
with excessive breakage apparent as fibres have been pushed between layers by the impact event.

3.3.4. SEM Images of Plain Carbon/Epoxy Composites under Flexural Loading

The image above, Figure 6a,b, shows multiple carbon fibre layers after having performed
a three-point flexural test. Figure 6 shows a very uniform pattern of fibres, even after breakage. This is
highly contrasting to the flax fibre failures, where individual fibres are chaotic, such as flax in Figure 4.
Figure 6 shows fibre breakage, and a cluster of fractures fibres 100 μm long are distorted away from
the layer’s plane, however the fibres continue to orient themselves through a cohesive matrix; this is
a good example of the brittle nature of carbon fibre epoxy. It can be seen that the matrix is seen to be
partially fragmented, but as the failure was not an explosive release of high tension the matrix did not
shatter and spread itself as an airborne particulate across the surrounding material.

(a) (b) 

Figure 6. Plain carbon/epoxy composites under 3-point bending testing sample at different magnifications
(a) matrix cracking and fibre bending at 75×magnification; (b) matrix cracking and fibre bending at
an enhanced 150×magnification.

3.3.5. SEM Images of Flax/Carbon/Epoxy Hybrid Composites under Impact

Figure 7a,b display the internal flax fibre core from the hybrid composite impact test, which
exhibits a wide area of damage through the fibres, with a high degree of fibrillation present on the
large fibres. When enhancing Figure 7c, the portion of the matrix shows significant cracking, tearing
and delamination; with the fibres still attached becoming highly twisted and distorted as the matrix
has been ejected from the primary sample body.

A further view of Figure 7a,b display both carbon and flax fibres in a chaotic site, where flax
fibres from the core piles have intersected the carbon layer. The carbon to flax interface is at a 90◦
orientation, at a +45◦ offset to the topmost layer of the sample. At a higher magnification, the expected
result is seen from an explosive event in a carbon fibre matrix structure. The carbon fibres that have
debonded from the epoxy matrix have scattered and have not remained as a group; such as with
carbon three-point bending.

Furthermore, the third site of interest is a fantastic example of fibre pull-out and the matrix
surface after complete delamination. Again, in Figure 7, it can be seen that the flax fibre epoxy matrix
has delaminated from the carbon fibre interface, leaving a strong pattern of convex valleys at a 90◦
orientation to the flax fibre direction. After increasing the magnification, Figure 7c shows the same
explosive carbon fibre matrix contamination left behind on the matrix surface of the flax fibre layer.
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(a) (b) 

 

(c) 

Figure 7. SEM images of flax/carbon/epoxy hybrid composites surfaces failed under impact loading
at different magnifications. (a) flax fibres intersecting a carbon fibre layer at 151× magnification;
(b) enhanced view of flax fibres intersecting a carbon fibre layer at 300×magnification; (c) fibre pull-out.

3.3.6. SEM Images of Flax-Carbon/Epoxy Hybrid Composites under Flexural Loading

Figure 8 shows an SEM micrograph of a hybrid carbon/flax/epoxy sample after the three-point
bending test at different magnifications. The image has been annotated with the tensile (T) and
compressive (C) load paths (Figure 8a).

Figure 8a further shows the interface between carbon and carbon (0◦/+45◦) showing complete
delamination. Viewing the sample shown in Figure 8, there is a bundle of fibres delaminated from the
main ply, this has caused the load to be transferred into the next later, which is flax.
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(a) 

 

(b) 

 

(c) 

Figure 8. SEM images of flax/carbon/epoxy hybrid composites at different magnifications showing (a)
tension and compression pathways, (b) delamination between carbon and flax fibres, (c) delamination
and matrix cracking.

3.4. Visual Inspection of Damage Modes

3.4.1. Visual Observation of Impact Damage

Figure 9 displays the failed surfaces of impact loading showing rear sides of the samples, namely,
flax/epoxy, carbon/epoxy and carbon-flax/epoxy hybrid structures.

The plain flax fibre epoxy impact samples showed complete drop weight penetration in all
samples, shown in Figure 10a,b. Combined large cracks can be seen on the reverse images; the samples
were more likely to suffer radial fractures upon penetration [13] (pp. 559–567). The damage is within
an area similar to the diameter of the impact tup.

The topside of the flax fibre impact samples experiences fibre breakage spanning the circumference
of the impact zone, shown in Figure 10a. The impact tup then folded the topmost layers through the
penetration zone.

The carbon impact samples shown in Figure 10c,d only saw bent fibres around the impact dent as
the tup did not penetrate. The tup did split the upper layer, but no signs of large delamination are
present on the topmost layer.
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However, the bottommost layers of the carbon fibre impact samples saw push out delamination,
shown in Figure 10c,d. The rearmost layer has delaminated in 2 mm wide splinters, rising in an opposing
pattern over the rear of the impact site, in some cases the first layer behind the outermost rear layer has
seen fibres protrude beyond the eighth layer.

The hybrid samples, pictured in Figure 10e,f, show the impact site with a wide area of damage
suspected to be the flax fibres crushing and the matrix cracking heavily internally leading to delamination
from the carbon. As with the carbon only samples, there is excessive push out delamination on the
rearmost layer, with a large amount of fibre breakage and debonding.

 

(a) 

 

(b) 

 
(c) 

Figure 9. Post-impact test underside damage (a) flax fibre epoxy, (b) carbon fibre epoxy, (c) carbon-flax/epoxy
hybrid composites.

13



Fibers 2019, 7, 95

 
 

(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 10. Damage on impacted front and rear surface of flax, carbon and flax/carbon epoxy hybrid
composites (a) flax front surface, (b) flax rear surface, (c) carbon front and (d) carbon rear, (e) carbon/flax
hybrid front, (f) carbon/flax hybrid rear surface.

3.4.2. Visual Observations of Damage under Flexural Loading

The flax/epoxy samples all displayed crushed fibres around the point of the loading nose contact,
where the fibres are under compression. This is shown in Figure 11a above with arrows marking the
compressive and tensile load paths, including Figure 11b. The compressed topmost layers see excessive
random delamination and matrix cracking. The bottom layers under tension see delamination and
more fibre breakage.
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(a) 

 
(b) 

(c) 

 
(d) 

Figure 11. Failed samples under flexural loading (a) compressed plain flax/epoxy, (b) split outer layer of
plain flax/epoxy under tension, (c) plain carbon/epoxy damage, (d) flax-carbon/epoxy hybrid composites.

The topmost layer of carbon fibre under tension, shown in Figure 11c, suffers massive delamination
from the primary body, which begins to experience a greater form of fibre breakage and debonding
until the primary layers under tension are shown to have an explosive failure. The hybrid samples in
Figure 11d show minimal external damage visible using non-destructive testing methods.

4. Conclusions

The mechanical properties (low-velocity impact and flexural) of flax/epoxy, carbon/epoxy and
flax-carbon/epoxy hybrid composites were experimentally studied. This study has clearly suggested
that carbon fibre hybridisation onto flax/epoxy composites can contribute a significant improvement in
impact damage behaviour and flexural strength and modulus.

Through damage analysis, the hybrid composite displayed similar impact characteristics to the
plain carbon/epoxy composites, far exceeding the performance of plain flax/epoxy composites alone.
It was also evidenced that the natural fibres such as flax also dampened the harmonic resonance during
the test. This is a significant achievement in providing the potential of natural fibre hybrid composites
in semi-structural and structural light-weight applications.

The damage characterisation through SEM imaging has shown the various failure modes of the
plain flax/epoxy and flax-carbon/epoxy hybrid composites, such as the shock loading of flax fibre cores
in falling weight impact and flexural loading scenarios.
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Abstract: Natural fibers, such as bamboo, flax, hemp, and coir, are usually different in terms of
microstructure and chemical composition. The mechanical properties of natural fibers strongly
depend on the organization of cell walls and the cellulose micro-fibril angle in the dominant cell
wall layers. Bamboo, flax, and hemp are known for high strength and stiffness, while coir has high
elongation to failure. Based on the unique properties of the fibers, fiber hybridization is expected to
combine the advantages of different natural fibers for composite applications. In this paper, a study
on bamboo/coir fiber hybrid composites was carried out to investigate the hybrid effect of tough coir
fibers and brittle bamboo fibers in the composites. The tensile behavior of unidirectional composites
of bamboo fibers, coir fibers, and hybrid bamboo/coir fibers with a thermoplastic matrix was studied.
The correlation between the tensile properties of the fibers and of the hybrid composites was analyzed
to understand the hybrid effects. In addition, the failure mode and fracture morphology of the hybrid
composites were examined. The results suggested that, with a low bamboo fiber fraction, a positive
hybrid effect with an increase of composite strain to failure was obtained, which can be attributed to
the high strain to failure of the coir fibers; the bamboo fibers provided high stiffness and strength to
the composites.

Keywords: natural fibers; hybridization; Unidirectional (UD) composites

1. Introduction

Fiber-reinforced polymer composites are attractive materials for a wide range of applications due
to their high strength and stiffness in combination with light weight. Modern composite structures
are increasingly subjected to multiple performance criteria, in which the optimum combination of
mechanical properties (e.g., strength, stiffness, and toughness), cost, and sustainability are considered.
Fiber hybridization has recently received a high interest in research and application for creating
hybrid composites having synergetic properties. The fiber-hybrid composites provide more design
freedom than non-hybrid composites, and possibly lead to synergetic effects that neither of constituents
possess [1–5].

In order to achieve the synergies in fiber-hybrid composites, several aspects play important roles,
including selection of suitable fibers, selection of suitable fiber combination and understanding fiber
interactions in the hybrid systems. While there is substantial information on fiber-hybridization for
synthetic fiber composites [4,6–8], the understanding of hybrid effects in natural fiber composites is
still limited.

Natural fibers, such as bamboo, flax, hemp, and coir, extracted from plants, are usually different
in terms of microstructure and chemical composition. The mechanical properties of natural fibers
strongly depend on the organization of cell walls and the cellulose micro-fibril angles in the cell wall
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layers. Bamboo, flax, and hemp are known for high strength and stiffness, while coir has high strain to
failure [9,10]. Based on the unique properties of the fibers, fiber hybridization is expected to combine
the advantages of the different natural fibers for composite applications.

In this study, tensile behavior of unidirectional composites of coir/bamboo polypropylene
composites was characterized at the macro level, where fibers are mixed at the fiber layer scale.
Thin coir and bamboo prepress (a thickness of 1–3 technical fibers) were used for making the hybrid
composite samples with the intention of approaching a good mixing at the single fiber level, which is
considered hybridization at the micro scale; theoretical studies [11,12] predict a better stress transfer in
hybrid composites when the fibers are mixed at the micro level. The correlation between the tensile
properties of the fibers and of the hybrid composites was analyzed. In addition, the failure mode and
fracture morphology of the hybrid composites were also examined to provide a better understanding
of the hybrid effects.

2. Materials and Methods

2.1. Materials

2.1.1. Fibers and Polymer Matrix

Technical coir and bamboo fibers were used in this study. The coir fibers were long coir with fiber
length in the range of 200–300 mm, supplied by the Can Tho University of Vietnam, where the fibers
were extracted from the husk shell of coconut from the coconut palm (Cocos nucifera L.). The technical
bamboo fibers were extracted from bamboo culms of the species Guadua angustifolia (from Colombia),
using a novel mechanical extraction process developed by KU Leuven, giving a maximum fiber length
between 200 and 350 mm. The extracted coir and bamboo fibers were soaked in hot distilled water at
70 ◦C for 2 h, and then smoothly washed with alcohol to remove greases which may attach on the fiber
surface during the fiber extraction process, rinsed with deionized water, and dried under vacuum at
90 ◦C.

Polypropylene (PP) was used as the matrix for composites. The PP was an unmodified grade and
supplied in sheet form by Propex GmbH & Co. KG (Gronau, Germany). The polymer has melt flow
rate of 5.2 g/10 min and melting temperature of 160.6 ◦C. The mechanical properties of the PP were
measured by three point bending test following ASTM 790M, which are presented in Table 1.

2.1.2. Mechanical Properties

Tensile properties of the technical fibers were investigated in previous studies [9,10,13–15]. Table 1
shows the tensile strength, E-modulus, and strain at failure of the studied coir and bamboo fibers.
The mechanical properties of PP were also assessed and presented.

Table 1. Mechanical properties of studied fibers and polymer matrix.

Material E-Modulus (GPa) Strength (MPa) Strain to Failure (%) Density (g/cm3) Reference

Coir fiber 4.6–4.9 210–250 18.0–36.7 1.3 [10]
Bamboo 42–50 775–860 1.1.9 1.4 [15,16]

PP 1.6–1.8 55–65 >300 0.9 tested values

2.2. Fabrication of Unidirectional (UD) Hybrid Composites

2.2.1. Preparation of UD Coir and Bamboo Prepreg with Polypropylene

The extracted coir and bamboo fibers were delivered in a bundle and slightly twisted. In order
to make UD hybrid composites, it is required that the fibers are properly aligned in one direction.
In this work, a procedure for fiber alignment was developed, in which the coir and bamboo fibers
were soaked in water, then combed and evenly spread in a thin layer of UD fibers (with thickness of
1–3 technical fibers). This wet layer was placed between two plastic plates to keep the UD form of the
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fiber layer, during drying at 70 ◦C for three days in an oven. After drying, the UD fiber layers were
used for making prepregs with PP matrix.

The prepreg was made by placing a UD fiber layer sandwiched between two layers of thermoplastic
films, as seen in (Figure 1). The sandwich was clamped and pressed at approximately 200 ◦C by an
iron in order to consolidate the fiber and the matrix to form a prepreg.

 

Figure 1. Preparation of UD coir fiber polypropylene prepreg.

2.2.2. Composite Processing

UD composites of coir and bamboo fiber with PP matrix were produced using prepregs in order
to perform tensile tests. The test samples had dimensions of 15 mm × 250 mm × 2 mm (width × length
× thickness) following ASTM 3039.

For composites processing, the prepregs were cut into the desired dimensions fitting into an
Aluminum mold (Figure 2a) with designated stacking sequences. The thickness of the samples was
controlled by placing aluminum stoppers at both edges of the mold channels between the upper and
lower mold. Six samples of each type could be produced at one time using six channels in the molds.
The fiber volume fraction of the composite samples was estimated by the weight of the fibers and
the matrix films. Three types of UD composites were produced, including monolithic UD coir/PP,
UD bamboo/PP, and UD coir-bamboo/PP composites. The closed mold set-ups were then placed into
the Pinette hot press (Figure 2b) for composites fabrication, under processing parameters of 175 ◦C,
at 10 bar pressure and for 15 min, after that the mold was cooled to room temperature under the
same pressure.

Figure 2. (a) Mold for tensile test samples, and (b) Composite processing in the Pinette hot press.
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The hybrid coir-bamboo/PP composite samples were prepared by stacking coir/PP and bamboo/PP
prepregs in a sequence of two layers of coir/PP prepreg at the outside and one layer of bamboo/PP
prepreg in the middle. For monolithic composites, six layers of coir/PP and bamboo/PP prepreg were
used for producing the composites.

The produced UD coir-bamboo hybrid composites had fiber volume fractions of coir and bamboo
fibers of approximately 30% and 8%, respectively, while the fiber volume fraction of the coir/PP and
the bamboo/PP is 44% and 45%, respectively.

2.3. Tensile Test and Characterization of Composite Microstructure

Tensile tests were performed according to the standard ASTM D3039, on composite samples of
15 mm × 200 mm × 2 mm, to which composite end-tabs were glued. A load cell of 5 kN was used
and a crosshead speed of 1 mm/min was applied. The gauge length between the two clamps was set
at 100 mm, while an extensometer with a gauge length of 50 mm was employed for measuring the
sample strain. (Figure 3) shows the set up for the tensile test and some tested samples.

 
Figure 3. Tensile test (left) and test samples (right).

Various composite systems, including bamboo, coir, and hybrid coir-bamboo in PP,
were characterized. Six samples for each type of composite were tested.

Scanning electronic microscopy (SEM) images of the composite cross-sections were taken after
failure using a Philips XL 30 FEG scanning electron microscope (FEI Europe B.V., Zaventem, Belgium).
The images provide the information of the fracture of the composites including fiber distribution and
failure mechanism of the fibers.

3. Results and Discussion

3.1. Tensile Behavior of the Monolithic and Hybrid Composite

The tensile stress-strain curves of the UD coir-bamboo hybrid composites are presented in Figure 4.
It can be seen that the hybrid composites show an almost linear-elastic behavior until a peak stress,
and then the stress dramatically decreases to a certain value. From this point on, the stress reduces
slowly in a plastic manner. From this behavior, it is suggested that the coir fibers and the bamboo
fibers together carry the tensile load until reaching the peak stress, at which point most bamboo
fibers (with a low fiber volume fraction of 8%) fail, leading to a drop in stress. From this point
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on, the remaining coir fibers continue to bear some stress until the whole composite fails. When
comparing the hybrid composites with the mono composites, the bamboo/PP composite fails in a
brittle manner at high strength but low strain (<1%), and the coir/PP system shows a failure at low
strength and somewhat higher strain; the E-modulus and strength of the hybrid composite are situated
at intermediate values and there is, furthermore, some residual stress after the peak stress until higher
strain values. This demonstrates a hybrid effect when combining strong bamboo fibers with high
elongation coir fibers. Moreover, the failure strain of the bamboo fibers in the hybrid composite (~1.2%)
is higher than in the mono-composite (~0.8%), suggesting that the presence of the coir fibers has a
beneficial effect on the failure strain of the bamboo fibers. A possible explanation could be the stronger
thermal contraction of the coir fibers during cooling after compression molding, leading to a mild
compressive residual strain in the bamboo fibers. This effect has also been observed by several studies
on hybrid composites [2,16–18].

Figure 4. Typical tensile stress-strain curves of UD coir-bamboo/PP hybrid composites displayed
together with stress-strain curves of UD mono coir/PP and UD mono bamboo/PP composites.

In (Figure 5b), the cross-section of the hybrid composite shows the distribution of the coir fibers
and the bamboo fibers, which are still positioned in three different layers. This means that the hybrid
effect in the composite is taking place at the meso level. The composite fracture shows many pulled
out coir fibers and the presence of a few broken bamboo fibers. It is likely that the pull-out of the coir
fibers delayed the failure of the composite as observed in its stress-strain curve.

The former is confirmed in (Table 2), which once more summarizes the tensile mechanical
properties of the hybrid composites. The strain to failure of the hybrid composite is clearly higher than
that of the mono bamboo/PP composite. The analysis of the tensile properties is further carried out by
comparison with the theoretical values determined by the rule of mixtures.

Table 2. Tensile properties of coir-bamboo/PP hybrid composite, and of mono bamboo/PP and
coir/PP composites.

Composites Vcoir(%) Vbamboo(%) E-Modulus (GPa) Strength (MPa) Strain at Failure (%)

Coir-bamboo/PP 30 8 7.3 ± 0.9 87.6 ± 4.4 2.2 ± 0.8
Bamboo/PP 0 45 21.7 ± 2.8 148.3 ± 10.5 0.9 ± 0.5

Coir/PP 44 0 2.4 ± 0.1 43.0 ± 0.8 3.3 ± 0.3
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Figure 5. Fracture of the hybrid composite. (a) A typical sample fracture in tensile test; (b) a cross-section
of the composite showing coir and bamboo fiber are distributed in three layers; (c) and (d) fracture
surface of the composite in the tensile test.

3.2. Rule of Mixtures for the Hybrid Composite

3.2.1. Theoretical E-Modulus and Theoretical Strength of Mono-Composites

The theoretical E-modulus of coir/PP and bamboo/PP composites, Etheo, is calculated according to
the rule of mixtures as shown in Equation (1):

Etheo = V f E f +
(
1−V f

)
Em = V f E f + VmEm (1)

where V f and Vm are the volume fractions of fiber and matrix, respectively; E f and Em are the
E-modulus of fiber and matrix, respectively.

In the coir and bamboo fiber composites with PP, the fiber failure strain (approximately 36% for
coir and 1.9% for bamboo fibers) is lower than the matrix failure strain (higher than 300%). Thus, the
strength of the fibers will determine the failure of the composites; hence the estimation of theoretical
strength can be calculated as follows:

σtheo = V fσ
∗
f + Vmσ

′
m (2)

where σ∗f is the fiber strength, and σ′m is the matrix stress at fiber failure strength.
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3.2.2. Theoretical E-modulus and Theoretical Strength of Hybrid Composite

The theoretical E-modulus of the hybrid composite is calculated as:

Etheo = EcoirVcoir + EbambooVbamboo + EPPVPP (3)

As illustrated by Figure 6, the theoretical strength is estimated as follows:

(i) If Vbamboo is very low compared to Vcoir: the strength of the composite is determined by coir fiber
strength. In this case, the coir fibers can carry load after the failure of the bamboo fibers, then

σtheo = σ
∗
coirVcoir + σ

′
PPVPP (4)

(ii) If Vbamboo is high. Then, the composite strength is dependent on bamboo fiber strength:

σtheo = σ
′
coirVcoir + σ

∗
bambooVbamboo + σ

′
PPVPP (5)

where σ′coir and σ′PP are the stress in the coir fiber and the stress in the PP, respectively, at the
failure strain of the bamboo fiber (Figure 6).

Figure 6. Mono-material properties used as input to calculate the properties following the rule of
mixtures of the coir-bamboo/PP hybrid composite.

With the fiber volume fraction of coir fibers and of bamboo fibers at 30% and 8%, respectively,
the theoretical strength of the composite calculated following Equation (4) is 111 MPa, which is lower
than the value calculated following Equation (5) (120.8 MPa). The result shows the bamboo fiber load
is high enough to determine the hybrid composite strength. Hence, the theoretical strength of the
composite will be calculated according to Equation (5).

The theoretical E-modulus and strength of the hybrid composite is calculated following
Equations (3) and (5) and shown in (Table 3). The efficiency factors (the experimental values
normalized to the theoretical values) are also estimated. It can be seen that the strength efficiency
factor is surprisingly high (0.73) compared to the values of the mono coir/PP (0.32) and bamboo/PP
(0.38) systems. As discussed above, there likely exists a beneficial effect of the residual strain in
bamboo fibers, leading to an important increase in failure stress and, hence, a higher contribution to the
overall strength of the hybrid composite. Meanwhile, the premature failure of coir/PP and bamboo/PP
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(reflected with the relatively low strength efficiency factors) could be caused by low interfacial adhesion
between the fibers and PP matrix.

Table 3. Theoretical E-modulus and strength of the hybrid composite estimated by the rule of mixtures,
and the efficiency factors of E-modulus and strength.

Composite Theoretical E-Modulus (GPa) Efficiency Factor of E-Modulus Theoretical Strength (MPa) Efficiency Factor of Strength

Coir-bamboo/PP 6.1 1.22 120.8 1 0.73

Coir/PP 3.2 0.76 134.8 0.32

Bamboo/PP 23.5 0.92 393 0.38

1 the theoretical strength of the composite is calculated according to Equation (5).

4. Conclusions

The tensile behavior of coir-bamboo fiber hybrid composites in PP was investigated, where the
coir fiber and bamboo fiber were mixed at the meso level by layer-by-layer stacking of UD fiber
prepregs. With a low bamboo fiber fraction, a hybrid effect with an increase of composite strain to
failure was obtained, which can be attributed to the high strain to failure of the coir fibers; the bamboo
fibers provided high stiffness and strength to the composites. The results show that a positive hybrid
effect is obtained when a low bamboo fiber fraction is hybridized with a higher fraction of coir fibers.
Different fiber mixing levels and variation of fiber loading can be considered to explore more synergetic
properties for applications of the hybrid composites.
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Abstract: Intraply hybrid green composites were prepared by film stacking and hot-pressing of
bio-based polyamide 11 (PA11) sheets and commercial hybrid fabrics made by interweaving flax and
basalt fibers (2/2 twill structure). Two matrices were considered, one of them containing a plasticizing
agent. After preliminary thermal and rheological characterizations of the neat matrices, the laminates
were studied in terms of flexural properties at low and high deformation rates, and the results were
interpreted in the light of morphological analyses (scanning electron and optical microscopy). Despite
the poor interfacial adhesion detected for all investigated composite samples, the latter exhibited
a good combination of flexural strength, modulus, and impact resistance. Such well-balanced
mechanical properties make the studied samples potential candidates for semi-structural applications,
e.g., in the transportation sector.

Keywords: polyamide 11; interweaving flax-basalt fibers; hybrid composites; flexural properties

1. Introduction

In the last decades, a steady increase of interest has been devoted toward the design and
development of hybrid composite systems given their outstanding perspectives of applications,
even for advanced uses, deriving from the ability to combine advantages of the individual constituents,
for example, stiffness and toughness, and the occurrence of synergisms, not yet well understood [1–4].

In line with the general trend to use reinforced plastics for both functional and structural
applications, the hybridization approach, mainly obtained by embedding two or more different
fibers within a polymer matrix, allows to tailor the properties of products to suit ever more specific
requirements. In this regard, common configurations consist of different kinds of fibers distributed in
different laminas or in the same one to form interply or intraply hybrids, respectively [5,6].

Gonzales et al. [7] focused on the low-velocity impact behavior of polymer-based interply hybrid
laminates including woven carbon fabric, woven glass fabric, and unidirectional carbon tapes. Authors
demonstrated that the stacking sequence of constituting layers can significantly affect results and
failure mechanisms. In particular, the dissipation of impact energy is reduced when the woven fabrics
are placed in the mid-plane of the studied composite structure, with a simultaneous increase of the
residual properties. Ying et al. [8] studied the influence of hybridization on the impact properties of
carbon-aramid/epoxy systems. Experimental tests highlighted that placing a high stiffness carbon
fabric in correspondence of highly resistant regions permits to achieve enhanced properties of the
reinforcement. Ferrante et al. [9] considered the effect of basalt fibers hybridization on the damage
tolerance of carbon/epoxy laminates subjected to laser shock wave tests. The research indicated an
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optimal behavior for sandwich-like configurations, especially in the case of structures with basalt
skins. Nisini et al. [10] analyzed ternary systems including carbon, basalt and flax fibers in an epoxy
matrix obtained according to two different configurations. Samples were subjected to tensile, flexural,
interlaminar shear strength and low-velocity impact tests. The inclusion of flax fibers showed a
significant effect especially with regard to impact response of investigated materials.

Nowadays, the growing sensitivity towards environmental issues has increasingly moved
the attention of researchers and industrials towards inherently recyclable materials and/or based on
constituents coming from renewable sources. According to this consideration, the use of eco-sustainable
thermoplastic resins and natural reinforcements is rapidly gaining a significant role even in industrial
fields where the use of traditional carbon fiber- and glass fiber-reinforced thermosetting materials
is widely established (aeronautics, naval, construction). Unfortunately, both natural fibers and low
environmental impact plastics often suffer from poor performance, and their combination consequently
results in “green composites” that do not meet the necessary requirements for many technologically
relevant applications. The challenge is identifying new combinations of raw materials for the production
of green composites whose performance is good enough to propose their use in suited applications.
Among the various bio-based thermoplastic resins here we focus our attention on polyamide 11 (PA11),
which is a semi-crystalline bio-polyamide produced using 11-aminoundecanoic acid derived from
castor oil. Despite its relatively high costs, in the last decade, PA11 has gained a special industrial
interest due to a good combination of mechanical properties and chemical resistance. In particular,
PA11 exhibits good toughness compared to other bio-based thermoplastic resins, e.g., poly(lactic acid),
which is often proposed as a matrix for bio-composites [11–15]. As far as the fibers are concerned,
here we deal with a hybrid fabric made of basalt and flax interwoven fibers in 2/2 twill structure.
This class of reinforcements has gained over time an extraordinary interest in research, as their use in
polymeric matrices can offer different possibilities from the triggering of synergisms to mechanical
properties not exhibited by composite materials similar but reinforced with each of the two combined
fibers, separately [16–18]. The mechanical performance of composite laminates obtained by film
stacking is investigated in both static and dynamic conditions. The results, appropriately supported by
a morphological investigation of the induced damage, reveal a good combination of flexural properties
and toughness, which suggest possible use in semi-structural applications, such as panels for the
transportation field.

2. Materials and Methods

2.1. Materials

Two extrusion grade polyamide 11 (PA11) Besno Rilsan® from Arkema S.A. (Puteaux, France):
a non-plasticised TL (density: 1.03 g/cm3, MFI@235 ◦C/2.16 kg = 4.38 ± 1.25 g/10 min) and a plasticized
P40 TL (density: 1.04 g/cm3, MFI@235 ◦C/2.16 kg = 4.06 ± 0.61 g/10 min), were considered as matrices.

A hybrid fabric constituted by the interweaving of flax and basalt fibers in equal proportion and
purchased at Lincore® (Bourguebus, France) with nominal areal weight 360 g/m2 and an architecture
twill 2/2 type was used as the reinforcement.

2.2. Laminates Preparation

Films with a thickness approximately equal to 80 μm were prepared using a Collin flat die extruder
Teach-Line E20T equipped with a calender CR72T (Collin GmbH, Ebersberg, Germany). In detail,
filming was conducted at a screw speed of 60 rpm, setting the temperature profile along the screw at
170–210–220–220–200 ◦C.

Composite laminates were obtained by the film stacking technique according to which PA11 films
and hybrid fiber fabrics were alternately stacked and hot-pressed with a lab press Mod. P400E (Collin
GmbH, Ebersberg, Germany) under pre-optimized conditions with a maximum temperature of 225 ◦C.
The molding cycle is shown in Figure 1.
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Figure 1. Processing conditions to prepare all PA11 based laminates.

Operating in this way, laminated samples were prepared by stacking four plies with plastic
films. The final samples had a thickness approximately equal to 1.95 mm and volume fiber content of
about 34%.

2.3. Calorimetric Tests

Differential scanning calorimetry (DSC) tests have been performed using a Q20 (TA Instruments,
Milan, Italy) set-up on films of investigated matrices, at a rate of 10 ◦C/min and on the temperature
range from 0 ◦C to 250 ◦C. The collected data permitted to assess the glass transition temperature of
matrices and their degree of crystallinity according to the following Equation (1):

Xc =
ΔHm

ΔHm0
(1)

where ΔHm is the measured melting enthalpy while ΔHm0 is the melting enthalpy of the PA11 fully
crystallized (189 J/g) [19].

2.4. Rheological Analysis

The flow behavior of the polymer matrices was investigated through rotational rheometry using a
stress-controlled rotational rheometer (AR-G2 by TA Instruments) (Milan, Italy). Oscillatory shear
experiments (frequency scans) were carried out to get the elastic (G’) and viscous (G”) moduli in the
linear viscoelastic regime, whose limits were assessed through preliminary strain amplitude shear
tests. The frequency scans were performed in air atmosphere from frequency ω = 102 rad/s down to
ω = 10−1 rad/s. The strain amplitude was γ = 5% for both PA11 TL and PA11 P40 TL resins. The testing
temperatures were T = 220 ◦C for the PA11 TL and T = 205 ◦C for the PA11 P40 TL. This enabled to
compare the rheological behavior of the two matrices at the same reduced temperature θ = Ttest–Tm-c

≈ 10 ◦C (Tm-c being the temperature of melting peak closing). Note that lower temperatures were not
explored because of the excessive viscosity of the selected matrices.

2.5. Morphological Observations

Morphological analysis was conducted on cryo-fractured surfaces of composite samples to
highlight any interfacial feature useful to support mechanical results. In this regard, observations
were captured with a field emission scanning electron microscope (mod. FEI QUANTA 200 F) (Zurich,
Switzerland) operating in high vacuum conditions at the voltage of 20 kV. Analyzed surfaces were
previously coated with a thin layer of a gold-palladium alloy.
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2.6. Static-Mechanical Tests

Tensile and flexural tests were conducted with a Tensometer 2020 (Alpha Technologies, Cinisello
Balsamo, Milan, Italy).

In particular, tensile measurements on the neat polymer matrices were performed on dog-bone
shaped specimens, obtained by compression molding, according to the ASTM D638-14. Five specimens
were tested at room temperature, with a displacement rate of 5 mm/min and using a load cell of 10 kN.

Flexural tests were carried out on both neat matrices and laminates. The measurements were
performed loading each specimen up to 5% of strain, according to the ASTM D790-03, by using a
load-cell of 500 N. The reported results represent average values computed from five independent
measurements per each sample.

2.7. Charpy-Like Tests

High-velocity flexural properties of the laminates were estimated by means of an instrumented
Charpy impact testing machine CEAST 9500 (ITW Test and Measurements, Pianezza, Turin, Italy).
Three-point bending tests were performed on five specimens with a length approximately equal to
100 mm and using a span width of 62 mm, at a load application speed of 3.8 m/s. Results are reported
in terms of stress-deformation curves.

3. Results

The main calorimetric properties collected through DSC analysis are summarized in Table 1.
The plasticizing agent present in the sample PA11 P40 TL causes the reduction of the glass transition
temperature, which passes from Tg = 50.5 ◦C to Tg = 37.7 ◦C. Besides this expected reduction of Tg,
the plasticizer also affects the melting peak, which results narrowed and shifted to lower temperatures,
with obvious advantages in terms of processability. Furthermore, it is interesting to notice that
the melting enthalpy of the two samples is essentially the same and, according to the Equation (1),
it corresponds to a degree of crystallinity approximately equal to χ ≈ 27%.

Table 1. Main calorimetric properties of the polymer matrices.

Parameter PA11 TL PA11 P40 TL

Glass transition temperature, Tg in ◦C 50.5 37.7
Melting temperature, Tm

(onset/peak/peak closing) in ◦C 182.6/193.8/210.2 164.7/182.5/195.5

Melting enthalpy, ΔHm in J/g 50.6 51.3
Degree of crystallinity, χ in % 26.7 27.1

The results of rheological analyses are shown in Figure 2a,b, where G’ and G” are shown as a
function of frequency together with the complex viscosity, η * =

√
G′ 2 + G′′ 2/ω. When compared

at the same reduced temperature θ, the samples are almost indistinguishable and share the same
phenomenological behavior, characterized by moduli comparable between them in the whole range of
investigated frequency. G” is slightly higher than G’ at low frequency, while the moduli cross each
other at ω ≈ 10 rad/s and G’ exceeds G” for higher frequency. Both moduli apparently approach a
plateau value at low frequency. Actually, such behavior is a consequence of polymer degradation
during time, which causes a growth of the viscoelastic quantities while testing from high to low
frequencies. This can be seen in the insets of Figure 2a,b, where the complex viscosity at ω ≈ 10 rad/s
is reported as a function of time. In this regard, two aspects can be highlighted: (i) the viscosity
of the selected polymers, which can be assumed equivalent to η * according to the Cox–Merz rule,
is very high, being of order of ~104 Pa s in the range of shear rate typically experienced during the
film stacking step for the preparation of the laminates (i.e.,

.
γ ~ 5 1/s, see [20]), (ii) the viscosity grows

quite rapidly over time. This rheological information is precious when considering the efficacy of
the film stacking step and the mechanical performance of the laminates. First of all, the film stacking
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process was carried out at T = 190 ◦C, which is a lower temperature than that of rheological tests. It is
hence reasonable to expect that the viscosity of both matrices during laminate preparation was even
higher than that measured via rheological tests. The effect of such a high viscosity of the matrices is a
delay in the permeation times of the polymer in the fabric, which inversely depends on the viscosity
as predicted by the Darcy’s law for the flow in porous mediums. Slow permeation times can have
detrimental effects on the level of compaction of the laminates. On the other hand, the solution of
prolonging the duration of the hot pressing process is not feasible in this case because of the growth of
the viscosity over time (see insets of Figure 2a,b).

Figure 2. Frequency dependence of G’ (red circles), G” (blue triangles), and η * (empty circles) for PA11
TL (a) and PA11 P40 TL (b) at θ ≈ 10 ◦C. The time evolution of G’ (red circles) and G” (blue triangles) at
ω = 10 rad/s is shown in the insets.

Figure 3 shows the tensile stress-strain curves of considered polyamides. Clearly, both matrices
exhibit a ductile behavior with the non-plasticized polymer showing, as expected, higher tensile
modulus and strength, as well as lower deformation at break than the plasticized one.

Figure 3. Representative tensile stress-strain curves of PA11 matrices.

The tensile parameters obtained by processing these curves and summarized in Table 2 are in line
with data already available in the literature [21].
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Table 2. Tensile parameters.

Parameter PA11 TL PA11 P40 TL

Young modulus, in GPa 1.01 ± 0.02 0.39 ± 0.02
Yield stress (0.2% offset), in MPa 38.8 ± 3.6 15.5 ± 0.4

Yield strain (0.2% offset), in % 4.9 ± 0.5 7.5 ± 0.5
Tensile strength, in MPa 44.9 ± 0.5 29.4 ± 1.1
Stress at break, in MPa 43.3 ± 2.4 28.8 ± 1.5

Strain at break, in % 26.9 ± 6.6 66.0 ± 5.8
Toughness, in MPa 10.7 ± 3.4 15.9 ± 1.6
Resilience, in MPa 1.56 ± 0.01 0.74 ± 0.08

Similarly, Figure 4 refers to the flexural response of PA11 TL and PA11 P40 TL. In this case,
both resins show that the stress, at least on the deformation range foreseen by the reference standard
(up to 5%), is continuously increasing. This behavior can be explained on the basis of the ductility of
the studied materials and, therefore, of their ability to support the load without yielding until 5% of
deformation is reached.

Figure 4. Representative flexural stress-strain curves of PA11 matrices.

Table 3, showing the average values and standard deviations of both the elastic modulus and
the flexural strength for the two polyamide matrices, confirms that the presence of plasticizers
implies, even in the case of flexural loads, a significant reduction in performance. In particular,
the flexural stiffness and strength of the plasticized sample are about three times lower respect to the
not plasticized one.

Table 3. Flexural parameters of PA11 matrices.

Parameter PA11 TL PA11 P40 TL

Flexural modulus, in GPa 1.31 ± 0.11 0.45 ± 0.06
Flexural offset yield strength (0.2% offset), in MPa 30.2 ± 2.4 11.8 ± 1.5

Yield strain (0.2% offset), in % 2.55 ± 0.13 2.72 ± 0.11
Flexural strength, in MPa >50.3 >17.3

Once the polymer matrices have been characterized, the attention was moved on the laminates.
First of all, SEM analyses were performed to investigate the interactions between the fibers and the
matrices. The micrographs of the cryo-fractured surfaces of the composite systems are shown in
Figure 5. The pictures clearly highlight a poor interfacial adhesion, which suggests the propensity of
both the investigated composite systems to undergo dissipative phenomena, such as delamination,
when subjected to external loads.
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Figure 5. SEM micrographs of (a) PA11 TL and (b) PA11 P40 TL based composites.

The composites were subjected to flexural tests, and the results are shown in Figure 6 in terms of
representative stress-strain curves. The numerical results are resumed in the Table 4.

Figure 6. Representative flexural stress-strain curves of PA11 hybrid composites.

Table 4. Flexural parameters of PA11 based composites.

PA11 TL-BLH PA11 P40 TL-BLH

Flexural modulus, in GPa 9.1 ± 0.4 7.5 ± 0.2
Flexural offset yield strength (0.2% offset), in MPa 173 ± 8.2 90 ± 7.4

Yield strain (0.2% offset), in % 1.46 ± 0.24 0.82 ± 0.16
Flexural strength, in MPa 250.1 ± 9.4 159.3 ± 6.1

First of all, none of the samples broke within 5% of strain, that is the upper limit of strain envisaged
by ASTM D790-03. This proves the high toughness of the investigated composites. Regarding the
comparison between the two samples, the stress-strain curves share the same qualitative behavior,
reaching a maximum before a decrease of the sustained stress. Looking at the numerical values
in Table 4, it is interesting to observe that the flexural modulus and strength are higher than what
reported in the literature for many green composites, and they are in line with the benchmark of glass
fiber-reinforced ordinary laminates [22].
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The high toughness of the samples was further proved by means of high-velocity flexural tests.
Specifically, Charpy-like tests were performed considering an anomalous configuration in which
the specimens were struck on the width side to simulate a high speed three-point flexural test.
The schematic of the experimental set up is shown in Figure 7a. The results are shown in Figure 7b
for representative samples in terms of stress versus strain, where the latter was computed from the
deflection data according to the following equation:

ε f =
6Dd

L2 (2)

where D is the displacement, L is the span length, and d is the sample thickness.

Figure 7. (a) Experimental set-up for the Charpy-like tests. (b) High speed-flexural stress-strain curves
of the investigated PA11 composite laminates.

First of all, the results indicate that all specimens did not break during the high-speed flexural
test. This further proves the high toughness of the investigated samples, which bend without breaking
eventually slipping away. An estimate of the maximum deformation experienced by the samples can be
computed through simple geometrical considerations, which lead to a limit deflection of about 39 mm.
When properly converted with Equation (2), this value corresponds to about ε f ≈ 12% of percentage
strain. From a qualitative point of view, the two samples share the same behavior: the stress sharply
increases until a maximum at about 4% of strain, and then it gradually decreases. No consideration
can be made about the comparison between the rigidity of investigated composite systems, given the
usual noise of this kind of curves. However, the performance of the composite based on PA11 P40 TL
is only slightly lower than those of the sample based on the PA11 TL in spite of the big differences in
terms of the flexural properties of the two matrices.

In order to elucidate the mechanism on the basis of the appreciable flexural properties of the
composites based on the plasticized matrix, morphological observations were collected by an optical
microscope at the end of the Charpy-like tests. In particular, pictures were taken on the damaged
area of impacted specimens, and precisely on the strike face, subjected to compression load, on the
corresponding rear side, experiencing tension, and along the thickness direction (Figure 8).

The pictures show that the not plasticized PA11 TL matrix shows clear evidence of damage
on the front and rear surfaces of the sample (Figure 8a, picture A and B, respectively), subjected to
compression and tension stresses during the impact, respectively. In contrast, the composite based on
the tougher PA11 P40 matrix resists without severe damages on the surface polymeric skins (Figure 8b,
picture A and B). As a result of the higher flexibility of the plasticized matrix, the breaking mechanisms
of fibers are relieved, as well as the crack propagation in the matrix.
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Figure 8. Optical micrographs showing the composite samples based on the not plasticizes PA11 TL (a)
and plasticized PA11 P40 (b) after the Charpy-like tests. For both figures, the sub figures A, B and C
represent the top view, the bottom view and the side view, respectively.

4. Conclusions

Hybrid composite laminates constituted by embedding an interweaved flax and basalt fibers fabric
in two polyamide 11 resins, pure and plasticized, were prepared by film stacking and hot-pressing
techniques under processing conditions preliminarily optimized by thermal and rheological analyses of
the matrices. Specimens of appropriate size, cut from both pure matrix sheets and composite laminates,
were subjected to mechanical tests. Specifically, pure resin specimens were studied by quasi-static
tensile and flexural tests, while composite specimens were subjected to flexural measurements carried
out at both low and high strain rate.

The plasticized matrix exhibited lower stiffness compared to its not plasticized counterpart, but
its toughness was more than 50% higher. SEM investigations highlighted a poor polymer-fibers
interfacial adhesion in both composites, with detrimental effects in terms of stress transfer ability,
but with possible benefits in terms of dissipative phenomena under large deformations. The latter
were explored through flexural tests performed at both low and high velocity. When tested under
quasi-static conditions, the composites exhibited flexural stiffness and strength higher than those
reported in the literature for green composites, and comparable with those of glass-fiber reinforced
laminates. Good flexural properties were maintained even under high-velocity conditions, especially
for the sample with a plasticized matrix. Overall, the present study demonstrates the suitability of
the investigated green composites based on hybrid reinforcement for the manufacturing of items that
must meet at least semi-structural requirements, e.g., for panels in the transportation field.
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Abstract: In an attempt to increase the low-velocity impact response of natural fiber composites,
a new hybrid intraply woven fabric based on flax and basalt fibers has been used to manufacture
laminates with both thermoplastic and thermoset matrices. The matrix type (epoxy or polypropylene
(PP) with or without a maleated coupling agent) significantly affected the absorbed energy and the
damage mechanisms. The absorbed energy at perforation for PP-based composites was 90% and
50% higher than that of epoxy and compatibilized PP composites, respectively. The hybrid fiber
architecture counteracted the influence of low transverse strength of flax fibers on impact response,
irrespective of the matrix type. In thermoplastic laminates, the matrix plasticization delayed the
onset of major damage during impact and allowed a better balance of quasi-static properties, energy
absorption, peak force, and perforation energy compared to epoxy-based composites.

Keywords: flax fibers; basalt fibers; intraply flax/basalt hybrid; low-velocity impact; mechanical
properties

1. Introduction

The need to increase the mechanical performance of natural fiber composites to meet the
requirements of at least semi-structural applications has triggered a resurgent interest in hybrid
composites [1,2]. Indeed, fiber hybridization offers a comprehensive set of possibilities leading to
synergetic effects or to properties not exhibited by the single constituents [3]. This approach has
been successfully exploited in the field of low-velocity impact resistance of composite laminates [4],
with the first studies aimed at increasing the damage tolerance of carbon fiber composites by adding
more ductile fibers, mainly glass [5–7] and aramid [8–12]. Recently new fiber combinations have
been investigated, mainly based on natural and synthetic fibers. Not only glass fibers [13,14] but also
carbon fibers [15,16] have been successfully hybridized with natural fibers to enhance poor mechanical
properties and moisture resistance of natural fiber composites.

Among the different combinations available, the use of flax fibers with natural fibers of mineral
origin, such as basalt fibers [17], has been widely investigated in literature with promising results.
Fragassa et al. [18] addressed the impact behavior of hybrid laminates made of basalt and flax fibers in
a vinylester matrix. These hybrid laminates were manufactured using a sandwich-like configuration
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with softer flax fibers in the core layers and the stronger basalt ones in the skins, in accordance with a
stacking sequence typically used in impact resistant hybrid laminates [19].

Aside from intermediate tensile and flexural properties between those of basalt and flax fiber
laminates, hybrid laminates showed a higher penetration energy compared to pure flax fiber
composites. Recently Papa et al. [20] investigated the impact response of hybrid basalt/flax epoxy
composites with an intercalated stacking sequence ([B,F]8s). Hybridization led to better impact
performance compared to pure basalt and flax composites in terms of peak force and penetration
energy along with a much lower delaminated area. This behavior was due, according to the authors,
to the energy absorption ability of flax layers through a non-elastic mode and to the deflection of the
impact damage progression. From the above-mentioned studies, it is evident that material dispersion
can be considered as one of the most important parameters in hybridization under low-velocity impact
loading [1].

In particular, it is important to differentiate the intraply hybridization, where yarns (tows) of two
different fibers are mixed in the same ply, from the interply one, where plies of two homogeneous
reinforcements are stacked. It is expected that intraply hybrid composites exhibit better resistance to
crack propagation during an impact event, even though results in the literature are contrasting [21,22].

Compared to interply hybrid composites, which have been widely investigated in literature,
intraply hybrid composites have received limited attention. Zhang et al. [23] studied the effects
of different hybrid structures based on interlayer and intralayer warp-knitted fabrics with carbon
and glass fibers under low-velocity impact conditions. Compared to the interlayer configuration,
the intralayer hybrid showed a higher peak load and a smaller damage area at the same hybrid ratio
and level of impact energy, thus, suggesting that a better impact resistance can be obtained by intralayer
hybrid structures. Bandaru et al. [24] addressed the low-velocity impact response of 3D angle-interlock
polypropylene composites reinforced with Kevlar and basalt fibers, and the intraply configuration
was found to absorb more energy (7.67–48.49%) than the pure 3D Kevlar and basalt composites.
Wang et al. [22] manufactured three-dimensional interply and intraply basalt–Kevlar/epoxy hybrid
composites. The low-velocity impact test results demonstrated higher ductility indices, lower peak
load, and higher specific energy absorption in both warp and weft directions of the interply hybrid
composite compared to those of the intraply hybrid composite. In addition to the material dispersion,
the impact behavior of a composite material is also significantly affected by matrix type and its
toughness. Thermoplastic matrices are usually preferred over thermoset ones when an improvement
in impact resistance and damage tolerance is required [25,26].

In this work, an intraply technology is presented, and this could represent an interesting solution
for introducing flax fibers in at least semi-structural components. This work aims to evaluate the
effect of two different matrices, namely a thermoset (epoxy) and a thermoplastic (polypropylene),
on the mechanical properties of a new hybrid composite based on a commercially available hybrid
woven fabric with basalt and flax fibers. The hybrid composites have been subjected to quasi-static
flexural tests along with low-velocity impacts to investigate their mechanical behavior and correlate the
resulting failure modes. To the best of authors’ knowledge, no similar works are available combining,
in a single study, this specific intraply hybridization with different polymer matrices.

2. Materials and Methods

2.1. Materials

LINCORE® HF T2 360 (Figure 1), provided by Depestele (Bourguebus, France), was a balanced
Twill 2/2 woven fabric with an areal density of 360 g·m−2 (50 wt% flax/50 wt% basalt; threads per
cm in warp/weft = 3.6). Twill fabrics are common in the composite industry as they show longer
thread flotation compared to plain woven fabrics and a lower level of fiber crimp, potentially leading
to better mechanical properties and higher fiber packing density along with a better ability to conform
to complex contours.
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Figure 1. Close-up view of the dry flax/basalt hybrid fabric (dark yarn = basalt; bright yarn = flax).

The thermoset matrix was based on a two-component commercial epoxy system PRIME™ 20LV
(100:26 resin/hardener weight ratio) supplied by Gurit (Newport, UK). The thermoplastic matrix
was a polypropylene (PP, Bormod HF955MO) with a MFI@230 ◦C, 2.16 kg equal to 20 g/10 min.
To increase the interfacial adhesion with both reinforcements, a PP-g-MA (maleic anhydride grafted
polypropylene) coupling agent (2 wt%) from Chemtura (Philadelphia, USA) was used, namely
Polybond 3000 (MFI@190 ◦C, 2.16 kg: 405 g/10 min; maleic anhydride content of 1.2 wt%). Polyolefins,
such as polyethylene and polypropylene are known to exhibit a poor adhesion with natural fibers due
to their hydrophobic long aliphatic primary chain without any polar groups. PP-g-MA coupling agent
was chosen to react with the hydroxyl groups on the surface of both basalt and flax fibers [27,28].

The commercial polypropylene (PP) was modified with a coupling agent (PPc) by a
co-rotating twin screw extruder Collin Teach-Line ZK25T with the following temperature profile:
180–190–205–195–185 ◦C from the hopper to the die, and with a screw speed of 60 rpm. Films
of neat or compatibilized polypropylene with 2 wt% of coupling agent, with a thickness equal to
35–40 μm, were obtained by using a film blowing extrusion line model Teach-Line E 20 T from
Collin GmbH (Maitenbeth, Germany) equipped with a calender CR72T (Maitenbeth, Germany).
The processing was performed in accordance with the following temperature profile along the screw:
180–190–200–190–185 ◦C and a screw speed of 55 rpm.

2.2. Composite Materials Manufacturing

Thermoset-based laminates have been manufactured by vacuum infusion process by stacking 4
layers (0/90) of the hybrid fabric that were cured for 16 h at 50 ◦C as per manufacturer’s specifications.
Thermoplastic laminates were manufactured by alternating layers of polypropylene films (with or
without coupling agent) and 4 hybrid fabrics by the film-stacking technique using a compression
molding machine (model P400E, Collin GmbH, Maitenbeth, Germany) in accordance with the
pre-optimized molding cycle shown in Figure 2. In Table 1 the characteristics of the as-manufactured
composite materials are summarized.

Table 1. Characteristics of the as-manufactured hybrid composites.

Material ID Matrix Type Total Fiber Volume Fraction Thickness (mm)

H_Ep Thermoset-Epoxy 0.38 ± 0.02 2.0 ± 0.1
H_PP Thermoplastic-PP 0.36 ± 0.02 2.1 ± 0.1
H_PPc Thermoplastic-PPc 0.35 ± 0.03 2.2 ± 0.1
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Figure 2. Processing conditions used to manufacture polypropylene (PP)- and polypropylene modified
with a coupling agent (PPc)- based composites.

2.3. Mechanical Characterization of Composites

Specimens with dimensions 125 × 20 × t (l × w × t) were subjected to three-point bending tests
in accordance with ASTM D790 (West Conshohocken, PA, USA) with a support span-to-thickness ratio
of 32:1 and a cross-head speed of 5 mm/min and 2.5 mm/min for thermoplastic and thermoset-based
composites, respectively. Tests were carried out on a Zwick/Roell Z010 universal testing machine
(Ulm, Germany) equipped with a 10 kN load cell. The flexural strain was measured by a sensor arm
for flexure test that was connected with an automatic extensometer. Specimens were tested in two
orientations: with flax fibers along the longitudinal direction (warp fiber direction, FL) and with basalt
fibers along the longitudinal direction (weft fiber direction, BL). Five specimens were tested for each
configuration and matrix type.

Test coupons measuring 100 × 100 mm were impacted at room temperature at target kinetic
impact energies ranging from 5 J to 30 J. An instrumented drop-weight impact testing machine
(Instron/CEAST 9340, Pianezza, Italy) was used to this purpose equipped with a hemispherical
tip (diameter of 12.7 mm). Three specimens for each matrix type and energy level were impacted
out-of-plane with a constant mass of 8.055 kg while being clamped between two steel plates with a
circular unsupported area of 40 mm (diameter). The force–time curves were recorded during each test
by the DAS64K acquisition system.

2.4. Morphological and Damage Investigation

The fracture surfaces of specimens which failed in bending were investigated by scanning electron
microscopy (FE-SEM MIRA3 by TESCAN, Brno, Czech Republic). All specimens were sputter coated
with gold prior to FE-SEM observations.

The dent depth of each impacted coupon was measured using a laser profilometer (Taylor–Hobson
Talyscan 150) with a scanning speed of 8500 μm/s. The scanned images were processed with the
analysis software TalyMap 3D.

3. Results and Discussion

3.1. Quasi-Static Flexural Behaviour

The flexural properties are summarized in Table 2, while Figure 3 shows representative
stress–strain curves obtained at room temperature.
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Table 2. Summary of flexural properties of flax/basalt hybrid laminates.

Specimen ID Flexural Strength (MPa) Flexural Modulus (GPa) Strain at Maximum Stress (%)

H_PP_FL 85.9 ± 3.9 10.5 ± 0.4 2.6 ± 0.3
H_PP_BL 101.0 ± 0.9 9.5 ± 0.1 3.2 ± 0.1
H_PPc_FL 106.8 ± 2.3 12.6 ± 0.4 2.5 ± 0.3
H_PPc_BL 129.3 ± 1.8 9.9 ± 0.4 3.2 ± 0.6
H_Ep_FL 128.6 ± 4.8 14.4 ± 0.4 2.4 ± 0.2
H_Ep_BL 165.2 ± 5.4 11.2 ± 0.2 1.8 ± 0.2

  
Figure 3. Typical stress vs. strain curves for flax/basalt composites along the warp (FL) and weft (BL)
fiber directions.

For both matrices, a difference in the flexural modulus can be highlighted between warp and
weft directions, which is likely to be ascribed to the higher fiber volume fraction of flax fibers in
specimens when tested with flax fibers oriented in the longitudinal direction. As expected, composites
with a thermoplastic matrix exhibited a much more ductile behavior compared to the epoxy resin.
The ductility of PP was able to partially relieve the stress concentrations created in the matrix by defects
(kink bands) always present in flax fibers [29]. This explanation supports the higher ductility observed
in specimens tested along the basalt fibers, which are not characterized by such defects. Specimens
tested with basalt fibers aligned along the longitudinal direction showed the highest flexural strength
irrespective of the matrix type, which is due to the better absolute mechanical properties of basalt
fibers compared to flax fibers. Usually flax fiber reinforced composites are characterized by a sudden
failure due to the poor strain at failure of flax fibers (~1.2–1.8%) [30,31], while in the present case the
hybridization with much more ductile basalt fibers [32] allowed the composites to fail in a much more
gradual manner, especially when tested with basalt fibers in the longitudinal direction.

All the curves exhibited a significant non-linear behavior at low strains, which needs to be
ascribed to the presence of flax fibers and seems only to be emphasized by the ductile PP. Many
authors have pointed out this behavior [33,34] that seems to represent a peculiarity of natural fibers,
as it has been reported to occur not only in flax [35,36] but also in wood [37] and hemp [38]. Recent
studies tried to provide explanations for this behavior, and several mechanisms have been proposed,
including cellulose microfibrils reorientation, shear strain-induced crystallization of the amorphous
paracrystalline components and degree of ellipticity of the fiber’s cross-section [38,39]. Indeed,
this effect is significantly reduced in epoxy-based laminates when tested with basalt fibers in the
longitudinal direction.

The presence of a coupling agent in the PP matrix caused an increase in both the flexural strength
and modulus, without affecting in a significant way the ductility of the resulting composites. These
results are due to the improvement of fiber/matrix interfacial adhesion for both fiber types. It is
well known that the interactions between the anhydride groups of maleated coupling agents and the
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hydroxyl groups of flax and basalt fibers through esterification reactions can alleviate fiber/matrix
incompatibility issues [40,41].

The fiber/matrix adhesion has been investigated by scanning electron microscopy. The level
of interfacial adhesion of flax and basalt fibers with neat PP was found to be nonoptimal, as can be
seen in Figure 4, where pull-out (Figure 4a,c,f) and debonding (Figure 4b,d,e) represent the dominant
failure modes. In Figure 5 it is possible to note that both fibers, flax and basalt, benefited from
the addition of the coupling agent. The pull-out was significantly reduced, and the fibers appear
to be covered with a layer of polymer matrix, with ligaments connecting the fibers to the matrix
(Figure 5a,b,d–f). For comparison purposes, the surface of pristine flax and basalt fibers is included in
Figure 5g,h, respectively.

 
Figure 4. SEM micrographs of failed flexural H_PP specimens at different magnifications, highlighting
the presence of extensive fiber pull-out (a,c,f) and fiber/matrix debonding (b,d,e).
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Figure 5. SEM micrographs of failed flexural H_PPc specimens at different magnifications, highlighting
the presence of matrix layers on basalt (c,d,f) and flax fibers (a,b,e). Micrographs (g) and (h) show
pristine flax and basalt fibers as extracted from the fabric, respectively.

For epoxy-based composites, the fracture surface exhibited a “blocky” appearance (Figure 6a,b,d)
especially with basalt fibers fractured on the same plane, while also flax fibers were characterized
by a sufficient level of adhesion as it can be inferred from the extensive fiber fibrillation (Figure 6c)
coupled with the presence of epoxy residues on the fiber surface (Figure 6d,f). This supports the
good mechanical behavior exhibited by the biocomposites, when compared with results available
in literature.
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Figure 6. SEM micrographs of failed flexural H_Ep specimens at different magnifications, the presence
of matrix layers on basalt (a,b,e) and flax fibers (d,f) and flax fiber fibrillation (c).

Despite the difficulties in comparing composites with different fiber volume fractions and fiber
architectures, Meredith et al. [42] investigated several flax/epoxy composites based on the same weave
style (Twill 2/2). The flexural strength was found to range from 57.0 to 195.2 MPa for fiber volume
fractions from 37 to 54%, while flexural modulus was in the range 2.12–7.81 GPa. Goutianos et al. [43]
compared different flax fiber architectures in a vinylester matrix for fiber volume fractions in the range
of 29 to 35%. Composites showed flexural strengths ranging from 80 to 140 MPa and flexural moduli
from 5 to 10 GPa. Cihan et al. [44] investigated the mechanical performance of woven flax/E-glass
hybrid composites. For flax fiber reinforced composites, with a fiber volume fraction around 0.36,
the tensile strength and stiffness were reported to be 86.43 MPa and 8.89 GPa, respectively, while
Blanchard et al. [45] for a volume fraction of flax fibers equal to 0.37 in an epoxy matrix, found a
flexural strength and stiffness of 114.91 MPa and 6.13 GPa, respectively. In the present case, by adding
around 13% by volume of basalt fibers, it is possible to increase the flexural strength and modulus of
43% and 83%, respectively. In particular, it is worth noting the increase in flexural stiffness that can
be obtained with the present hybrid, which could represent an opportunity to introduce flax fibers in
semi-structural applications.
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3.2. Low-Velocity Impact Behaviour

The representative force vs displacement curves of the hybrid composites as a function of matrix
type and impact energy are reported in Figure 7. Matrix effect was not significant at 5 J (Figure 7a)
as all the samples exhibited similar hysteresis loops, but for a 10 J-impact event some differences can
be highlighted. In particular, epoxy-based laminates showed a more drastic load drop (Figure 7b)
followed by the unloading curve. This substantial load drop points toward a loss of elastic energy and
the vulnerability to fiber breakage and subsequent perforation, which was indeed reached at 15 J for
thermoset-based composites (Figure 7c).

 
(a) 

 
(b) 

 
(c) 

Figure 7. Typical force–displacement curves of flax/basalt hybrid composites at various impact energy
levels: (a) 5 J; (b) 10 J, and (c) 15 J.

Epoxy laminates presented the lowest impact resistance at all impact energies, whereas
thermoplastic-based laminates exhibited a very similar impact damage behavior in terms of force vs
displacement response. The results compare quite favorably with those available in the literature
for flax fiber reinforced epoxy composites. Bensadoun et al. [46] investigated the impact behavior of
laminates with different flax fiber architectures and matrix types. Despite the unavoidable differences
in impact parameters, similar conditions were used for laminates with a thickness of 2 mm and a total
fiber volume fraction of 0.40. The authors found perforation energies ranging from 5.7 J to 7 J, which
are lower than the value found in the present case (15 J).

It is suggested that basalt fiber hybridization in intraply configuration can improve the common
poor impact response reported in the literature of plant fiber composites. The shift from a thermoset
to a thermoplastic matrix markedly influenced the absorbed energy, as it can be clearly observed in
Figure 8, where 30 J and 20 J were absorbed at perforation by PP- and PPc-based laminates, respectively.

In perforation impact tests, the fibers need to be broken to achieve perforation. Therefore,
the stronger and tougher the fibers, the more pronounced is the role played by the fiber fracture energy
in the total perforation energy. In the present case, as the fibers are the same for all the laminates,
the relative contribution of the matrix ductility to the composite impact behavior is more important.
Hybrid epoxy composites, at each impact energy, showed the highest damage degree, i.e., the ratio of
absorbed energy to the kinetic impact energy, while the energy dissipated during impact is almost the
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same in thermoplastic-based laminates at least up to 15 J. This ratio increases up to a maximum value
of unity when perforation occurs.

 

Figure 8. Impact energy vs. absorbed energy curves at various impact energy levels and matrix type.

The higher ductility of the PP matrix allows more energy absorption through plastic deformation
compared to the brittle epoxy matrix, as observed by other authors [25,46]. This is supported by the
assessment of the residual indentation depth, also known as dent depth, which has been performed by
laser profilometry after impact (Figure 9).

 
Figure 9. Dent depth: (a) 3-D image of damaged specimen; (b) extracted profile and (c) changes in dent
depth on the impacted face of specimens as a function of impact energy and matrix type.

This type of damage can involve local matrix failure, local matrix plastic deformation, and local
fiber breakage. At all impact energies, composites based on neat polypropylene exhibited a higher
residual plastic deformation. It is also worth noting that, in accordance with the commonly accepted
definition of BVID (Barely Visible Impact Damage) [25], the threshold of 0.6 mm (highlighted in
Figure 9) is reached for all composites already at 5 J.

To better appreciate differences between compatibilized and neat polypropylene matrices,
the representative force vs displacement curves for the whole range of impact energies are given
in Figure 10. The effect of matrix type becomes significant with increasing impact energy (>15 J)
(Figure 10). At 20 J, a more drastic load drop was exhibited by the compatibilized PP, while an
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energy of 30 J was needed to perforate the specimens based on neat PP, likely due to different damage
absorption mechanisms associated with the different extent of fiber/matrix adhesion.

Figure 10. Typical force–displacement curves of flax/basalt hybrid thermoplastic composites in the
whole range of impact energies.

Macroscopic observation of the impacted specimens corroborates these results (Figures 11–13).
The scale in each photograph has been adapted to highlight the different damage mechanisms.
Thermoset composites exhibited a sharp failure pattern, typical of their brittle character (Figure 11),
with the presence of cracks along warp/weft directions in the impacted side already for an impact
energy level as low as 5 J. The intraply hybridization prevented the samples from exhibiting the
characteristic diamond-shaped fracture surface on the rear side [15,25,46], which was characterized by
fiber splitting and cracks mainly along the weft direction. It is interesting to note that these cracks run
parallel to the basalt yarns and caused the failure only of the weaker flax yarns. After perforation at
15 J, a limited fiber pull-out was detected, thus, confirming the sufficient level of fiber/matrix adhesion.

Figure 11. Close-up view of impact damage progression on front and rear surfaces of epoxy-based
impacted specimens.
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Figure 12. Close-up view of impact damage progression on front and rear surfaces of PP-based
impacted specimens.

Thermoplastic-based laminates showed a different behavior, with a more ductile response to
impact loading. In both cases (Figures 12 and 13) an extensive plastic deformation and a wider
damaged area can be easily observed with the presence of matrix cracks and flax fiber failures on the
impacted side.

A significant difference between compatibilized and neat PP is represented by the extensive stress
whitening that occurred in all compatibilized samples (Figure 13). This phenomenon increased with
increasing impact energy and extended up to the edges of the impacted plates. This can be related to
the better fiber/matrix interfacial adhesion induced by the coupling agent that hindered the plastic
deformation of the matrix, thus, forcing a larger amount of the sample to respond to the impact loading.
This behavior was not observed in neat PP-based composites where the matrix was free to plastically
deform under the contact point with the impactor, thus, causing a deeper indentation (Figure 9) and a
higher energy absorption (Figure 8).
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Figure 13. Close-up view of impact damage progression on front and rear surfaces of PPc-based
impacted specimens.

It is worth mentioning that no necking and/or wrinkling were detected as damage mechanisms
in polypropylene-based composites, which need to be avoided as they absorb additional energy
compared to properly tested samples, as usually found in self-reinforced polypropylene composites if
tested with small geometry ratios, i.e., the ratio of the sample size divided by the clamp size [47].

The higher bending strength of the PPc-based laminates combined with the higher strain at break
of the thermoplastic compared to the thermoset matrix delayed the onset of first damage because
plastic deformation occurred before the matrix failure, thus, ensuring a higher peak force under impact,
which represents the maximum load a laminate can tolerate before major damage (Figure 14).

 
Figure 14. Peak force vs kinetic impact energy for flax/basalt hybrid composites as a function of
matrix type.

49



Fibers 2019, 7, 26

4. Conclusions

A new intraply hybrid composite using basalt and flax fibers has been manufactured and tested
in both quasi-static (three-point bending) and dynamic (low-velocity impact) conditions with the
main aim of assessing the effect of matrix behavior. In this regard, three different matrices have
been investigated, namely epoxy, polypropylene, and a polypropylene compatibilized with maleic
anhydride. The matrix ductility was found to have a significant influence on the impact response only
at energies higher than 5 J, while composites based on compatibilized PP showed the best combination
of properties in terms of quasi-static strength, energy absorption, peak force, and perforation energy.

Basalt fiber hybridization in intraply configuration significantly improved the common poor
impact response of plant fiber composites usually reported in the literature, preventing the growth
of cracks in a diamond-shaped pattern and balancing the poor transverse strength of flax fibers.
Thermoplastic-based laminates exhibited a concentrated (circular) damaged zone at perforation due
to the extensive plastic deformation that hindered further extension of the cross-shaped cracks, thus,
enhancing the energy absorption of the resulting hybrid laminates. For 2-mm thick hybrid laminates,
perforation threshold was found to lie in the range of 20 to 30 J, depending on the presence or not of
the coupling agent, respectively. The results confirm the suitability of polypropylene-based intraply
hybrid composites to impact-related applications.
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Abstract: In this study, a fabric was manufactured consisting of 50% pineapple, 25% jute and 25%
cotton fibers by weight, to make composites using polypropylene (PP) as a matrix material. We used
compression molding technique, which kept 30% of the fabric content by total weight as the composite.
The tensile strength (TS), tensile modulus (TM), elongation break (Eb%), bending strength (BS) and
bending modulus (BM) were investigated. From analyzed data, it was found that the composite
values of TS, TM, Eb%, BS and BM were 58 MPa, 867 MPa, 22.38%, 42 MPa and 495 MPa, respectively.
The TS, TM, Eb%, BS and BM of the neat polypropylene sheet were 28 MPa, 338 MPa, 75%, 20 MPa
and 230 MPa, respectively. Due to fabric reinforcement, composite values for TS, TM, BS and BM
increased 107%, 156%, 110% and 115%, respectively in comparison with a polypropylene sheet.
A water absorption test was performed by dipping the composite samples in deionized water and
it was noticed that water absorption was lower for PP-based composites. For investigating the
effect of alkali, we sunk the composites in a solution containing 3%, 5% and 7% sodium hydroxide
alkali solutions by weight, for 60 min after which their mechanical properties were investigated.
A degradation test was carried out by putting the samples in soil for six months and it was noticed
that the mechanical properties of fabric/PP composites degraded slowly.

Keywords: polypropylene (PP); composites; natural fiber; fabric; compression molding

1. Introduction

Fabricating composites by using natural fibers has been of great interest because natural fiber is
biodegradable and environment friendly [1–14]. Composites are inexpensive and also not harmful to the
environment. The advantages of fiber reinforced materials (FRM) over unreinforced ones are well known,
and their characteristics are useful in many fields, and as such, they are used for many applications.
FRM are widely used in aerospace [15] and construction [16] applications. Moreover net [17] or long [18]
continuous fiber reinforced composites are used in medical science. Nowadays, the most used fibers
to reinforce composites are synthetic, but the results obtained with natural fibers are promising [19].
Synthetic fiber reinforced polymers are expensive and have an environmental impact. Natural fibers
which are cellulose-based are replacing synthetic fibers as they resolve this issue. This is the reason that
the interest of using natural fibers in combination with thermoplastic material is increasing day by day,
especially for high volume and low cost applications. Natural fibers have inherent properties of polarity
and hydrophilicity, which can be removed by using non-polar thermoplastic material. These properties
are not considered when they are not harmful to the environment [20–23].
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Scientists and engineers are paying more attention to replacing synthetic fibers with natural
fibers that have analogous physical and mechanical properties. Various other matters should be
kept in consideration while choosing raw materials such as cost, environmental impact, hygiene,
flexibility, ease of collection and be availability, which are directly related to the suitability of natural
fibers [24–27]. Being a renewable resource, natural fibers provide a long lasting solution, beside the
economical and hygienic benefits. Moreover, the processing of natural fibers is cost effective and
provides good mechanical and physical properties [28–33].

Pineapple leaf fiber (PALF) is a waste material in the agriculture sector which is cultivated widely
in Asia across the world. Very few tropical fruits are as essential as pineapple (Ananas comosus).
Pineapple fruit has an important commercial value, and the leaves of pineapple are waste material
which yields natural fibers [34]. It is chemically composed of 70–82% holocellulose, 5–12% lignin
and 1.1% ash. It has excellent mechanical properties due to the higher percentage of hollocellulose.
This is why it can be implemented in fabricating of reinforced polymer composites [35,36]. Cotton is
an important natural fiber and produced in many parts of the Asian continent such as China, India,
Pakistan, Bangladesh etc. Among these countries, China is the biggest cotton producer. Cotton fiber is
comprised of 94% cellulose. There are various factors on which the strength of cotton fiber is dependent
like fiber structure, microfibril orientation, molecular weight of cellulose chains, the crystalline structure
perfection and the convolution angle of microfibrils [37]. Another important natural fiber is jute fiber
which is mostly produced in Bangladesh, India, China, Uzbekistan, Bhutan, Vietnam and Thailand. About
93% of the world’s jute fiber is produced in Bangladesh and India. Clothes, ropes, bags, floor mats etc.,
are made from jute fiber. Moreover, it can be used as a good reinforcing agent with hydrophobic matrix
material like polypropylene, polyethylene, low density polyethylene, and unsaturated polyester resin, etc.
It provides advantages such as being light weight, cost effective, low density. Also it has having high
availability, a high tensile modulus and low elongation at break [3,38]. Jute fibers are comprised of 82–85%
hollocellulose, of which 58–63% is alpha-cellulose, which is responsible for the excellent mechanical
properties of jute fiber [8]. For these reasons, to fabricate a lightweight and inexpensive composite,
pineapple leaf, jute and cotton fibers were selected.

The most vital part of a composite are the matrix materials. As a matrix material, polypropylene
has been extensively used with natural fibers in composite preparation [2–8]. Polypropylene (PP) is an
amorphous thermoplastic polymer and is extensively used as an engineering thermoplastic material for
its various important characteristics such as its dimensional stability, transparency, high heat distortion
temperature, flame resistance and high impact strength. PP can also be used for filling, reinforcing and
blending. PP composites with natural fiber are becoming more promising each day [9,39–44].

In this study, the mechanical and degradation properties of a fabric reinforced PP-based partially
biodegradable composite were evaluated. Water uptake profiles and the effect of alkali on composite
were also investigated.

2. Materials and Methods

2.1. Materials

A plain structure bleached fabric (consisting of 50% pineapple, 25% jute and 25% cotton) was
made at the Bangladesh Jute Research Institute (BJRI), Dhaka, Bangladesh. The thread count in
the vertical (warp) and horizontal (weft) directions of the fabric were 52 and 40 in one square inch.
Figure 1 shows the weaved fabric. The granules of PP were bought from Polyolefin Company Limited,
Singapore. The symbolic expression of PP is (C3H6)n. Alkali (NaOH) was purchased from the local
market of Dhaka, Bangladesh.

2.2. Fabrication of Fabric-Reinforced PP-Based Composites

The granules of polypropylene were placed inside of two plates of a heat press machine (Carver,
INC, USA Model 3856) for making PP sheets. The heat press machine was used at a temperature

54



Fibers 2018, 6, 94

of 180 ◦C for 5 min and a load of 2000 kg. The sheets were cooled inside the heat press machine.
For composite fabrication, the prepared PP sheet and fabric were cut into the desired size. Composites
were fabricated by sandwiching fabric between two sheets of PP and using the method as discussed
for making PP sheets [2]. The fabric percentage of the composites was 30% by weight. The prepared
composites were then packed in polyethylene bags.

Figure 1. Fabric.

2.3. Mechanical Properties of Composites

The tensile and bending properties of the composites were measured according to the European
standard (ISO/DIS 527-1:2010) by using the Hounsfield series S testing machine (UK) with an initial
separation of clamp of 20 mm and a loading force of 10 mm/min. The dimensions of fabric/PP
composites were (60 × 10 × 1.60) mm3. The test samples were conditioned at 25 ◦C and 50% relative
humidity for three days prior to testing. The mechanical tests were carried out according to the vertical
(warp) direction. The average of the results for at least five samples was taken for all the test values.

2.4. Water Absorption Profile of the Composites

Water absorption test of the fabric/PP composite was performed according to ASTM D-570. Water
absorption tests were carried out on three samples (sample-1, sample-2 and sample-3) of the fabric/PP
composite (Figure 2). Samples of the composite were weighed and dipped in beakers containing 500 mL
of deionized water at room temperature (25 ◦C) for 1 h. Then after the time interval the samples were
brought out of the beaker, wiped by using tissue paper and re-weighed. In this case, it showed no
uptake after 40 min, so we carried out the test up to 1 h [14]. The water absorption percentage was
determined by:

Water absorption (%) = [(Wet weight − Dry weight)/Dry weight] × 100 (1)

Figure 2. (a) Universal testing machine (UTM) and (b) water uptake (%) test.
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2.5. Effect of Alkali

The alkali treatment was performed to investigate the effect of alkali on the composites.
The composites were treated with aqueous solution of 3%, 5% and 7% sodium hydroxide (NaOH)
for 24 h [2]. The samples were taken out of the solution after 24 h and washed in water to remove
the remaining sodium hydroxide. Then the samples were dried at 70 ◦C for 1 h and their mechanical
properties were evaluated.

2.6. Soil Degradation Test of the Composites

Soil degradation tests of the composite provided information on the mechanical properties of the
composites retained after a certain time period of contact with. The degradation test of the fabric/PP
composites was conducted for up to 24 weeks in soil. Composite samples were placed in soil for
different periods of time. After a three week interval, samples were brought out carefully. Then cleaned
with distilled water and dehydrated at 105 ◦C for 6 h, reposed at room temperature (25 ◦C) for 24 h
and then the tensile and bending properties were measured [8].

3. Results and Discussion

3.1. Mechanical Properties of Composites

The tensile and bending property values of the PP matrix and fabric/PP composites are
represented in Tables 1 and 2. From the tables, the tensile strength (TS), tensile modulus (TM),
elongation at break (Eb%), bending strength (BS) and bending modulus (BM) of the PP sheet were
found to be 28 MPa, 338 MPa, 75%, 20 MPa and 230 MPa respectively. TS, TM, BS and BM for the
fabric/PP composites were found to be 58, 867, 42 and 483 MPa respectively. Pineapple leaf, cotton
& jute fiber based PP composites gained a 107% increase in TS and a 110% increase in BS over that
of the matrix PP. It was also observed that TM and BM improved by 156% and 115% respectively
over that of the matrix material PP. By analyzing the values, it was found that 30 wt% fabric/PP
composite exhibited improved mechanical properties (TS, TM, BS and BM). But Eb% was reduced
drastically compared to PP. Motaleb et al. stated that the TS, TM, Eb%, BS and BM of PALF/PP composite
(30% fiber content) were 61 MPa, 1096 MPa, 14.05%, 31 MPa and 420 MPa, respectively [14]. Compared
with the present study, reduced mechanical properties were observed due to the addition of jute and
cotton fiber. When jute and cotton fiber were added with the pineapple fiber, the stress was transferred
among pineapple, jute and cotton fiber instead of only pineapple fiber, thus, stress was reduced for matrix
PP. Which is the cause of the change in mechanical properties. The better mechanical properties in this
study came mainly from the sandwich structure, where the core layer (fabric) contributed a lot to the
mechanical properties. From this investigation, it was clear that pineapple leaf, cotton and jute fiber based
PP composites achieved more than double the mechanical property values over the matrix material alone.
The content of cellulose in pineapple, jute and cotton fiber gave an advantage in this case [2].

Table 1. Tensile properties of polypropylene (PP) and fabric/PP composites.

Tensile Properties

Materials Tensile Strength (MPa) Tensile Modulus (MPa) Elongation at Break (%)

PP 28 ± 1.5 338 ± 25 75 ± 4.75
Fabric/PP 58 ± 3.15 867 ± 56 22.38 ± 1.6

Table 2. Bending properties of polypropylene (PP) and fabric/PP composites.

Bending Properties

Materials Bending Strength (MPa) Bending Modulus (MPa)

PP 20 ± 1.45 230 ± 16
Fabric/PP 42 ± 2.78 495 ± 26
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3.2. Water Absorption Profile of the Composites

The water absorption test allowed divulging the water absorbing behavior of the composite.
The results of water absorption tests of the three samples of the fabric/PP composites are depicted
in Figure 3, against the time of soaking in water at room temperature. With an increase of soaking
time, the level of water absorption increased up to 40 min, as shown in the graph, after which no
further water absorption occurred [45]. It was found that the fabric/PP composite absorbed 1.6%
water. Motaleb et al. reported that PALF/PP composite (30% fiber content) absorbed no further water
after 50 min and that the water uptake percentage was 1.46% [14]. Little variation was noticed for the
fabric/pp composite due to its different fiber composition.

Figure 3. Water uptake % of fabric/PP composites.

Water absorption can be described by hydroxyl (–OH) groups that are present in the fiber cellulose
resulting in the strong hydrophilic nature of fabric [46]. Polypropylene is strongly hydrophobic in
nature [3] and resists water penetration when fabricating composites by sandwiching the fabric in
between polypropylene sheets. Water was absorbed by the cut edge of the composite and this resulted
in lower fabric/PP composite water uptake values.

3.3. Effect of Alkali

The effect of alkali (3%, 5% and 7% NaOH) on composites was tested at room temperature for
24 h. Tensile strength (TS), tensile modulus (TM), elongation at break (Eb%), bending strength (BS)
and bending modulus (BM) values are shown in Figure 4. It was found that the mechanical properties
of fabric/PP composites decreased for all conditions under the study. In this study, the mechanical
properties of the composites decreased significantly when the composites were treated in 7% NaOH
solution as shown in the figures. In particular, after 24 h of 7% alkali treatment, fabric/PP composite
values decreased by 21%, 29%, 32%, 23% and 27% of TS, TM, Eb%, BS and BM respectively.

When natural fiber was alkali treated, which contains cellulose, crystal structure of fibers, the
mechanical properties increased greatly. On the other hand, when the natural fiber reinforced
composites were treated with alkali, there was some variation in the mechanical properties [47].

The change in mechanical properties can be well explained by the help of mercerization. It may
be that the fabric lost its strength over time. Due to mercerization, the breaking tendency of composites
was increased [2].
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3.4. Soil Degradation Test of the Composites

The degradation tests on the composites were carried out in soil at ambient conditions for up to
24 weeks. Tensile strength (TS), tensile modulus (TM) and elongation at break (Eb%) values are shown
in Figure 5. From the figures, it can be seen that the TS, TM and Eb% of the fabric/PP composites
decreased slowly with time. Fabric/PP composites consumed almost 50%, 48% and 49% of their TS,
TM and Eb% respectively after 24 weeks of soil degradation. Similarly, decreased values of bending
strength (BS) and bending modulus (BM) were also observed, and the results are depicted in Figure 5.
Results revealed that soil degraded 45% and 47% of the initial BS and BM values of the fabric/PP
composites respectively, after 24 weeks. It was also observed that, fabric/PP composites lost almost
41% of their mass after 24 weeks. For being a cellulose based natural biodegradable fiber, pineapple
leaf, cotton and jute absorbs water within a few minutes, which indicates its strong hydrophilic nature.
Cellulose has a strong aptitude to degrade in soil [48]. PP is strongly hydrophobic in nature. During
the soil-degradation tests, the penetration of water occurred from the cut edges of the composites
and degraded the cellulose resulting in significantly reduced mechanical properties. S. Nahar et al.
stated that 40%, 46%, 36% and 35% of the TS, TM, BS and BM, respectively, were lost after a 24 week
soil degradation test of natural fiber (jute fiber) reinforced pp based composite (50% fiber weight) [8].
Analyzing these values, no significant change of tensile properties are seen due to soil degradation
test after 24 weeks. But some change of bending properties were happened because of different fiber
percentage and composition of fabric/PP composite.

Figure 5. Soil degradation test of the composites.

4. Conclusions

Fabric-reinforced polypropylene-based composites were successfully prepared and characterized.
Increased mechanical properties of the composites were seen compared with the matrix material.
The TS and TM of the fabric/PP composites were found to be 58 MPa and 867 MPa respectively,
compared with the PP matrix, a 107% and 156% increase of TS and TM was noticed. For the fabric/PP
composites, BS and BM were found to be 42 MPa and 495 MPa respectively, which was 110% and 115%
higher than those of the matrix material. Little variation was noticed in the water uptake, whereas
reduced mechanical properties were observed, due to the addition of jute and cotton fiber compared
with a 30 wt% PALF/PP composite [14]. Alkali reduced the mechanical properties of fabric/PP
composites. Degradation testing of the fabric/PP composites were carried out for 6 months in soil and
it was observed that composites retained about 50% of their original mechanical properties. Further
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research is needed in order to compare synthetic and natural fiber reinforced composites in order to
improve knowledge on the topic.
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Abstract: The popularity of jute-based bio and hybrid composites is mainly due to an increase in
environmental concerns and pollution. Jute fibers have low cost, high abundance, and reasonable
mechanical properties. Research in all-natural fibers and composites have increased exponentially
due to the environment concerns of the hazards of synthetic fibers-based composites. Jute based bio
and hybrid composites have been extensively used in number of applications. Hybrid jute-based
composites have enhanced mechanical and physical properties, reasonably better than jute fiber
composites. A detailed analysis of jute-based bio and hybrid composites was carried out in this
review. The primary aim of this review paper is to provide a critical analysis and to discuss all recent
developments in jute-based composites. The content covers different aspects of jute-based composites,
including their mechanical and physical properties, structure, morphology, chemical composition,
fiber modification techniques, surface treatments, jute based hybrid composites, limitations, and
applications. Jute-based composites are currently being used in a vast number of applications such as
in textiles, construction, cosmetics, medical, packaging, automobile, and furniture industries.

Keywords: hybrid bio-composite; natural fiber; extrusion; jute; renewable

1. Introduction

We are surrounded by environmental pollution, which has now become a major threat to
all living creatures. Leading nations are trying to minimize pollution by taking radical steps to
replace pollution-causing materials with renewable ones. Researchers have made it possible to
replace conventional synthetic materials with natural bio-based alternatives. Composite materials are
considered to be one of the most important materials in diversified and load-bearing applications.
Many resources have been spent on developing synthetic composites, which have performed well in
different applications. But now, with ever-increasing environmental concerns and threats, much focus
has been diverted to the development of bio- and hybrid composites. As a result, in the past few years,
a great deal of attention has been paid to the development of these composites. Currently, bio-composites
are being developed to meet the performance of synthetic composites. These bio-composites are
biodegradable and various natural fibers have been used for their fabrication, aiming at making
them eco-friendly in nature and with minimum carbon emissions. Even hybrid composites have also
become popular due to superior mechanical and physical properties compared to pure bio-composites.
Bio-composites are natural, light in weight, low in carbon emissions, and low in material and
manufacturing costs. And above all, these fibers used in the manufacturing of bio-composites are
abundant in nature. Bio-composites are on the verge of becoming an integral part of society due to their
various useful applications [1]. Consequently, bio-composites have emerged as the best replacement for
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synthetic composites. Different bio-composites are at various developmental stages, both in research
and in the industrial community. Many bio-composite materials have shown mechanical and physical
properties comparable to that of synthetic composites. These natural fibers are adequate replacements
for glass and carbon fibers. Despite swift progress in this field, many shortcomings and limitations
still exist, hindering the practical implementation of these natural fibers. The limitations of bio-based
polymers and composites include poor adhesion between polymer and matrix, incompatibility of
fibers, agglomeration of fibers, and a lack of manufacturing processes [2,3]. Research is being carried
out in developed and developing countries with the aim of overcoming the outstanding issues related
to bio-composites. Many countries are taking further steps ahead by encouraging industries to use
bio-composites and also by giving them different trading incentives, while industries themselves
are adopting these bio-composites for various international certifications and for gaining access to
international markets. Biodegradable materials will not only benefit us environmentally but will also
help to improve economic outlooks [4].

Recently, bio-composites and bio-degradable materials have gained much momentum.
These materials are subjected to continuous research development regarding numerous industrial
sectors. Different plant fibers are shown in Figure 1 [5–8]. Among various different natural fibers,
jute is one of the most important fibers used in the manufacturing of bio-composites. Jute belongs
to the bast fiber family and is normally grown in the tropical areas of China, Bangladesh, India, and
Indonesia. It is considered to be one of the most produced fibers in the world [9]. Jute can easily be
grown in a humid atmosphere and warm temperature range. Additionally, jute is known as a rainy
season crop and can survive flood conditions. Jute is solely grown for the extraction of fibers [6].
Jute plants are differentiated based on plant type, color, strength, and length of fibers. White and Tossa
jute are the two main types of jute plants [10] which are cultivated in tropical and high-temperature
areas. Asia is the biggest producer of jute and contributes to around 95% of total jute production in
the world [6]. Jute fibers have gained much attention in the last few years due to their physical and
mechanical properties. The mechanical properties of jute fibers are believed to be comparable to glass
fiber in terms of specific strength and specific modulus [11].

In addition, jute fibers are eco-friendly, renewable, cheap to produce, and bio-degradable [12].
The main constituents of jute fibers are cellulose and lignin. Cellulose is a polysaccharide that helps
to form hydrogen bonding between matrix and natural-fiber-improving interfacial adhesions [13].
Jute fiber has a high demand from textiles other than the composite and bio-polymer industries [14].
The properties of jute fibers are usually determined by the maturity of the plant, fiber length, and
the processing techniques used for the manufacturing of composites [6]. Jute fiber is currently being
used in many applications including textiles, automobiles, and even in some load-bearing applications.
In the automobile sector, bio-composites and bio-polymers of jute are used to produce different
components such as door panels, trunk liners, and cup holders [15,16]. Even big auto manufacturers
such as Mercedes, along with many European and American car manufacturers, are keen to use more
renewable composites and polymers [17]. The annual production of various natural fibers is shown in
Table 1 [6,18–20].

Over the last few years, jute-based hybrid composites containing natural components have emerged
with better mechanical properties than natural jute-based composites. Usually hybrid composites are
made from a combination of natural and synthetic fibers in a matrix while bio-composites consist of
natural fibers and synthetic or natural material composite. Hybrid composites contain less percentage
of natural fibers but the shortcomings of all-natural fiber composites can be overcome by reducing
natural fiber content with the addition of synthetic fibers such as glass fibers.
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Table 1. Annual production of different fibers.

Fiber Source Fiber Type Annual Production (103 Tonnes)

Jute Bast and Core fiber 3600
Bamboo Wood fiber 30,000

Sugar cane Wood or Stem fiber 75,000
Grass Grass fiber 700–750
Ramie Bast fiber 100–110
Abaca Leaf fiber 70–90
Hemp Bast and Core fiber 200–220
Sisal Leaf fiber 370–380
Coir Seed fiber 600–650

Kenaf Bast and Core fiber 950–990
Flax Bast fiber 830

Figure 1. Different types of plant fibers.

In this review, we aim to discuss recent developments regarding jute-based bio and hybrid
composites. The main objective of this review is to provide a critical assessment of the literature
and to summarize the key findings of different jute-based research studies. This review paper
contains the mechanical and physical properties, structure, morphology and chemical composition,
fiber-modification techniques, surface treatments, limitations and applications of jute fiber-based
bio- and hybrid composites. The present work also focuses on methods to improve properties by
overcoming the limitations associated with these jute-based composites. Due to huge number of
potential applications, jute-based composites have become a topic of interest in the research community.
The applications of these composites include textiles, automobiles, polymers, medical, cosmetic, and
construction industries.

2. Structure, Morphology, and Chemical Composition of Jute

Jute fibers, obtained from jute plants, are commonly known as lignocellulosic fibers [21]. Jute fibers
are multi-cellular and can be found in the bast region of jute plants, stretching along the stem [22,23].
A single jute fiber is formed by combining different cells and constituents like lignin, cellulose, oils,
waxes, and the different types of fats [24]. These cementing constituents help in the formation of
a network of jute fibers in the stem region and this network of jute fibers is called a strand. Jute fibers
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join with one another to form long fibers and a meshy network [25]. The geometry and composition
of jute fibers can vary from plant to plant due to differences in growth conditions. The composition
can even vary from fiber to fiber in a single plant [25]. Jute fiber structure, length, and chemical
composition are dependent on factors like growth environment, weather conditions, defects, plant
maturity, extraction, and the modification methods used [2]. Lumen is a central hollow cavity present in
a jute fiber cell, which produces fiber with a low density [26,27]. Each unit cell of fiber is connected with
other cells through the middle lamella, which is usually composed of lignin and cellulose. This middle
lamella is responsible for joining different unit cells [28].

Jute fiber is composed of different types of polysaccharides and lignin. Polysaccharides are made
up of hemicellulose and alpha cellulose [29]. In jute fiber, cellulose is the primary constituent of the cell
wall and consists of different glucose rings. Glucose rings form cellobiose consisting of repeating units
of glucose dimers [30]. Linear polymerization of glucose rings forms a cell wall and ultimately the
jute fiber. These glucose rings interact with one another through covalent bonds that are responsible
for different physical and mechanical properties [31]. Hydroxyl groups present in this glucose and
the cellulose chain interacts with other hydroxyl groups and water molecules, forming hydrogen
bonds. Hydrogen bonds between these hydroxyl groups are also responsible for the hydrophilic nature,
crystallization, and three-dimensional structure of jute fiber. Cellulose has a hydrophilic nature and is
dissolvable in water. Due to these factors, water is absorbed in cellulose, which can cause an overall
swelling of the fiber [32,33]. Jute fiber is acidic in nature due to the presence of hemicellulose and
poly-uronic acid [34]. The close and microscopic examination of unit cells revealed that crystallization
is not homogenous throughout the fiber. Highly-ordered and closely-packed regions are known as
micro-fibril structures, while loosely packed and non-homogenous regions are usually called fringed
fibril areas. Highly-ordered regions are crystalline while non-homogenous regions are amorphous.
A micro-fibril angle with respect to plant length is also responsible for different mechanical and
physical properties [35]. Cellulose can be divided into cellulose I alpha, cellulose I beta, cellulose II,
and cellulose III. The cell wall consists of a primary and secondary cell wall. The primary cell wall
is usually thin while the secondary cell wall is usually a thick layer, though both are formed by a
combination of very fine micro-fibrils [36]. The primary cell wall has a crisscross-linking of micro-fibrils
while the secondary cell wall has highly-ordered micro-fibril arrangements [37,38]. Microfibrils have
nano-crystals of cellulose I alpha.

Figure 2 shows the cross-section of the jute fiber.

 
Figure 2. Showing cross section of jute fiber. Reproduced with permission from Roy and Lutfar [39].

Jute fiber is mainly composed of lignin, cellulose, waxes, pectin, protein, nitrogenous compounds,
and mineral and inorganic matter. Cellulose is further divided into alpha cellulose and hemicellulose,
with these constituents varying slightly from plant to plant and in different growing conditions.
Cellulose is the main constituent of jute fiber. Normally, a jute fiber contains around 59–63% of alpha
cellulose, 22–26% of hemicellulose, 12–14% lignin, 0.4–0.8% of waxes, 0.2–0.5% of pectin, 0.6–1.2% of
mineral matter and traces of other constituents [18,40,41]. Glucose is a basic building unit of cellulose,
which cannot be easily oxidized though acids can hydrolyze the substance. Alpha cellulose consists
of long cellulose chains with a combination of high molecular weight polysaccharides [4], while
hemicellulose is formed by the combination of a small-length cellulose chain with low molecular
weight polysaccharides. Hemicellulose has a branched structure, giving rise to an amorphous nature.
Hemicellulose is believed to act as a binder between different constituents in jute fiber, such as
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micro-fibrils and lignin, while pectin gives plant structure its elasticity. Jute fiber also contains some
minor traces of waxes, which are insoluble in water and acids [14,42,43].

Lignin is known to be one of the most abundant polymers [44], which is considered to be a complex
three-dimensional structure with a presence of aliphatic and aromatic groups. Lignin consists of a high
amount of carbon along with a low amount of hydrogen [45]. These amounts of carbon and hydrogen
make lignin aromatic or unsaturated in nature with the presence of hydroxyl, carboxyl, and methoxyl
groups. The basic unit cell of lignin is composed of hydroxyl and methoxyl groups, which make the
constituent complex and amorphous. It is readily soluble in alkali and can be oxidized and condensed,
though it cannot be hydrolyzed by an acidic medium [4]. Lignin is connected with other constituents
of jute fiber through being alkali resistant and having alkali-sensitive links. Alkali-sensitive linkage
is in-between the hydroxyl groups of lignin and the carboxyl groups of cellulose or hemicellulose,
while the alkali-resistant link is actually a crosslinking of the hydroxyl groups of lignin and cellulosic
constituents [46]. Lignin usually provides support to plants and has a hydrophobic nature.

3. Mechanical Properties of Jute Fiber

Jute fiber is considered to be one of the most important fibers for the production of bio-composites
and bio-plastics. Much research can be found studying the different mechanical properties of jute fiber,
which have acceptable mechanical properties like tensile properties, specific strength, and modulus,
hence increasing its potential use in different applications [47]. The values of the different mechanical
properties of jute fiber reported by researchers are listed below in Table 2. The addition of synthetic
fibers in jute-based composites are found to increase its mechanical properties. These hybrid composites
have shown better results and mechanical properties than that of bio-composites made up of jute
fiber [36]. Hybrid composites are the combination of two or more natural and synthetic fibers with
matrix material [48]. Synthetic fiber helps to balance the shortcomings associated with natural fibers [49]
and helps to increase the mechanical properties and to decrease costs associated with composites [4,26].
Mechanical properties are dependent on many factors, one of the most important factors is the fiber
length of composite [50]. The critical length of fiber is important to have better mechanical properties,
stress transfer, and good fiber/matrix. Fiber length is critical for carrying maximum load. Fiber length
beyond critical length results in poor fiber/matrix adhesion and poor stress transfer which will result
in failure and the pre-mature fracture of fibers [51]. Chollakup et al. [52] studied the effects of long and
short fibers of pineapple leaf on properties of composites. Composites with longer fiber length were
found to be stronger in comparison with short fibers. Longer fibers exhibited homogenous dispersion
while short fibers were heterogeneously dispersed. The tip or end of short fibers behaves as a stress
concentrating site, leading to poor stress and load transfer from matrix to fibers. Controlling fiber
orientation and aggregation are some of the issues associated with short fibers [53]. Mishra et al. [54]
studied a hybrid composite of jute with epoxy and found an increase in flexural, tensile, and impact
strength. The composite was found to have better mechanical interlocking between fiber and matrix.
Abdullah Al et al. [55] studied the mechanical properties of jute fiber with epoxy glass fiber. They found
that the mechanical properties were improved with the addition of glass fiber. An ultraviolet radiation
technique was used to further improve the mechanical properties of the jute/glass fiber composite.
Ahmed and Vijayarangan [56] studied the different mechanical properties of the jute/glass fiber
composite. Significant improvements were observed in mechanical properties with the addition of
glass fiber. Ahmed et al. [57] studied the effects of glass fiber when added to jute fiber to form a hybrid
composite. In this research, it was presented that mechanical properties like tensile, interlaminar shear,
and flexural strength showed notable improvement with the addition of glass fiber. The addition of
just 16.5 wt % of glass fiber improved the shear, tensile, and flexural strength properties by 17.6%,
37%, and 31.23%, respectively. This hybrid composite showed a better resistance to moisture. As jute
fiber is hydrophilic in nature, which is a major hindrance to achieving better mechanical properties.
The low mechanical properties of jute fiber are due to poor fiber–matrix adhesion, fire resistance, and
thermal degradation [58]. Zamri et al. [59] studied the effects of water absorption on the mechanical
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properties of a jute/glass fiber composite. Mechanical properties like flexural and compression strengths
were significantly declined after water absorption. Many surface treatment methods are reported
in literature to improve the mechanical properties of jute fibers. Table 3 depicts the mechanical
properties and surface treatments of jute-based composites. These methods include physical, chemical
and physio-chemical, and mechanical surface modification methods. These methods are found to
be effective in improving the mechanical properties of fibers [2]. Figure 3 shows a comparison of
tensile strength of treated and untreated jute fiber composites. A jute/polylactide [60] composite was
fabricated using 50 wt % jute fiber and treated with 5% aqueous NaOH solution. Alkali treatment
increased roughness which improved fiber/matrix adhesion. A jute/polypropylene [61] composite was
fabricated using 25 wt % jute and was post-treated with urea. Tensile strength increased significantly
after the urea post treatment. Jute/epoxy [62] was fabricated by the hand lay-up technique and treated
with 20% NaOH. A jute/polypropylene composite was fabricated using a hand–lay-up technique.
Jute fibers were treated with 7% NaOH.

 
Figure 3. Showing tensile strength comparison of treated and untreated jute composite.

Table 2. Mechanical properties of jute fiber.

Mechanical Properties of Jute Fiber

Density
(g/cm3)

Diameter
(μm)

Micro-Fibrillar
Angle (◦)

Moisture
Content (%)

Tensile
Strength

(MPa)

Tensile
Modulus

(GPa)

Specific
Strength

(MPa/g·m−3)
(S/ρ)

Specific
Modulus

(GPa/g·m−3)
(E/ρ)

Elongation at
Break (%)

References

1.3–1.5 - - - 200–770 20–55 310–625 2–37 - [33,63–66]
1.3–1.45 - - - 393–780 13–30 - - 1.9 [67,68]
1.3–1.45 20–200 - - 393–773 13–26.5 - - 7–8 [69]

- - - - 320–800 8–78 - - - [36,40]
1.3 - - - 393–773 26.5 - - 1.5–1.8 [70]
- 25–30 - - 400–800 10–30 - - 1.5–1.8 [2]
- 25–30 7–9 - 393–800 13–27 - - 0.7 [71,72]

1.3–1.5 - 8 - 393–800 13–26.5 - - 1.2–1.8 [73]
1.3–1.49 20–200 8 15.5–13.7 320–800 8–78 - 30 1–1.8 [74]

1.23 5–25 - 12 187–773 20–55 140–320 14–39 1.5–3.1 [2,46,75,76]
1.3–1.5 - - 12 393–800 10–55 300–610 7.1–39 1.5–1.8 [33,77,78]
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4. Surface Treatments of Jute Fiber

Many surface-modification techniques are used to improve physical, chemical, and mechanical
properties. Surface modification techniques help in improving adhesion between fiber and matrix,
reducing water absorption, and enhancing fire-resistance properties [84,85]. These modification
techniques are roughly divided into two groups—chemical and physical surface modification techniques.
It is noted that not all techniques are eco- and environmentally-friendly. Hence, before using any
techniques, environmental hazards must be kept in mind. For some applications, these modification
techniques may not be suitable, such as in the food packaging industry. Chemical surface-modification
techniques involve acetylation treatment, silane, alkaline treatment, enzymic treatment, succinic, and
maleic anhydride grafting. Whereas physical modification techniques involve ultraviolet radiations,
gamma irradiation, electron beam irradiation, plasma and corona treatment [86,87]. Most chemical
modification techniques are discussed in fiber modification techniques, while physical modification
techniques will be discussed below. Table 3 shows various surface modification methods.

Physical Modification Methods

Physical modification techniques are widely employed to improve the different properties of jute
fiber in order to compete with synthetic counterparts. Gamma radiation is the process of deposition
of energy in cellulose, which is achieved through a process called Compton scattering. After energy
deposition, macro-cellulosic radicals are produced through the localization of deposited energy.
These cellulosic radicals are responsible for improving different mechanical and physical properties
of jute fiber [88]. Many studies are available on the gamma radiation of jute fiber, which focuses
on the improvement of jute through various gamma doses. Khan et al. [89] studied the effects of
gamma radiation for jute fiber reinforced polypropylene composite on various mechanical properties,
with gamma radiations doses between 250–1000 krad. Results depicted that pretreatment of jute fibers
and polypropylene with 500 krad of gamma radiation improved mechanical properties. Properties like
tensile strength, impact strength, and bending strength improved by 27%, 73%, and 27%, respectively.
Water intake for treated jute fiber composite was 6.97% as compared to 9.85% for untreated jute
fiber composite. Gamma radiations can start scission and breaking of chemical bonds resulting in
smaller polymeric molecules. The structure of matrix polymer is changed with the joining of these
small molecules through cross-linking. Gamma radiations can increase active sites in matrix material.
All these processes induced by radiations contribute in increasing mechanical properties of composite.
Islam et al. [90] used gamma radiation for the surface modification of 50 wt % of treated jute, with
50–1000 krad of gamma radiation. An increase of 45% in tensile modulus and a 5% increase in tensile
strength were observed in this experiment. Gamma treatment improved bond strength by providing
more active site for better fber/matrix adhesion and induced cross-linking in matrix material. The jute
fiber composite showed the best mechanical properties at a dose of 500 krad.

The UV radiation technique is another method for improving the mechanical properties of jute
fibers. UV radiation techniques also help in cross-linking between the polymeric matrix and fiber.
Khan et al. [88] studied the effects of gamma radiations alongside the effects of pre-irradiated fibers
with UV radiations prior to gamma radiations. Gamma radiations improved different mechanical
properties. Of all jute composites used in the experiment, composites with 38% jute content showed
better mechanical properties. Tensile strength was increased by 108%, bending strength by 58%,
bending modulus by 211%, and tensile modulus by 138%, as compared to a pure polymeric film.
Tensile and bending strength increased up to 500 krad due to the formation of free radicals, increasing
the degree of cross-linking. Tensile and bending strength decreased after 500 krad of radiation, mainly
due to degradation of cellulose backbone [91]. Similarly, samples pre-irradiated with ultraviolet
radiation before gamma treatment exhibited even better properties. A 15% increase in bending
strength and a 19% increase in tensile strength were observed from the samples without UV treatment.
There was a 150% increase in tensile strength and a 90% increase in bending strength in comparison
with pure polymeric film. Abdullah-Al-Kafi et al. [55] studied the effects of UV radiation on jute/glass
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fiber composites where the 25 wt % treated jute exhibited better mechanical properties of all the
samples. The UV radiated jute/glass fiber composite had increased tensile modulus by 33%, tensile
strength by 70%, and tensile modulus by 33% compared with untreated composite. The increase
in mechanical properties was attributed to an increase in cross-linking due to a phenomenon called
photo-cross-linking, generating a high number of active sites. After a certain dose of UV radiation,
mechanical properties show decrement in these mechanical properties mainly due to an opposite
phenomenon—photodegradation. In photodegradation, the main cellulose chain starts to degrade
and even polymer may degrade at high doses [91]. Plasma treatment was also found to be effective in
improving the mechanical properties of jute fibers. In plasma treatment, new polar groups, or even
polymer layers are introduced, helping the fiber to form a better adhesion with the matrix through
covalent bonds. Seki et al. [92] studied the effects of oxygen plasma treatment on jute fibers. In this
treatment, jute fibers were treated with radio frequencies and low frequencies through the use of
different reactors. The treatment improved different mechanical properties, such as inter-laminar shear
strength which was improved to 19.8 MPa for low frequency and 26.3 MPa for radio frequency oxygen
plasma treatment compared to untreated jute fiber where the inter-laminar shear strength was around
11.5 MPa. This treatment also improved both flexural and tensile strengths. Radiofrequency oxygen
plasma treatment was found to be much better than low frequency plasma treatment. Oxygen plasma
improves fiber/matrix adhesion and interlocking due to an increase in roughness and by the fact that
plasma treatment removes cellulose and hemicellulose, leaving lignin behind on the fiber surface
which contributes in increasing fiber/matrix adhesion [93]. Electron-beam irradiation is an eco-friendly,
clean and energy saving process to improve the surface properties of fibers, composite, films, and
polymers [94]. Ji et al. [95] studied the effects of electron-beam irradiation on the mechanical and
physical properties of jute fibers; 0–100 kGy (kiloGray) of electron-beam doses were used. In this
study, jute fibers showed better thermal stability at the optimum dose of 10 kGy due to increased
fiber/matrix adhesion.

5. Fiber Modification Techniques

5.1. Improvement in Jute Fiber and Matrix Adhesion

The mechanical properties of any natural composite usually depend upon the dispersion of fiber
in a polymeric matrix. To ensure better mechanical and physical properties, there must be a proper
adhesion between fiber and matrix. A strong adhesion between fiber and matrix will help with strong
interfacial bonding [96]. A lack of proper adhesion between fiber and matrix can lead to a decrease in
mechanical characteristics, such as a decrease in strength [97]. The hydrophilic nature of fiber and the
hydrophobic nature of matrix is also one of the main reasons for poor adhesion. This difference in
nature leads to a poor stress transfer between matrix and fiber, which will further lead to different
problems like the cracking of the composite and a reduction in the different properties of composites [98].
It has been presented in many studies that different techniques can be used to overcome the issues
related to adhesion. The surface-modification techniques of fibers seem to achieve good results
in the improvement of fiber–matrix adhesion. Many chemical and physical surface-modification
techniques have been established so far as part of attempts to overcome this issue [87]. Pukanszky [99]
explained a modal for the quantitative description for the reliance of tensile properties of composites
on parameters such as polymer/filler adhesion and geometry. It was concluded from analysis that
the ultimate tensile properties were influenced by polymer/filler adhesion and interfacial interactions.
Interfacial specific surface area, surface modification, aggregation, filler and matrix properties influence
the strength of composite. The proposed modal also unfolded faults and imperfections in composite
such as voids, aggregation, and dewetting. All the faults and imperfections, which are directly related
to the failure of composite i.e., initiation and propagation, will have impact on the tensile properties
of composite. Smaller filler particles have better matrix/filler adhesion but aggregation leads to the
development of the failure site, while large filler particles have poor matrix/filler which will lead to
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dewetting and cavity formation. Cavities will act as failure initiation sites. Above certain critical value
of filler, matrix discontinuity will increase, leading to the brittle fracture of the composite.

Liu et al. [100] treated jute fibers with an alkali treatment (using NaOH) and Maleic
anhydride-grafted polypropylene (MPP) emulsion. This surface treatment method was effective
in improving the performance of jute fibers in composites by increasing fiber/matrix adhesion.
The method served to modify the jute fiber surface along improving fiber dispersion and increased
the mechanical strength of the jute fibers, while the alkali treatment enhanced the removal of waxes
and fatty constituents. The flexural, tensile, and impact strength of jute fibers were improved due
to these treatments. Both of these methods were promising, showing an improvement of interfacial
bonding due to an increase in adhesion between jute fiber and matrix. MPP is commonly utilized
as a coupling agent to improve fiber–matrix adhesion. Combining alkali treatment and MPP show
even better results in improving fiber–matrix adhesion [101]. Mohanty et al. [86] used dewaxing,
alkali treatment, cyanoethylation, and grafting for the surface modification of jute fibers. Mechanical
properties, such as tensile and impact strength, were also improved due to these surface modifications,
along with the improvement in fiber/matrix adhesion. Mwaikambo et al. [102] treated jute fibers with
an alkali solution of NaOH. This surface technique altered the surface topology and crystallization
of fibers along with enhancing the fiber/matrix adhesion. Alkali treatment made the surface rough,
increasing the interlocking strength between fiber and matrix. In addition, mechanical properties were
also improved due to alkalization and crystallization. Corrales et al. [103] chemically modified jute
fibers by treating them with a derivative of fatty acid—oleoyl chloride. This chemical method helped
in modifying the hydrophilic nature of the fiber by which fibers were left with an olefinic deposit,
which resulted in improved fiber/matrix adhesion. Basak et al. [104] studied the effects of temperature
on silane treatment for jute fiber surface modification. It was concluded that a high-temperature
silane treatment significantly improved the mechanical properties of jute fiber when compared to
a low-temperature treatment. Additionally, silane treatment helped further in improving adhesion
between jute fiber and matrix. Thakur et al. [105] also used silane treatment with the help of a silane
coupling agent. The silane coupling agent was found to be effective in improving the physio-chemical
properties of fibers, as well as being effective for surface modification. Silane treatment increased
flexural, tensile strength and Young’s modulus of fibers up to 30% along with significant improvements
in fiber–matrix adhesion [106]. Battegazzore et al. [107] used an interesting layer-by-layer (LBL)
assembly technique to modify hemp fibers in a composite. LBL technique has been used to increase
fiber/matrix adhesion through nanostructured coatings of interphase materials. LBL promotes better
fiber/matrix adhesion, mass transfer, and ultimately the mechanical properties of the composite.
Chitosan and sepiolite nanorods were used in composites as interphase materials and deposited LBL
via water-based electrolysis. LBL deposition improved the moisture resistance of fibers, made the
surface smooth, and produced nanotexturing. Nanotexturing improved fiber/matrix adhesion in the
composite. A significant increase in elastic modulus and tensile strength was observed. The results of
some surface treatments are also reported in Table 3.

5.2. Moisture Absorption Properties

The hydrophilic nature of natural fibers is one of the major hindrances faced when seeking to
improve the mechanical properties of natural composites. The reason for this moisture absorption
property is the presence of hydroxyl groups [69]. Moisture absorption can result in a reduction of
the mechanical and physical properties, changing the dimensions [37]. In fact, the water adsorption
property remains the chief hindrance in possible uses and beneficial applications. Water is absorbed
by capillary actions and will also incorporate into any micro cracks and void spaces present in
a bio-composite [108]. Water absorption is carried out through two methods—diffusion and percolation
methods [109,110]. Natural fibers need to be altered physically and chemically in order to overcome
this problem of moisture absorption. Different studies are available to help solve the problem of
moisture absorption by giving rise to hydrophobic properties in natural fiber [34]. The durability of
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natural fiber composites has been at stake due to this absorption property, while the physical and
mechanical properties of jute fiber composites have received more focus, meaning that little work has
so far been done to improve the efficiency of jute fibers in hygroscopic environments. Enzyme grafting
is an important technique for increasing the hydrophobic behavior of natural fiber. Grafting usually
involves creation of reactive radicals through lignin oxidation. These reactive radicals act as grafting
sites for oxidized or non-oxidized molecules of the choice [111,112]. Liu et al. [112] studied the effects
of grafting dodecyl gallate on a jute fiber surface through HRP mediated oxidative polymerization
techniques. The main goal of the research was to increase the hydrophobic characteristics of jute
fibers. FTIR, SEM, and TGA confirmed surface modification through grafting, while it was observed
that a hydrophobic group was introduced by a grafting agent. Hydrophobic nature was also tested
through wetting time and contact angle tests. In doing so, the hydrophobic nature of jute fiber was
found to be increased after surface modification. Enzymatic bonding has been studied for grafting
functional molecules to lignocellulosic materials mediated by laccase. Enzymes such as laccase are
emerging mediator catalysts for enzymatic grafting, having an environment friendly nature and
moderate working conditions [113,114]. Dong et al. [114] studied the hydrophobic nature of jute fibers
via laccase-mediated dodecyl gallate enzymatic grafting, together with exploring the feasibility of
this method. Grafting and surface modification was confirmed by FTIR, SEM, XPS, and AFM, while
an increase in the hydrophobic nature of jute fiber was confirmed through wetting time and the contact
angle test. This research confirmed an increase in the hydrophobic nature of jute fibers after enzymatic
graft surface modification, which also proved to be eco-friendly and cost-effective. In addition, surface
modification increases certain mechanical properties of jute composite. Hu et al. [115] studied the
different stages of moisture absorption in jute fiber/PLA composites. It was found that moisture
is absorbed in three stages, including a short and abrupt moisture absorption stage, a slow and
constant moisture absorption stage, and the fastest and most abrupt moisture absorption stage. A long
exposure of fibers to a moisture environment would decrease their mechanical properties along with the
degradation of the composite, although different types of coating can help to reduce water absorption
in fiber. Many defects were found, including micro-cracks, and pore and surface relaxation during
aging. Hong et al. [116] found that maleic anhydride decreased the hygroscopic behavior of jute
fibers through surface modifications and by increasing the compatibility between the jute fiber and the
matrix. Maleic anhydride increased the covalent bonds along with van dar Waals forces, at interfaces
between the jute fiber and the matrix. Some mechanical properties were also improved due to the
surface modification.

5.3. Thermal Degradation and Fire Resistance Properties

Flammability and thermal degradation are some of the properties of natural jute fibers that have
limited the use of fibers in a vast range of applications. Flammability and combustion of any natural
fiber based composite depend on factors such as composite nature, polymeric matrix, natural fibers,
moisture content, thermal properties, density, and structure. Due to flammability, thermal degradation,
and fire issues, natural jute fibers have not found their way into high-temperature applications [85].
It is important to understand the flammability of both fiber and polymeric matrix material. Polymeric
matrix undergoes thermal and thermal oxidative decomposition during combustion. Combustion
results in production of heat, dense smoke, and volatiles. These volatiles include carbon monoxide,
hydrocarbons along with non-combustible and non-flammable gases such as carbon dioxide, hydrogen
halides etc. Each polymer produces different volatiles and these volatiles are dependent on chemical
nature of polymer. Volatiles produce free radicals which are involved in the decomposition and
burning of a polymer. Final products, rate of decomposition, and the decomposition mechanism are
not only dependent on the chemical nature but also on the physical properties of polymers. Physical
properties such as glass-transition, decomposition, and melting temperatures impact the decomposition
mechanism. At these temperatures, the polymer goes through a phase-transition which influences
physical properties such as viscosity, modulus, density, and thermal conductivity. Char formation is

74



Fibers 2019, 7, 77

another important aspect to gauge the fire and thermal decomposition of polymeric matrix. Highly
cross-linked polymers or polymers which undergo cross-linking during decomposition usually form
char during combustion. Char prevents heat from underlying polymer layers, acting like a heat
barrier. Polymers with char formation characteristics have low flammability and high fire resistance.
These polymers are, therefore, more desirable for polymeric matrix materials [117–119]. Natural fibers
have decomposition temperatures less than glass transition temperatures and are called non-thermo
plastics. Natural fibers have poor heat and flame resistance. Thermal degradation of natural fiber
involves desorption of moisture, cellulose chains cross-linking, and the formation of volatiles, char,
tar, and gases. Fibers with high cellulosic content have poor flammability and thermal degradation
properties. Natural fiber is composed of cellulose, hemicellulose, lignin, pectin, waxes, and oil based
materials. These all constituents take part in poor fire resistance and low temperature degradation.
Temperature plays a vital role in the thermal stability of natural fibers as it controls thermal expansion
and contraction and moisture sorption [120]. Low thermal stability increases the chances of cellulose
degradation with the release of volatile compounds directly effecting mechanical and physical properties
of natural fiber based composites [26]. Cellulose usually decomposes between the temperature range
of 260–350 ◦C, hemicellulose decomposes in between 200–260 ◦C, lignin starts decomposing at 160 ◦C
and continues up to 400 ◦C [121]. Natural composite usually degrades completely around 400–500 ◦C
with the release of heat and toxic compounds [122]. Burning can produce combustible gases, toxic
compounds, non-combustible gases, char and smoke [123]. Differences in chemical constituents of
natural fiber can change thermal degradation, fire resistance, and flame properties of natural fiber [124].
Fiber structure and fiber orientation play an important role for the determination of flammability
properties [125]. The presence of ash and silica can increase fire resistance. Cellulose based materials
are easily burnt in the presence of oxygen.

All natural fibers are required to pass certain tests regarding fire resistance and thermal degradation
in order to be used in practical applications. Jute fibers will generate thick black smoke upon catching
fire, which can have deadly consequences. To ensure smooth operation and safety, a natural jute fiber
composite is needed to pass the safety test [126]. It is therefore important to understand the underlying
chemistry of jute fiber in order to overcome this issue. The poor fire-resistance properties of jute fibers
has kept them away from numerous applications, such as those vital for aerospace and transportation
sectors. A very small number of studies have been carried out so far to improve the fire resistance of
jute and natural fibers [119]. On the other hand, due to extensive research on synthetic composites,
many methods have been formulated to overcome poor fire resistance. Temperature plays an important
role in the thermal stability of jute fibers. A higher temperature can lead to the degradation of jute fiber
and composite with decreased mechanical and physical properties [6]. Sinha et al. [127] modified the
surface of jute fiber using 5% of NaOH, with jute fibers being treated at room temperature. From DSC
analysis, it was clear that the thermal stability of jute fibers decreased after treatment. The reason for
the decrease in thermal stability could be down to the close packing of cellulose with resin. A long
exposure time in an alkali treatment would lead to the removal of hemicellulose which will, in turn,
decrease the thermal stability of jute fiber.

Nam et al. [128] modified fibers and performed silane and alkali surface treatments to increase
fiber–matrix adhesion, looking to achieve a better thermal stability of jute fiber composites. Surface
treatments were found to decrease weight loss during TGA analysis while increasing the thermal
stability of fiber. Combustion phenomena take place when natural fibers come into contact with fire
or even heat. The combustion of natural fibers depends on many factors, like the amount of oxygen,
the flow of gases within the combustion area, and the heat generated during combustion [85].

Various techniques are employed to increase fire resistance in jute fibers. These techniques include
the introduction of fire-resistant methods during processing [129], including coating with fire-resistance
materials, the introduction of non-flammable resins, different types of polymers, a range of binders,
the insulation of composite, and the introduction of nanoparticles [130]. The particle size of fire-resistant
material is also important for fire-resistance properties. Some studies have even tried to use organic
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fire-retardant materials but, due to toxicity issues, they are not preferred. Some inorganic and polymeric
materials are helpful for increasing the fire resistance of natural and jute fibers [131]. Fatima and
Mohanty [132] studied effects of natural rubber and fire-retardant on jute composites. Jute composites
with 5% natural rubber and 1% sodium phosphate as a fire-retardant exhibited least smoke density
and ability to self-extinguish. Apart from jute based composites, Battegazzore et al. [133] reported
interesting results for a phosphorus-based fire-retardant—ammonium dihydrogen phosphate (ADP).
ADP has been reported numerous times in different research studies as a fire-retardant. Fire properties
were studied for rice husk particles and hemp fiber boards. ADP protected material from heat flux by
forming a carbonaceous layer preventing underlying material from oxygen, heat, and mass transfer.
High content ADP samples showed the best fire-resistant properties. Matko et al. [134] studied the
flame retardancy for different starch, polyurethane, and polypropylene based bio-composites. Starch
based composites, with the addition of diammonium phosphate as a fire-retardant, had increased fire
resistance and were more efficient than other polymers. It was concluded that increased fire resistance
was attributed due to the presence of the polyol characteristic of matrix polymer and the introduction
of a flame retardant. Similarly, the addition of aluminum trihydrate as a fire-retardant can delay
ignition time and reduce peak heat release values [135].

Figure 4 illustrates the different phases of fire in natural fiber.

Figure 4. Different phases of fire in natural fiber. Redrawn with permission from Schartel, Hull [136]
and Väisänen [3].

6. Processing Methods for Jute-Based Composites

Currently, bio-composites are being manufactured through conventional techniques used for
production of synthetic composites. These techniques involve molding, resin transfer, compression
molding, extrusion, injection, hand lay-on, spray lay-on, filament winding, and the pultrusion
method [137]. These techniques have been formulated through years of industrial and research
experience. Researchers have added different modifications to these techniques and even new
techniques have developed but there is still capacity for much improvement to produce cost-effective
and defect-free bio-composites. Bio-composites with little changes in process can be fabricated
through these processes [138]. The processing route must be carefully selected to ensure proper
dispersion, orientation, and aspect ratio of the fibers in the composite for desired applications [139].
The manufacturing route selection procedure also includes the consideration of the final design of
the composite, size and shape, properties of raw materials, process speed and the overall cost [29].
A high aspect ratio along with uniform dispersion give rise to exceptional mechanical properties.
Factors effecting manufacturing processes are moisture, fiber type, fiber contents, and fiber orientation.
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These factors also influence the final properties of composites [29]. Moisture can significantly affect
processing parameters and final properties. The adequate drying of fibers is necessary before
proceeding for processing. Evaporation of water moisture during processes due to high temperature
can cause bubbles in final products and increase porosity of bio-composites which can deteriorate
mechanical properties [140]. Different fiber modification techniques can also be used to reduce moisture
content [138]. Fiber type and its contents are very important for efficient and proper processing.
In addition, fiber length, aspect ratio. and compounds like silicates present in fibers have great influence
on processing [141]. Temperature is the most important factor that needs to be considered in the
processing of bio-composites. Natural fibers usually have a small operating window for processing.
Higher temperatures can lead to the degradation of fibers [12]. For the commercial production of
bio-composites apart from an abundance of natural fibers, high efficiency and easy processability of
these processing techniques are required [142]. Natural bio-composites need to have good structural
and functional constancy during storage, in service, and during their final environmental degradation
in order to compete with synthetic composites [2]. The main advantages of natural fiber processing are
that these natural fibers cause minimal damage to tools used in process. Natural fibers are less abrasive
than synthetic fibers and ultimately will cause less wear to tools and machines used in processing [143].
There are a few factors which must be kept in mind during processing. Stresses induced during
processing can cause premature solidification of the melt. The final shape can undergo up to 8%
shrinkage upon solidification [144]. Agglomeration is another problem encountered during processing.
This problem is caused due to excess fiber use. Similar fibers cling to each other and this agglomeration
can cause serious effects on the final mechanical properties of the composite [12]. High viscosity
of melt effects process speediness and the uniformity of final products. The uniformity of the final
product is also affected by the length of fibers [145]. Problems associated with processing techniques
can be overcome through the addition of many additives but these additives will increase process
cost. While additives may solve some problems, they can also create new problems in processing.
A number of methods can be found for manufacturing jute fiber-based bio-composites, with key final
properties helping to select the best possible option. One of the driving factors during processing
is a homogenous distribution of fibers in the matrix. A homogenous distribution of fibers ensures
better mechanical properties, while conditions like processing temperature are mainly dependent on
a polymeric matrix [146]. Additionally, many methods have been developed for the manufacturing
of bio-composites.

6.1. Hand Lay-Up Technique

The Hand Lay-Up Technique is a widely used method for the manufacturing of different
bio-composites. In this method, the fibers are placed in the mold and resin is applied on fibers with
the help of rollers. For curing, a vacuum technique is usually used afterward. Some of the main
advantages of this process are its simplicity, low-processing cost, and the ability to manufacture
complex designs; while the process is also known for having a long processing time and being labor
intensive, which are the few disadvantages associated with the process [147,148]. During the fabrication
of jute fiber composites, this process requires up to 400% more resin than fibers which is essentially not
feasible for economic purposes. Along with excessive resin consumption, the process may require
a pre-treatment of fibers, adding more cost to the process. Abdullah-Al-Kafi et al. [55] manufactured
a jute and glass fiber composite by employing a hand lay-up technique, from which the composite
with 25% of jute fibers showed better mechanical properties. Jute and glass fiber proportions were 1:3.
Chaudhary et al. [21] fabricated a jute/hemp/flax epoxy reinforced hybrid composite using the hand
lay-up technique. 8% jute, 9% hemp, and 8% flax fibers by weight were used for the fabrication of the
hybrid composite.
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6.2. Resin Transfer Molding

The process is considered to be better than hand lay-up techniques in terms of the quality of
composites produced. Resin transfer molding is cost effective method with high production rate.
First of all, the injection of resin material is carried out in the closed cavity mold after placement of
fibers. Low vacuum pressure is applied for curing, which will be completed in 30–60 min due to
vacuum. The fibers are placed in the mold prior to injection of resin. Then, after injection, fibers
will impregnate in resin. Process parameters, such as injection pressure, vacuum pressure, fibers
percentage, and temperature, affect the final mechanical and physical properties of the composite.
This method is known for a high manufacturing rate and is ideal for the manufacturing of complex
shapes. Mostly low-viscosity resins are used in this process [6,149]. Edge flow is observed in composite
due to distance between fiber perform and mould cavity. Edge flow can easily disrupt the smoothness
and uniformity of the flow pattern, leading to poor wetting of fibers. Edge flow can lead to defects
during mould cavity filling which will lead to dry spot and spillage. The velocity of resin can vary
from point to point due to non-uniformity and rough structure of fibers. This will cause voids to form
which have adverse effects on the mechanical properties of the composite [150].

6.3. Pultrusion

Pultrusion is the best method for manufacturing composites with a thin cross-section; being
a continuous manufacturing method, it is used to manufacture mats, ropes, yarn, etc. During the
manufacturing of jute-based polymers and composites, jute fibers are impregnated in a resin material
and then the material is passed through a hot die. In this process, it is very hard to keep fiber orientation
constant. The process is known for the manufacturing of thin cross-sectional shapes and complex
geometries with an allowance of high automation. Jute-based products that are manufactured via this
process contain up to 70% of jute fibers. As a comparison, jute composites fabricated through this process
have better mechanical properties, better electric insulation, and better corrosion resistance [6,151].
Akil et al. [152] studied a jute/glass fiber polyester hybrid composite. The hybrid composite was
fabricated through pultrusion. The pulling speed and the die temperature were 180 mm/min and 85 ◦C,
respectively, for pultrusion. The jute to glass fiber ratio was 50:50 by volume and fibers to matrix ratio
was 70:30.

6.4. Extrusion

Extrusion is the most popular technique used by the plastics industry, being a technique that
is known to offer a uniform mixing of all components. This method is useful for manufacturing
composites where the orientation of fibers is not important, as the fibers are randomly distributed.
In this process, single or twin screws are used which can rotate in clockwise and anti-clockwise
directions. A single-screw extruder has low mixing effects and is used in applications where less mixing
of fiber and matrix material is required. A twin-screw extruder is known for a great mixing effect and
high-thrust forces, working to distribute fibers uniformly throughout the composite. With extrusion,
ballets are usually fed into a heated chamber with feed screws to process molten mixture and, during
the extrusion process of jute composite, up to 40% of jute fibers are mixed in a polymeric matrix.
After this process, the final product can be subjected to post-processing techniques for higher quality.
Figure 5 shows different fabrication methods [5,6,18].
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Figure 5. Different fabrication methods (a) Hand layup (b) Resin transfer molding (c) Pultrusion
(d) Extrusion.

7. Hybrid Jute Bio-Composite

Natural fiber composites encounter various problems related to mechanical and physical properties.
To overcome the shortcomings of natural fibers, synthetic fibers are introduced in composite matrix
to make it a hybrid composite. Hybrid composites are simply the combination of two or more
fibers in which one fiber compensates for the shortcomings of the other fiber. Usually, both natural
and synthetic fibers are used to make hybrid composites. Hybrid bio-composites can also be
termed as partial bio-degradable composites. Hybrid bio-composites may include non-degradable
polymers with a combination of synthetic and natural fibers as fillers. Normally hybrid composites
are manufactured through conventional fabrication techniques such as compression molding [2].
Hybridization of composites is generally classified into two types—intralaminate and interlaminate.
In intralaminate hybridization, natural and synthetic fibers are intertwined together in one single
layer while interlaminate is the deposition of different distinguishable fiber layers [153]. A fine
balance between cost and performance is achievable through felicitous designing of hybrid composites.
The physical and mechanical properties of hybrid composites are dependent on fiber content, length
and orientation of each fiber, fiber/matrix bonding, and the failure strain of fibers. While designing
and fabricating hybrid composites, the selection of suitable fibers and their properties are of utmost
importance. The usefulness of a hybrid composite is determined by the physical, chemical, mechanical
properties, and compatibility of fiber/matrix materials [4]. The addition of glass fibers helps in improving
the shortcomings associated with natural fibers. Properties like elongation at break, impact strength,
tensile strength, and Young’s modulus in bio-composites can be enhanced with the hybridization of
synthetic fibers. Hybridization reduces the water absorption property of bio-composites. Hybrid
composites have certain advantages including high impact resistance, high toughness, and high specific
strength. Composite hybridization is classified into two groups—hybrid composites with natural fibers
and hybrid composites with synthetic fibers.

7.1. Hybridization with Natural Fibers

Composites with a combination of two or more natural fibers in a polymer matrix is known as
a hybridization with natural fibers. Some of the advantages associated with natural fibers are low cost
manufacturing, renewable nature, eco-friendliness, light weight, and optimum mechanical properties.
Due to all these advantages, hybrid natural fiber composites are currently being used in number of
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applications such as in the automobile and aerospace industries. In general, hybrid composites have
low strength to weight ratios and are easy to fabricate and manufacture [154].

Boopalan et al. [155] studied the thermal, mechanical, and water absorption properties of jute
and banana fiber epoxy hybrid composites. Flexural, tensile and impact strength were at maximum
for the 50/50 weight ratio of jute and banana fibers in an epoxy hybrid composite. Similarly, for the
same ratio of both fibers, the hybrid composite had more enhanced thermal properties and a reduction
in water absorption. Akil et al. [152] studied water uptake in a jute/glass fiber polyester hybrid
composite. The addition of glass fibers increased the resistance of the composite towards water
absorption. Water absorption was found to be dependent on fiber content and stacking sequence.
When the hybrid composites were subjected to moisture, a significant reduction in flexural and tensile
properties was observed due to water absorption. Fiore et al. [156] studied the effect of stacking
sequence and sodium bi-carbonate treatment on the mechanical properties of a hybrid jute/flax epoxy
composite. Sodium bi-carbonate treatment significantly improved the quasi-static properties of the
hybrid composite. Sodium bi-carbonate treatment helped in improving the mechanical properties
in the flax based composite, while the jute-based composite showed a slight decrease in mechanical
properties. Optimum mechanical properties can be achieved through hybridization.

Jawaid et al. [157] studied chemical resistance, void content, and tensile properties for a tri-layer
epoxy reinforced jute/oil palm fiber hybrid composite. Chemical resistance tests were performed
using different chemicals. The hybrid composite had slightly elevated chemical resistance than the
pure composite. When oil palm fiber was used as skin layer in tri-layer composite, it had a greater
void content of 8.6% due to fiber/matrix compatibility issues. The jute/oil palm fiber/jute tri-layer
composite had greater tensile strength as compared to when the jute fiber layer was sandwiched
between oil palm fiber layers. This is due to the fact that jute fibers are more compatible with epoxy
resin. In another research study, Jawaid et al. [158] studied the mechanical properties of a jute/oil
palm fiber hybrid composite. The hybrid composite had increased flexural strength and modulus
compared to the pure palm fiber composite. Impact strength was lower for the hybrid composite than
the pure palm fiber composite. Shanmugam and Thiruchitrambalam [159] showed that alkali treated
hybrid jute and palmyra palm leaf fibers had increased properties comparable with synthetic fiber
hybridization such as glass fibers. Akali treated jute/palm leaf fibers based hybrid composites had
increased tensile and flexural properties. Fiore et al. [160] studied the aging resistance of jute–basalt
bio-epoxy hybrid composites. Sandwiched hybrid laminates exhibited high aging resistance due to
basalt layers protecting jute fibers from degradation.

7.2. Hybridization with Synthetic Fibers

Synthetic fiber hybrid composites have better mechanical properties than natural fiber composites.
Synthetic fibers have better fiber/matrix adhesion which increase the overall mechanical properties
of the composite. But high cost associated with synthetic fiber manufacturing has limited the use of
these hybrid composites in various applications. Some of issues related to synthetic fibers hybrid
composites are environmental issues, recyclability, biodegradability, and reusability [161,162]. Research
is being carried out in the field of synthetic fiber hybrid composites to overcome all the shortcomings.
Researchers are looking into improving properties of natural fiber composites with the inclusion
of synthetic fibers. The hybridization of natural fibers with glass fibers significantly improves the
mechanical properties of the composite [154,163].

Ahmed et al. [164] studied different mechanical properties for a jute/glass fiber reinforced polyester
hybrid composite. Young’s modulus increased with the increase in glass fiber content while the Poisson
ratio decreased. This was due to more transverse strain and lower longitudinal strain in the jute
fiber composite in comparison with the jute/glass fiber composite. Aquino et al. [165] studied the
effects of moisture on different mechanical properties of a jute/glass fiber hybrid composite. Moisture
content decreased mechanical properties such as tensile strength and Young’s modulus. Moisture
disrupts fiber/matrix adhesion with decrease in mechanical properties. Selver et al. [166] studied the
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effect of stacking arrangement on different mechanical properties of a jute/flax/glass fiber thermoset
composite. The addition of natural fibers reduced overall density for both jute/glass and flax/glass
fiber composites. Higher flexural strength was obtained when glass fibers were used as outer layers,
sandwiching natural fiber layer.

8. Limitations of Jute Fiber

Despite a lot of research being carried out to make use of jute fibers in many practical applications,
many limitations still need to be addressed to get the full benefit from them. Some shortcomings of jute
fibers include the hydrophilic nature of the fiber, poor fiber–matrix adhesion, the poor dispersion of jute
fiber in a matrix, low physical and mechanical properties, flammable properties, limitations in thermal
properties, a short temperature window for processing, and a lack of processing techniques [84,85,167].
These are some of the limitations keeping jute fibers from many applications, especially in load-bearing
examples. Different scientists and researchers have developed fiber-modification techniques to
overcome these issues. Jute fiber is hydrophilic in nature and vulnerable to absorbing water from the
external environment. Hydroxyl and the presence of polar groups in jute fiber are responsible for the
absorption of excess moisture. The moisture absorption in jute fiber can cause it to swell, which can
further lead to the cracking of bio-composites. This moisture is also believed to cause compatibility
issues with fiber and matrix. Poor fiber–matrix adhesion, a decrease in interfacial bonding, and
a decrease in mechanical properties are some of the consequences of moisture absorption [97,167].
The hydrophobic nature of matrix material and the hydrophilic nature of fibers cause poor fiber–matrix
adhesion in bio-composites. Different chemical methods are currently being used to overcome issues
related to the hydrophilic nature of the fibers. Jute fiber composite usually has low mechanical
properties when compared with synthetic fibers such as carbon and glass fibers. Much focus is
being given on improving these mechanical properties to increase the implementation of jute fiber
composites and polymers [168]. Different modification treatments can be applied to achieve such
a goal. Researchers have found these treatments to be useful in improving different mechanical and
physical properties [169]. Jute fibers are a natural fiber, containing pectin, lignin, oils, and different
waxes. These constituents are all highly combustible and flammable in favorable conditions, making
jute fiber poorly resistant to fire. The flammability issue is one of the major hindrances affecting the
implementation of these fibers in practical use. However, the addition of flame retardants seems to be
improving the flammability properties of these fibers, but much research is still required if this problem
is to be overcome effectively. A high concentration of cellulose in jute fiber makes it more susceptible to
fire [124]. Thermal degradation is another problem associated with these jute fibers, which can easily
be degraded around a temperature of 450 ◦C, which limits jute fiber for low-temperature applications.
This degradation will lead to drastic changes in the mechanical and physical properties of fibers [41].
Amount of jute fiber constituents such as cellulose, pectin, oil, and waxes can vary from plant to plant
and are due to different external environmental factors. These amounts effect both thermal and fire
properties, while fiber direction and structure also play an effective role in changing these properties.
The high-cellulose composition makes fibers less fire-resistant, while low lignin concentration gives
better fire resistance [125]. A lack of processing techniques for jute-based bio-composites is another
issue. Currently, with little modifications, conventional techniques used for the production of synthetic
composites and polymers are favored. However, new processing techniques are being developed to
ensure the smooth processing of jute-based bio-composites.

9. Applications

Jute fiber has a vast range of applications and become one of the most important fibers in the
bio-composite industry. Jute fiber somehow has better mechanical and physical properties than other
natural fibers. Countries like Sri Lanka, Bangladesh, Malaysia, and Indonesia offer a high supply of
jute fiber plants, making it abundant in nature. Currently, the textile industry is the main user of jute
fiber, which is used to make clothes, ropes, bedsheets, sacks, bags, shoelaces, etc. Significantly, jute fiber
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has also made its way to the automobile sector, where it is used to make cup holders, different parts
of the dashboard, and door panels. In the USA, many big companies have been using natural fibers
like jute, hemp, and flex for making different exterior and interior parts for vehicles [170]. Jute fibers
can help different car manufacturing companies to reduce weight and to improve mileage. Many big
companies like BMW and Mercedes are taking the initiative and investing in research and development
to make the best use of natural fibers in their cars. Furthermore, jute fibers have found applications
in packaging industries and are replacing synthetic fibers, as well as being used in cosmetics, in the
medical sector, and even in paints industries for various diversified applications.

Many developed countries are themselves taking radical steps to incorporate natural fibers into
different industries, aiming for a clean environment. Jute fibers are readily used in construction
for the manufacturing of windows, doors, floor matting, partitions between rooms, and for ceilings.
They are even being used to make chairs, tables, and different kitchen products. European countries
are more concerned with environmental changes and governments are desperately trying to introduce
natural fibers like jute fiber into practical applications. For this purpose, many government and
private organizations have joined hands for the commercialization of these fibers. Governments
are giving different incentives to industries for the use of natural fibers in the manufacturing of
products [171]. In addition, jute fiber is employed in agriculture and consumer goods industries for
various applications. The use of various natural fibers, including jute fiber, will continue to increase in
the coming few years, offering lots of potential to be used in a number of applications. In addition,
jute fibers are renewable and eco-friendly in nature [172]. Although jute fiber is considered as one of
the most popular fibers, a lot of effort is still required to make the best use of it in different applications.
Some of the main reasons for the slow commercialization of jute fiber include a lack of processing
methods, low mechanical and physical properties in comparison with synthetic fibers, and the high
costs associated with jute fiber composites [6,24]. Research studies are being carried out to make
jute fiber a better fit for its potential applications. Due to a huge number of potential applications,
many industries are taking a fresh interest in jute fibers. Asia has become a hub for the production
of jute fiber and many new markets are emerging throughout the region. It is anticipated that the
demand for jute fiber will increase significantly in the near future due to vast applications. Consumers
are accepting jute fiber composites due to its excellent properties and preferring its products due to
minimal environmental effects. Figure 6 shows the different applications of jute-based composites.

 

..... 

Figure 6. Applications of jute-based composites.
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10. Conclusions

The enormous potential of jute-based composites to provide environmentally-friendly materials
is the key driving force behind their fast development. The concept of bio-composites is not new,
rather the term “green composites” has been tossed around by a number of studies before. Initially,
high fabrication costs and a lack of synthesis methods have restricted the growth of bio-composites,
but environmental concerns have raised their importance. Jute-based composites have attracted the
attention of many researchers, together with research and development funds, due to their better
physical and mechanical properties among all natural fibers.

This review depicts the different problems linked with an excessive use of synthetic composites.
These problems include pollution, disposal problems, inertness, and the high-carbon emissions
associated with their use. It is concluded that the matter of discontinuing and discouraging the
manufacturing of synthetic composites is of absolute importance for protecting the environment
from their hazards. In this work, we have presented a critical analysis and some key findings
concerning recent jute-based bio and hybrid composites. These key findings include discussion
of different fabrication techniques for jute-based composites, such as hand lay-up, resin transfer
molding, pultrusion and extrusion, and detailed discussion regarding the physical, mechanical, and
electrical issues, as well as flammability and moisture absorption properties. The structure of jute
fibers has been discussed, describing all the constituents and the part they play in its properties. It was
determined that micro-fibrils and lumen play vital roles in both the mechanical properties and low
density. Different bonding structures were also discussed, explaining their roles in better mechanical
properties. A few of the significant limitations of jute-based composites include poor fiber–matrix
adhesion and the hydrophilic nature of the fiber. These limitations can be overcome through different
physical–chemical and chemical-modification techniques. These modification techniques help in
improving poor fiber–matrix adhesion, the hydrophilic nature, and the poor thermal properties of jute
fibers. Different surface-modification techniques, such as alkali and radiation techniques, were also
found to be useful in increasing the mechanical properties and minimizing the limitations of jute-based
composites. Another way to overcome these limitations is the inclusion of synthetic fibers to make
hybrid jute-based composites. Hybrid jute-based composites have better mechanical and physical
properties. Hybrid jute-based composites have improved fiber/matrix adhesion, better resistance for
moisture, and enhanced thermal properties.

This study also outlines the various applications of jute-based composites, such as textiles,
construction, packaging, medical, cosmetic, and furniture industries. Due to the growing demand
for jute-based composites, the applications are likely to include new fields and it is expected that
their usage will be increased significantly, followed by their detailed research and development for
industrial-scale processes.
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