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Abstract: The composite group investigates endlessly the features of natural fiber/thermoplastic ma-
trix composite materials to improve recyclability, use of renewable sources, and reduce material costs.
In this context, the development and use of biodegradable polymers for composites is considered
one of the important strategies for reducing environmental challenges. Here, axially oriented fibers
incorporated in conforming matrices make up fiber-reinforced composites. Due to the high viscosity
of molten Poly(ε-caprolactone) (PCL), impregnating into reinforced fiber strands is challenging. So,
continuous hybrid flax and hemp fibers were produced using a braiding technique by considering
the fiber aspect ratio (AR). The resulting braided yarns were parallel aligned with PCL filaments
before being compression molded into unidirectional composite laminates. The flax and PCL blend
had better mechanical properties than the other produced composites. Temperatures for the glass
transition, melting, and crystallization, were much greater than for neat PCL. However, mechanical
properties were barely altered due to the ductile nature of PCL.

Keywords: bio composites; hemp fiber; flax fiber; polycaprolactone; braiding; compression molding

1. Introduction

Over the past years, fiber-reinforced composites (FRC) have emerged as preferable
substitutes to a variety of conventional materials due to their improved structural and
mechanical qualities. Creating materials with high strength and increased elastic modulus
is the main goal of fiber-reinforced composites. However, natural fiber composites have
several distinctive technological characteristics that set them apart from glass and carbon
fiber composites. Epoxy, vinyl ester, and polyester, are common conventional polymer
matrices for a variety of structural applications because they have superior mechanical
characteristics to biodegradable polymers. These polymers, however, cannot be recycled
and cannot degrade naturally, and as a result, they have a negative impact on the environ-
ment [1]. A recent study has aided in the development of hybrid composites that combine
natural and synthetic fibers. Fiber hybridization is a potential method, which combines
two or more forms of fiber in a matrix of composite material to reduce the shortcomings of
one type of fiber while retaining the advantages of another [2]. Hybrid polymer composites
are being utilized often due to their exceptional qualities. Abdelkader et al. [3] proposed
a novel technology for producing dental posts that are compatible with this purpose by
braiding glass fibers and thermoplastic fibers. Posts are created with the use of a braiding
machine, and braids are then put into an aluminum mold.

One of the more commonly utilized hydrophobic polymers in everyday life is PCL,
which is employed in applications such as packaging and electronics [4]. In terms of specific
stiffness, flax and hemp composites outperform glass fiber composites in both tension and
bending, and they only slightly lag behind carbon fiber composites in bending. Further-
more, flax and hemp fibers have a far better vibration dampening capacity, which makes
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them ideal for use in athletic goods or musical instruments [5]. Numerous variables affect
the characteristics of fiber-reinforced composites, such as the matrices and reinforcement
employed, the fiber volume fraction, the fiber aspect ratio, the fiber diameters, and the inter-
facial bonding between the reinforcement and the matrix [6]. Melenka et al. [7] had given
an overview about the different types of manufacturing processes for braided composite
materials and also variables, kinematics required for manufacturing. The competence of
each production process in relation to the desired product must be carefully considered
when choosing braiding as a process. Tensile strength and Young’s modulus drop with
maximizing braid angle, while 45◦ is ideal for braided tubes and filament-wound tubes
under torsion.

S. Kobayashi et al. [8] fabricated continuous hemp fiber reinforced PLA composites
using a micro-braiding process followed by hot press molding. Hemp fiber and matrix
were thermally disintegrated at molding temperatures of more than 210 ◦C. Due to im-
proved impregnation and the contraction of the fiber’s lumen, porosity lowers as molding
temperature rises. Porosity is caused by a lack of interfacial contact, which stimulates
moisture absorption. Porosity in natural fiber composites is challenging to prevent and
affects the quality of the composite, but little research has been done on how to regulate
it. Y. Chai et al. [9] presented key information about the layout of braid architecture for
torsional loaded components. Malinowski, R et al. [10] processed hemp fibers reinforced
PCL composites using a twin screw extrusion process, which is modified by electron beam
irradiation. It was encountered that modified PCL with hemp fibers and electron radiation
had increased flexural modulus but lowered impact strength and elongation at break. It was
found that the tensile behavior and crystallinity of the neat PCL matrix were significantly
improved by the addition of ramie and Borassus fibers [11]. Alkali treatment enhanced the
interfacial adhesion in PLA/hemp fibers, which is required to minimize interfacial seeping
of the water molecules. As a result, chemical treatments can lessen the composites’ mois-
ture absorption [12]. The effect of alkali treatment has improved the tensile and hardness
properties of uniaxially-oriented intimately mixed kapok/glass fabric-reinforced polyester
hybrid composites [13].

Various modification techniques have assisted in enhancing the mechanical and ther-
mal properties of bio composites. Unidirectional hemp fibers clearly boost the reinforced
matrix’s mechanical characteristics in terms of tensile strength and hardness. However,
these composites continued to have serious problems with poor fiber-to-matrix adhesion
and unequal fiber dispersion throughout the matrix [14,15]. The applied load passing from
the matrix to the fibers, the interfacial connection between the fiber and matrix, their rela-
tive alignment, and the nature of the fiber scheming the overall material characteristics all
have an impact on the strength elevation. However, depending on the final uses, the fiber
alignment may be random or continuous. The application’s requirements also influence
the selection of the fiber reinforcement and its fitting matrix [16].

In this perspective, the development and usage of biodegradable polymers for compos-
ites is seen as one of the critical techniques for mitigating the environmental risks associated
with the use of petroleum-based and non-biodegradable polymers. Braiding techniques
were used in the current work to braid hemp and flax fibers, and composite synthesis was
accomplished through the melting process. The peculiar technique outlined in this research
makes use of parallelly aligned thermoplastic filaments to take advantage of their various
benefits, including low melting points and the simplicity of manufacture.

2. Materials and Methods
2.1. Materials

Poly(ε-caprolactone) (PCL) is a semi-crystalline, biodegradable, non-cytotoxic polyester
with a molecular weight of 80 kg/mol, and was utilized as a matrix for impregnation. It has
a relatively low melting point of 65 ◦C with a filament diameter of 1.75 mm and arelative
density of 1.145 g/cm3, which was ordered from eSUN Filaments, The Netherlands. Two
types of fibers were used in this process: hemp and flax fibers. These fibers were kindly
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supplied by Etsy GmbH, Germany. According to the supplier, hemp fibers had a linear
density of 142 Tex, the relative density of 1.47 g/cm3 and unbleached with 100% cellulose,
while flax fibers had a linear density of 137 Tex, the relative density of 1.54 g/cm3 and
unbleached with 100% linen. Hemp and flax fiber had average mean diameters of 125 µm
and 175 µm, respectively. A 2 wt% solution of NaOH was provided by Carl Roth GmbH,
Karlsruhe, Germany.

2.2. Methods
2.2.1. Alkali Treatment

The alkali treatment promotes the mechanical properties of the fiber, which contributes
to the enhancement of the composites’ physical characteristics. Eliminating hemicelluloses
from the fiber may help the fibrils align themselves with the direction of tensile pressures,
improving load distribution. Due to the elimination of noncellulosic components that
cover the cellulose hydroxyl groups, alkali treatment improves the efficiency of accessible
hydroxyl groups. The surface of the fiber is also cleaned of contaminants, revealing a clean,
rough surface with numerous pits that will significantly enhance the surface area of the
fiber. Increased surface roughness would allow for improved mechanical interaction with
PCL in addition to increasing the number of hydroxyl groups for hydrogen bonding. To get
rid of the soluble oily elements, the needed amount of hemp and flax fibers were treated
with a 2 wt% solution of NaOH for 30 min. The surplus NaOH was then completely rinsed
out of the fibers with water. The fibers were then allowed to dry at room temperature for
24 h before being reinforced.

2.2.2. Braiding

Braiding of alkali-treated hemp and flax fibers was performed on a braiding machine
(Model Murata 97sx339060) from Murata Machinery Ltd., Kyoto, Japan. Figure 1 shows
the arrangement of alkalized fiber spools on the braiding machine. When the carriers
are rotated, fiber spools start braiding. The braided fiber was being pulled by hand
manually and wound on another spool. When comparing the two different hybrid yarn
manufacturing processes, braided yarn was found to perform better than co-wrapped yarn
with an identical flax/PP mass ratio [17]. Fibrous-shaped braided yarns were created using
four fiber spools. The fiber orientation angle, the set of fiber spools used to create the
braided yarn, and the number of fiber yarns, all influence the braided yarn’s dimensions.
By considering these parameters, yarns with a braid angle of 45◦ and angular velocity(ω) of
50 rad/s are produced. Braided flax fibers are shown in Figure 2a using optical microscopy,
whereas diamond braid (1/1) fibers are depicted in Figure 2b. Here, three different types of
braided yarns are produced, as shown in Table 1.
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Table 1. Different types of braided yarns.

Types of Braided Yarns No. of Hemp Fibers No. of Flax Fibers

1. 4 0
2. 0 4
3. 2 2

2.2.3. Compression Molding

The compression molding of the samples was conducted on a hot press machine
(Model Collin P 200 P) from Dr. Collin GmbH, Germany. The laminates were prepared by
placing braided yarns and PCL filaments inside the mold. The molding temperature was
maintained at 65 ◦C and pressure at about 3 MPa. The holding time to obtain laminates
was kept up to 15 min. An air-cooling system is being employed for cooling the laminates.
Later, obtained laminates were cut into desired sample dimensions for testing.

2.3. Sample Preparation

A braiding approach was utilized to provide the variable material design on contin-
uous fiber reinforced thermoplastic composites in terms of enhancing the impregnation
of thermoplastic resin into fiber yarns. As the reinforcing fibers and matrix filaments are
aligned, high matrix impregnation and fiber dispersion can be expected. Additionally, this
approach enables simultaneous shape formation and impregnation for diverse thermo-
plastic matrices [18]. Alkali-treated hemp and flax fiber braided yarns were wound on
different spools. These yarns were cut and placed axially in an aluminum mold. A gap
of 10–15 mm existed between each braided yarn. Thus, five braided yarns were retained
inside the mold. The aspect ratio has a significant impact on the mechanical and thermal
properties of composite materials [19]. The fiber aspect ratio (l/d) is the ratio of mean
fiber length to diameter in mm. Different ARs were used for the production of tensile and
Charpy samples. The diameters of hemp, flax, and combined hemp and flax fibers at 0.6,
0.8, and, 0.7 mm, respectively. Figure 3 shows a flowchart summarizing the steps involved
in manufacturing hybrid bio-composites. The viscosity of thermoplastic polymers varies
significantly with changes in temperature, density, and shear rate The relative density of
the PCL filaments is 1.145 g/cm3, which is quite high. Melt flow rate also majorly effects
the viscosity of the matrix during fabrication process. Usually, the melt flow index (MFI) of
PCL is in range of 6 ± 0.4 g/10 min at 100 ◦C.
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So, the required number of PCL filaments were cut, parallel to the braided yarns,
and inserted between each yarn inside the mold, since it is challenging to saturate the
thermoplastic matrix into lengthy fiber yarns.

Braided yarns along with filaments were compression molded to obtain laminates
using a hot press machine at 65 ◦C and 3 MPa pressure for 15 min. To complete the
solidification process, the mold was kept undisturbed for 40 min inside the press at released
pressure. The mold was cooled through the airflow. Thus, there is only one heating phase,
which prevents thermal degradation of the fiber and matrix and lowers the energy needed
for molding. It is expected that the issues of impregnation when utilizing thermoplastic
polymers in long-fiber reinforcements would be resolved due to the interaction between
the reinforcing fibers and the parallelly oriented matrix.

Using this process, four different types of laminates are fabricated as shown below
in Tables 2 and 3. Later, a cutting machine was utilized to cut the obtained laminates into
samples for mechanical testing, and finally, all their properties were compared with respect
to neat PCL.

Table 2. Types of samples produced for tensile testing.

Type of the
Sample

Braid Diameter
(mm)

Braid Weight
(mg)

Sample Dimensions (mm) Fiber Aspect
Ratio (l/d)Length Width Thickness

Hemp+PCL 0.6 916 120 10 4 200
Flax+PCL 0.8 1403 120 10 4 150

Hemp+flax+PCL 0.7 1412 120 10 4 171.42
Neat PCL - - 120 10 4 -

Table 3. Types of samples produced for Charpy impact testing.

Type of the
Sample

Braid Diameter
(mm)

Braid Weight
(mg)

Sample Dimensions (mm) Fiber Aspect
Ratio (l/d)Length Width Thickness

Hemp+PCL 0.6 602 80 10 4 133.33
Flax+PCL 0.8 835 80 10 4 100

Hemp+flax+PCL 0.7 813 80 10 4 114.28
Neat PCL - - 80 10 4 -
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2.4. Experimental Setup
2.4.1. Tensile Tests

A Zwick Universal Testing Machine with a maximum force of 20 kN and speed of
5 mm/min was used to conduct the mechanical tests according to DIN ISO 527. The
specimens for the tensile test have dimensions of (120 × 10 × 4) mm. For tensile testing,
aspect ratios of 200, 150, and 171.42, were used for hemp, flax, and combined hemp and flax
samples, respectively, by keeping the fiber lengths inside the mold for the various types of
braid at 120 mm. The average value is considered after testing a total of 10 samples.

2.4.2. Charpy Impact Tests

The Charpy impact test, in accordance with DIN ISO 179, evaluates the proportion
of energy that is absorbed by the component when it is confined to an impacting force to
determine the impact strength. The impact test was conducted using a RayRan Advanced
Universal Pendulum, from Ray-Ran Test Equipment Ltd, Warwickshire, UK. with 4-joule
impact energy, a hammer weight of 0.9510 kg, and an impact velocity of 2.9 m/s. The
impact strength of a fractured material is evaluated using an unnotched specimen. In
this test, a testing sample is held in position while the pendulum arm is pounded with a
hammer. Here, ARs of 133.33, 100, and 114.28, were used for hemp, flax, and combined
hemp and flax samples, respectively, by keeping the fiber lengths for different types of
braid at 80 mm. Specimens for the impact test were cut in dimensions of (80 × 10 × 4) mm.
It is measured in units kJ/m2.

2.4.3. Shore Hardness Test

Shore hardness is measured according to the standard DIN 53505, using a versatile
testing device named Zwick durometer from ZwickRoell GmbH & Co. KG, Ulm, Germany.
Shore D type is used to calculate the hardness value for thermoplastic and elastomer
materials. The indentation depth shown on a gauge is a measure of the hardness. It has
a cone-shaped indenter with a tip that can test hardness values between 30 and 90 shore.
The device’s top is loaded with a 50 N force. Within 5 s of the tip penetrating the specimen,
the shore hardness measurement is recorded. Each specimen is measured at five different
spots, which are a minimum of 5 mm apart from each other.

2.4.4. Differential Scanning Calorimetry (DSC)

In compliance with DIN EN ISO 11375-4, DSC testing was carried out using a Perkin
Elmer DSC 7 from PerkinElmer LAS GmbH, Rodgau, Germany. In aluminum pans, (8–12)
mg samples were weighed and sealed. On the test side of the DSC, sealed pans were placed
and heated at a rate of 10 ◦C/min from room temperature 25 ◦C to a specified temperature
based on the type of sample. The melting (Tm), glass transition (Tg), and crystallization
temperatures (Tc), were evaluated.

Samples containing fibers were heated from 25 to 210 ◦C and maintained there for
5 min to attain full melting and get rid of any remaining anisotropy for the isothermal
crystallization studies. The samples were then cooled from 210 ◦C to room temperature.
Samples were once again heated to 210 ◦C. To finish the crystallization process, samples
were cooled to room temperature until there was no longer any heat flow. The rate of heat
flow was kept constant at 10 ◦C/min for all steps. For the neat PCL samples, the same steps
were followed except the maximum temperature was kept at 80 ◦C and the heat flow rate
was 5 ◦C/min. The analysis was conducted three times for each sample. For each sample,
the first cooling run provided the crystallization temperature (Tc), whereas the second
heating run provided the melting temperature (Tm) and glass transition temperature (Tg).

3. Results
3.1. Tensile Test

The test was performed at a 5 mm/min speed. A gap of 80 mm was kept between
the two grips. Figure 4a shows a batch of test samples that were tested. Figures 5 and 6
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illustrate the outcomes for each type of set. Graphs were drawn in accordance with the
average of the sample test findings. The tensile modulus of flax + PCL was relatively high
in comparison to other samples. The test results show that tensile modulus improved by
127.12% compared to neat PCL upon the addition of alkalized braided yarns.

The maximum load that a sample can withstand is outlined by the yield strength
criterion. Combined hemp + flax + PCL showed an improvement of 57.4% yield strength
in contrast to neat PCL. However, yield strain results of different samples were in propor-
tionate to neat PCL.
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3.2. Charpy Impact Test

The impact strength of the fiber combined samples significantly increased as shown
in Figure 7. Figure 4b shows a batch of test samples that were used for impact testing.
Flax + PCL exhibited the highest impact strength with an improvement of 64.14% compared
to neat PCL.
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3.3. Shore Hardness Test

The Shore hardness value is slightly increased as shown in Figure 8. The addition of
braided yarns showed a significant improvement in hardness. The cone-shaped indenter
with a tip was placed at the center of the sample i.e., above the impregnated yarn while test-
ing. Combined hemp+flax+PCL outlined the highest hardness value with an improvement
of 8.12%.
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3.4. Differential Scanning Calorimetry (DSC)

DSC heating and cooling curves of PCL and its composites containing different fibers
are reported as shown in Figures 9 and 10. Figure 11 provides the calculated PCL and
its composites glass transition temperatures (Tg), melting temperatures (Tm), and crys-
tallization temperatures (Tc), based on DSC thermograms. Combined hemp + flax + PCL
reported the highest thermal values when compared to others. The presence of cellulosic
fibers induced a tremendous improvement in crystallization temperatures, glass transition
temperatures, and the melting temperatures of samples.

The crystallization temperature of hybrid composite were increased by 275.02%,
whereas the melting temperature was by 240.26%. The glass transition temperature almost
remained the same for all fiber-induced samples.
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4. Discussion

Hemp and flax fibers were used as reinforcements in this research work to develop
hybrid bio-composites, using braiding and compression molding processing technologies
with better mechanical properties. The tensile modulus increased by almost 127.12%,
and tensile strength by 57.4%, whereas impact strength was increased by 64.14% with
the addition of alkali-treated braided fiber yarns. The yield strain of neat PCL showed a
little variation with other samples, because PCL exhibited ductile nature as it reached the
breaking point. The usage of diamond braid (1/1) helped to obtain proper braid structure
by reducing gaps between fibers and thus improving braid strength. The highest impact
strength was reported by flax+PCL; this might be due to the larger diameter of flax fibers,
which helped in retaining impact energy. Neat PCL observed very less energy due to its
semi-crystalline nature. The amount of energy expended during failure is linked to the
impact strength. It is likely that the presence of fibers produces areas of concentrated stress,
which makes it easier to start a fracture. As long as there was no breakage of the fiber,
more energy was used during a fiber pullout in the case of yarn composites, in which the
reinforcing fibers are in the form of yarns. The impact strength dramatically increased when
longer fibers were added to the PCL matrix because long fiber pull-outs happened often.

Alkali-treated fibers have a substantially lower energy loss through fiber pull-out,
and debonding happens after fiber breakage rather than the interfacial debonding often
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linked to high energy absorption [20]. Alkali treatment cause fibers to swell, which causes
lignin to break down because the hydroxide ions target the carbon ester bonds between
lignin, cellulose, and hemicellulose. By breaking the lignin and polymer linkages, alkali
treatment eliminates lignin and certain hemicelluloses. The cellulose fibrils are attacked
and the matrix is destroyed upon treatment with greater concentrations of NaOH, which
weakens the fiber. It is more challenging to estimate how the tensile modulus will change
after treatment. In fact, the loss of lignin and hemicellulose reduces the stiffness of the
fiber, although improvements in crystallinity and orientation may add up for this loss [21].
From Tables 2 and 3, it can be noticed that the fiber aspect ratio plays a significant role in
determining mechanical properties. Moreover, fibers with the lowest AR showed better
mechanical properties when compared to higher ones. Choi and Lee reported a small
improvement in tensile strength and a reduction in Young’s modulus for fibers treated at 5
percent NaOH for 1 h. In contrast, Goda et al. found an improvement in Young’s modulus
and tensile strength only for fibers with the applied load during mercerization. The present
findings thus compare favorably with those in the literature, despite the unavoidable
discrepancies [22,23]. A slight improvement in hardness for fiber reinforced composites
is being observed. Nevertheless, adding unidirectional fibers did not much affect the
hardness values.

Concerning the calorimetric analysis, samples with cellulosic fiber reported a signifi-
cant increase in thermal properties. The crystallization temperature increased by 275.02%,
melting temperature by 240.26%, and glass transition temperature by 75.26%. This might
be a result of the removal of wax and pectin from the fibers after alkali treatment, which
increased the number of nucleating sites (i.e., a crystalline component of cellulose) in the
fibers [24]. Neat PCL showed lower values in contrast to all; this might be due to its semi-
crystalline behavior. The obtained values of neat PCL for the DSC test are in accordance
with Cocca M et al. [25].

Further, to improve the mechanical properties of bio-composites, the number of
braided fiber yarns can be increased inside the samples, which helps to increase strength.
Future research on flax and hemp hybrid bio-composites should concentrate on evaluating
the materials’ impact on the environment, their durability, soil degradation, and their ability
to withstand moisture. Surface modification techniques using various solutions should
be studied.

5. Conclusions

The outcomes revealed that the addition of braided fibers significantly influenced the
mechanical and thermal properties of neat PCL. The tensile properties of the samples were
slightly affected due to the high ductility of PCL. As the braiding angle increases, the tensile
modulus and tensile strength of the braided composites decrease in the diamond braid (1/1).
Hybridization of fibers helped to achieve better mechanical and thermal properties. When
compared to hemp fibers, flax fibers have a different reinforcing efficiency that is related
to the performance of a single fiber and is responsible for the greatest improvements. The
strength of the fiber-matrix adhesion and the fiber aspect ratio (length/diameter), which
regulate the effectiveness of load transfer and the extension of the fiber-matrix interface,
respectively, greatly influence the mechanical properties of composites in addition to the
thermal properties. Hence, braided yarns assisted in improving matrix impregnation and
strength of fibers.

There is notable growth in thermal properties upon the integration of fibers. It can be
observed that the alkali treatment of fibers helped to improve both mechanical and thermal
properties. The addition of an isothermal process helped to improve the glass transition
temperature. However, the glass transition temperatures of cellulosic composites remained
almost constant. Regardless of the type or weight of the fibers, it was encountered that
the crystallization temperature increased when compared to neat PCL. These findings
indicate that the PCL chains may find it difficult to reorganize themselves in the presence
of fibers and that there may be a weak nucleating influence on the crystal development
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of PCL. The crystallinity of PCL increased as a result of hemp and flax fibers influencing
the neat matrix’s crystallization behavior, having a considerable stimulating impact on the
hybrid composites.

Finally, as an illustration of the broader group of bio-based composites, flax and hemp
fiber composites provide distinctive combinations of these technical and non-technical
concerns, which appear to interest manufacturers. Flax-based composites are utilized to
construct musical instruments with acoustic performance that rivals that of traditional
wooden instruments, while improving their stability under fluctuating humidity and
temperature. It is also used to increase control and comfort in sporting products.

One perceptible component of the sociological and other non-technical properties
of flax and hemp fiber composites is their reduced environmental effect. Automobile
manufacturers can utilize these materials that can absorb sound, while also being light
enough to improve fuel efficiency. Using such hybrid bio-composites in automotive parts
not only assists in reducing the component’s mass, but also cuts the amount of energy
required for manufacturing by 80%.
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