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ABSTRACT

Thailand has a huge variability of bast fiber plants, some of which have been little researched regarding their
applicability in composites. Bast fiber(bundle)s from different species were investigated and incorporated into
a polylactide (PLA) matrix by injection molding. Hemp and kenaf were used as well-studied fibers, while roselle,
Fryxell and paper mulberry are less extensively characterized. Tensile strength, tensile modulus and interfacial
shear strength (IFSS) of single fiber(bundle)s were highest for hemp, followed by kenaf, roselle, Fryxell and paper
mulberry. Despite the lower tensile strength and IFSS of paper mulberry, the highest tensile strength was achieved
for the paper mulberry/PLA composite followed by hemp/PLA. Scanning electron microscope (SEM) analyses
showed that the single cells in paper mulberry fiber bundles, in contrast to the other fiber types investigated, were
only partially bonded to each other, which explains the lower strength of the fiber bundles. The higher aspect ratio
of fiber(bundle)s of paper mulberry in the PLA composite can explain the good composite characteristics. Apart
from hemp, paper mulberry shows the best reinforcing effect in the PLA matrix and offers interesting potential
for composite applications. Compared to neat PLA, the tensile strength could be increased by 24% and the tensile
modulus by 54%.
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1 Introduction

Renewable raw materials for more sustainable applications have been increasingly used and investigated
in Thailand in recent decades. Petrochemical plastics are to be replaced more and more by bio-based plastics
[1,2]. One biobased plastic that has been very well studied in recent decades is polylactide (PLA). PLA is an
aliphatic polyester that is used in various applications such as orthopedics, drug delivery, sutures and
scaffolds, 3D printing, disposable tableware and packaging products. However, due to its low glass
transition temperature, its applications are limited to lower temperatures. PLA is entirely biodegradable in
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industrial compost and is made from renewable raw materials, mainly corn starch. Due to its good strength
and stiffness compared to many other thermoplastics, PLA is now also widely used as a matrix for fiber-
reinforced plastics [3,4]. The processing of natural fiber-reinforced PLA composites can be done, e.g., by
injection molding and extrusion (short fibres) with random fibre orientation or compression molding
(short or long fibers with random or specific fiber orientation) [5—7].

The conditions for cultivating bast fiber plants in Thailand are excellent [8,9]. Bast fibers such as hemp
(Cannabis sativa L.), kenaf (Hibiscus cannabinus L.) and jute (Corchorus capsularis L.) are well known in
Europe; whereas hemp can also be grown in Europe and jute and kenaf are mainly imported from Asia.
Roselle (Hibiscus sabdariffa L.), Fryxell (Hibiscus tiliaceus L.) and paper mulberry (Broussonetia
papyrifera (L.) Vent), on the other hand, are rarely used in technical applications. They also belong to the
group of bast fibers; however, there is less research activity in this area concerning their use in
composites. For this reason, this study aims to evaluate to what extent these fiber types can lead to
comparable properties of hemp and kenaf fiber-reinforced PLA composites. Many studies deal with the
fiber and composite properties of hemp and kenaf. The overview articles of Amaducci et al. [10], Shazad
[11], Miissig et al. [12], Rehman et al. [13] or Manaia et al. [14] should be mentioned here for hemp and
Aji et al. [15], Ramesh [16], Ayadi et al. [17], Bourmaud et al. [18] or Inder Preet Singh et al. [19] for
kenaf, for example.

Research on roselle (Hibiscus sabdariffa L.) fiber properties and composite materials has been
intensified in recent years. Roselle belongs to the same family as kenaf (Malvaceae). An overview of the
origin, cultivation and use is given in the study by Ilyas et al. [20]. Nadlene et al. [21] stated that roselle
fibers have a comparable potential to kenaf and jute and give an overview of the history of roselle and its
characteristics. Thiruchtitrambalam et al. [22] described the extraction of fiber(bundle)s from the plant
stem and the use of roselle in high strength ropes in India. In general, the use of roselle fibers does not
seem to be widespread, although Crane [23] already referred to the plant and the properties of the fibers
in 1949, and it was already known at that time that roselle fibers display similar properties to jute fibers.
In 1967, Wilson [24] already published a study in which fibers and fiber bundles of 13 different Hibiscus
bast fiber plants were comparatively examined. However, more and more studies have been carried out in
recent years on the use of roselle in composite materials. Nadlene et al. [25] investigated the suitability of
roselle (thermal, physical and morphological properties) and concluded that roselle fibers are well suited
for composite applications. Junkasem successfully prepared injection molded roselle fiber-reinforced
isotactic polypropylene (iPP) composites with random fiber orientation. It was found that the addition of
roselle bast fibers resulted in the overall improvement in the tensile, flexural, and impact properties of the
composites compared to pure iPP [26]. Naraprateep [27] investigated the influence of pretreatment of
roselle fibers with mixed solvent and sodium hydroxide (NaOH) solution, maleic anhydride grafted
polypropylene (MAPP), vinyltriethoxysilane (VTES) and octadecyltrimethoxysilane (OTMS) for the use
in injection molded PP composites with random fiber orientation. By using MAPP, the properties of the
composites were significantly increased. Treatment with VTES also increased the characteristic values;
OTMS, on the other hand, did not improve the results. Overall, only a few studies were found that dealt
with roselle-reinforced thermoplastic matrices. In most cases, thermoset matrices have been used in the
recent past. Manickam et al. [28] prepared roselle fiber-reinforced vinyl ester (VE) composites by hand
lay-up with different fiber content and random fiber orientation. It was found that the characteristics of
the roselle fiber-reinforced composites could be effectively improved. Other authors also examined the
influence of fiber content in thermoset composites. For example, Nallusamy [29] reported an increase in
strength for compression molded roselle/epoxy composites with random fiber orientation up to a fiber
mass content of 30%. Above this value, the characteristic values were significantly reduced. Manickam
et al. [30] stated that for compression molded roselle/VE composites with random fiber orientation, the
tensile, flexural, and impact strength values of roselle fiber-reinforced composites increased with
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increasing fiber content up to 40 mass-% and then dropped. Navaneethakrishnan et al. [31] and
Ramakrishnan et al. [32] came to similar results and showed for roselle in a VE matrix produced by hand
lay-up with random fiber orientation that the Young’s modulus can be increased up to 50% fiber mass
content, while the strength decreased above 40 mass-% fibers. Other studies dealt with the use of
different fabric types (plain weave, twill weave, satin weave and basket weave) as reinforcement in an
epoxy matrix [33], the water absorption of VE composite materials produced by hand lay-up with
random fiber orientation [34] or compression molded thermoplastic polyurethane (TPU) with random
fiber orientation [35]. The effect of fiber length in random oriented fiber-reinforced composites was also
investigated. Ramakrishnan et al. [32] investigated the effect of random oriented 3 and 13 mm long fibers
in a VE matrix and found that the materials with the longer fibers performed better. A similar conclusion
was reached by Singha et al. [36], who introduced 3 and 6 mm long fibers with a random fiber
orientation into urea-formaldehyde (UF) matrix. Again, the higher characteristic values were obtained for
the material reinforced with the longer fibers [37]. Other studies also addressed the improvement of fiber
properties and fiber/matrix adhesion in composites. For example, Azeez et al. [38] used an alkali
treatment and a sodium lauryl sulphate treatment to improve the tensile properties of the roselle fiber
bundle collectives and to reduce the density and water absorption of the fibers. Chauhan et al. [39,40]
have tried different grafting methods with random oriented roselle fibers in phenol-formaldehyde (PF)
resin and achieved higher chemical resistance and tensile characteristics compared to composites
manufactured from untreated fibers. Alkali treatment of the fibers was carried out by Manickam et al.
[30] and Kumar et al. [41]. As a result, the characteristic values of roselle/VE [30] and roselle/unsaturated
polyester (UP) composites with random fiber orientation [41] could be clearly improved. There also
seems to be a trend towards producing hybrid composites from roselle and other natural resources. For
example, roselle has been blended with jute [42], sisal [41,43—46], banana [43], abaca [47] and sugar
palm fibers [35,48] or palm seed powder [49].

Fryxell (Hibiscus tiliaceus L.) also belongs to the family of Malvaceae, but different from roselle, for
Fryxell, hardly any literature could be found. One reference passage states that the fibers’ tenacity and
Young’s modulus values are in the range of well-investigated fibers like cotton, flax and ramie. The
results are promising in terms of their employment in thermoset and thermoplastic medium resistance
composites [50]. However, no studies were found that investigated the composite properties.

Likewise, there seems to be hardly any application in the field of composite materials for paper mulberry
bast fibers. Paper mulberry (Broussonetia papyrifera (L.) Vent) is classified as Moraceae, which belongs to
Angiospermae. The structural characteristics of lignin in paper mulberry bast fiber(bundle)s are different
compared, e.g., to kenaf [51]. Paper mulberry fibers are mainly used for paper production. Mulberry paper
is generally stronger than conventional paper and is also used for electronics applications [52]. Qu et al.
[53] compared the characteristics of paper mulberry bast fibers with cotton and flax and found a comparable
crystallinity and moisture absorption, with reasonably high tenacity and elongation at break compared to
flax. The authors considered paper mulberry bast fibers as an alternative source for natural cellulose fibers.
There are attempts to produce yarns and fabrics since paper mulberry has high moisture content and high
tenacity [54]. Only a few publications have been found on the use of paper mulberry in composites. Hwang
et al. [55] produced cellulose nanofibers from paper mulberry and state that they are suitable for use in
nanocomposites, membrane filters, packaging, coatings and reinforcing fillers. Ohsawa et al. [56] presented
an approach to process Washi paper from paper mulberry combined with a PLA matrix. Unfortunately, no
characteristic values were given in the study. Another study used long, oriented mulberry fiber bundles as
reinforcement in a UP matrix from untreated, 5%, 10%, and 15% alkali-treated mulberry fibers by
compression molding. Using 10% alkali-treated mulberry fibers as reinforcement considerably increased the
tensile, flexural, and impact properties compared to untreated, 5% and 15% alkali-treated mulberry fiber-
reinforced composites, while water absorption decreased with increasing alkali concentration [57].
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Despite extensive research, the authors were unable to find any studies dealing with injection molded
PLA composites reinforced with roselle, Fryxell and paper mulberry during the investigation period.
Therefore, the present study aims to determine the fiber and composite properties and to classify the
fibers in terms of their reinforcement potential. The aim is to produce completely bio-based composites
from natural bast fibers and a bio-based plastic (PLA). Hemp and kenaf serve as well-studied reference
samples. The study investigates the influence of processing on fiber morphology, reinforcement potential,
and fiber and composite properties. The aim is to achieve similar reinforcement effects as with hemp and
kenaf with the less well-known bast fiber species roselle, Fryxell and paper mulberry, and thus to obtain
additional raw material sources for the production of biobased composites.

2 Materials & Methods

2.1 Fibers & Matrix

All fibers used belong to the group of bast fibers/bast fiber bundles grown in Thailand (compare Table 1).
All raw fibers were collected from farmers in different regions and subjected to an alkali treatment as
degumming process with 2% caustic soda [8] for fiber separation from bark to fiber bundle. Then alkali-
treated fibers were cut to about 100 mm long sections and were hand-carded four times for mechanical
separation and debris removal with a laboratory carding machine (Shirley Developments Limited,
Stockport, England; working width 200 mm, cylinder circumference 500 mm). The following fiber types
in Table 1 were analysed regarding their mechanical, morphological and chemical properties and were
used for the production of injection molded fiber-reinforced polylactide (PLA) composites.

Table 1: Fibers used and their origin

Common name Species Sample origin (Thailand)
Hemp Cannabis sativa L. Chiang Mai

Kenaf Hibiscus cannabinus L. Ubon Ratchathani
Roselle Hibiscus sabdariffa L. Khon Kaen

Fryxell Hibiscus tiliaceus L. Nakorn Si Thammarat
Paper mulberry Broussonetia papyrifera (L.) Vent Chiang Mai

PLA was used as the matrix (type 3251D, NatureWorks LLC, Minnetonka, Minnesota, USA). The PLA
has a density of 1.24 g/cm?, a melting temperature of 155°C—170°C and a glass transition temperature of
55°C—60°C. In a previous study [12], a median tensile strength of 57.7+ 1.1 MPa, Young’s modulus of
3.65+£0.20 GPa and an elongation at break of 3.9%+2.2% were determined for the unreinforced
injection molded PLA according to DIN EN ISO 527-2 [58]. The unnotched Charpy impact strength was
determined to be 15.3 £0.5 kJ/m? according to DIN EN ISO 179 [59].

2.2 Composite Production

PLA granules (70 mass-%) and bast fibers (30 mass-%) were pre-dried at least for 18 h at 60°C in a
forced air oven and were then blended by using the CMS-compounder at 3 N (3 N Kompetenzzentrum
Niedersachsen-Netzwerk Nachwachsende Rohstoffe & Biodkonomie e.V.), Werlte, Germany. The process
temperatures during compounding ranged between 170°C and 180°C (details on the compounding
concept are to be found in [60]). After compounding, the compounds were available in granular form.
The compounds were then injection molded (Engel E-mac 50 with a screw diameter of 30 mm, ENGEL
GmbH, Schwertberg, Austria) into a mold (Axxicon AIM mold) to manufacture a tensile test bar type 1A
according to DIN EN ISO 527-2 [58]. The following temperature zones were chosen for the injection
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molding process: 150°C (zone 1), 165°C (zone 2) and 175°C (zone 3). The nozzle of the injection molding
machine was heated to 175°C, and the mold was cooled to 25°C. The machine was operated with an injection
pressure of 1500 bar, injection speed of 24 cm?/s, and a cooling time of 30 s.

2.3 Fiber Testing
All fiber(bundle)s were conditioned before analysis for at least 18 h in a standard climate according to
DIN EN ISO 139 (20°C, 65% relative humidity) [61].

Tensile characteristics of fiber bundles were investigated with a tensile testing machine (type Fafegraph
M, Textechno GmbH, Mdénchengladbach, DE) with a pneumatic clamping system. 50 fiber bundles were
analyzed with a load cell of 1000 cN at a gauge length of 3.2 mm and a testing speed of 2 mm/min. The
elongation was determined from the traverse path of the testing machine. The determined strain values
were corrected with an internally determined correction factor to account for the machine’s compliance.
In order to determine the most accurate fiber cross-sectional area possible, the fibers were prepared in
paper frames prior to the experiments and scanned at a resolution of 2400 dpi using a flatbed scanner
(Epson Perfection V800 Photo, EPSON GmbH, Meerbusch, Germany) in transmitted light mode. The
width of the fiber (bundle) under investigation was measured using ImageJ (National Institutes of Health)
prior to the experiments. Internally determined correction factors were created on the basis of an ellipse
using cross sections (taken with an SEM) by measuring both ellipse diameters (thickness and width).
From more than 100 measurements, a linear relationship was obtained from the two ellipse diameters
(thickness vs. width), and a correction factor was determined for each type of fiber. It is assumed that the
fiber (bundle) lay on the wide side during preparation. The regression equations obtained were then used
to calculate the thicknesses, and the cross-sectional area of each individual fiber (bundle) was
approximated from width and thickness on the basis of an ellipse.

Raw fiber(bundle)s were investigated regarding their width with the image analysis software Fibershape
(version 5.1.1, IST AG, Vilters, CH). Approximatley 5 mm long fiber bundles were prepared on slide frames
and scanned with a slide scanner (CanoScan 4000 US, Canon Inc., Tokyo, JP) at 2000 dpi resolution in
transmitted light mode. The evaluation was done with a measuring mask prepared for long fibers in the
thickness range between 10 and 10,000 um with a zoom factor of 0.71. More than 8500 fiber sections
were analysed per fiber type.

To investigate the morphology of the fibers and fiber bundles after processing, they were extracted from
the composites. For this purpose, 1 g of each composite is weighed into a Duran® filter crucible with a
porosity of 3 and a volume of 30 mL (Carl Roth GmbH & Co. KG, Karlsruhe, DE) with a scale (type
Kern ABT 120-5 DM, d=0.00001 g; Kern und Sohn GmbH, Balingen, DE). The filter crucible is placed
in a beaker and filled with trichloromethane (chloroform-CHCI3) (ROTISOLV®, Carl Roth GmbH + Co.
KG, Karlsruhe, DE). After 1 h, the trichloromethane is sucked out with a water jet pump. The process is
then repeated. Afterwards, the fibers were dried in the crucibles at ambient conditions. The fibers were
also prepared on slide frames and scanned with the CanoScan slide scanner with a resolution of 4000 dpi.
The images were then measured with Fibershape (X-Shape Version 6.1.4, IST AG, Vilters, Switzerland)
regarding their width and length. Between 872 and 1827 fibers and fiber bundles were measured per
sample. The aspect ratio was calculated from the ratio of object length to width.

The chemical composition of the alkali treated bast fibre bundles was analysed according to Van Soest
[62] with an Ankom A200 fibre analyser (ANKOM Technology, Macedon, NY, USA) using a gravimetric
analysis technique. Three measurements were performed on each sample at 1 g, respectively. The percentual
amount of neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were
determined for the calculation of the cellulose (ADF-ADL), hemicellulose (NDF-ADF) and lignin (ADL)
content.
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2.4 Fiber/Matrix Adhesion

The fiber/matrix adhesion between fiber bundles and PLA matrix was investigated with microbond tests.
Single fiber bundles were fixed in a metal frame at both ends with adhesive tape (Tesa SE, Hamburg,
Germany). Two to three PLA fibers (Ingeo fibers type SLN 2660 D; Eastern Textile, Ltd., Taipei, TW)
with a fineness of 6.0 dtex were twisted and knotted around the fiber bundle as described in [63].
Afterwards, the ends of the PLA-fibers were removed with a razor blade close to the fiber bundle. The
metal frame was wrapped in aluminium foil and heated for 5 min at 185°C in a forced-air oven type
BW91270 (Zwick/Roell GmbH, Ulm, DE), and cooled down at room temperature. The result is a tiny
PLA droplet around the single fiber (bundle). After conditioning according to DIN EN ISO 291 [64], the
specimens were fixed on a self-manufactured microbond device which was implemented in a Zwick/Roell
7020 testing machine (Zwick/Roell GmbH, Ulm, DE) equipped with a 5 N load cell. The microbond-test
was carried out with a testing speed of 1 mm/min at a gauge length of 5 mm. 20 to 24 valid readings
were obtained for each fiber type. The IFSS was determined from the maximum force divided by the
embedded surface area. The embedded fibre length and fibre width were measured under an optical light
microscope to calculate the embedded fibre surface area of the fiber (bundle).

2.5 Scanning Electron Microscopy (SEM)

SEM analyses of selected fiber surfaces and microbond test specimens were done with a SEM type JSM
6510 (Jeol, Eching, Germany) operating with emission electrons. Before the analysis, the samples were
sputtered with gold for 90 s under a current of 56 mA with a Bal-Tec sputter coater type SCD 005 (Bal-
Tec, Liechtenstein). An accelerating voltage of 10 kV and secondary electrons were used for the experiments.

2.6 Composite Testing

Before testing, composites were conditioned for at least 18 h in a standard climate according to DIN EN
ISO 291 (23°C, 50% relative humidity) [64].

Tensile tests were carried out for 6 test specimens type 1A according to DIN EN ISO 527 [58] with the
Zwick Z 020 universal testing machine equipped with a load cell of 20 kN and a pneumatic clamping system.
The gauge length was set to 115 mm. After reaching a preload of 20 N, the test was performed at 2 mm/min
speed. The elongation was measured with a video extensometer between two measuring marks spaced
80 mm apart (VideoXtens, Zwick/Roell, Ulm, DE). The Young’'s modulus was calculated via linear
regression between 0.05% and 0.25% elongation.

The unnotched Charpy impact strength was determined with a pendulum impact testing machine (type
5102, Zwick, Ulm, DE) operating with a pendulum hammer of 2 J at a bearing distance of 62.5 mm
according to DIN EN ISO 179 [59]. 6 samples per test series were hit on the flatwise impact direction.

2.7 Statistics

The statistical evaluation of the results was done with the open-source software R (http://www.rproject.
org/). The results were examined using a Shapiro-Wilk test for normal distribution. The Tukey test was used
to evaluate significant differences between results of different samples for normally distributed data with
homogenous variances. For data that were not normally distributed, the Wilcoxon test was chosen. All
tests were performed with a level of significance o = 0.05. Results are presented as bar plots representing
the median value with the mean arithmetic deviation (MAD) as error bars since not all results are
normally distributed. Results of Fibershape measurements are shown as Box-Whisker plots showing the
median, the Quartile 25, the Quartile 75 and 1.5 times the interquartile length (Whiskers). Significant
differences within one series of experiments are marked with different letters above the plots, and an
asterisk indicates results that do not follow a normal distribution.


http://www.rproject.org/
http://www.rproject.org/

JRM, 2023, vol.11, no.5 2285

3 Results & Discussion

3.1 Fiber Characteristics

The results of the tensile tests of the different fiber bundle types are shown in Fig. 1. Tensile strength and
Young's modulus of hemp, kenaf, roselle, Fryxell and paper mulberry show similar trends, with the highest
values for hemp and the lowest values for paper mulberry. The elongation at break does not show a consistent
trend. Hemp and paper mulberry show the lowest values, and kenaf;, roselle and Fryxell the highest, which do
not differ significantly. While hemp and kenaf do not differ significantly in tensile strength, hemp shows the
significantly highest Young’s modulus. Regarding fiber tensile properties, hemp offers the best potential.
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Figure 1: Tensile characteristics (tensile strength, Young’s modulus and elongation at break) of bast fiber
bundles (median value +mean arithmetic deviation; different letters indicate significant differences between the
test results, a * marks results not subjected to a normal distribution)

The characteristic values of the different fiber types are compared with published data in Table 2, and
hemp, kenaf, and roselle data fit well into the ranges mentioned in the literature. For Fryxell, no
characteristic values could be found for the Young’s modulus. Wirawan et al. [65] reported a tensile
strength of 207 MPa for fiber bundles. This value is within the range of the data obtained in this study.
Fineness-specific characteristic values can be found in [50]. Some data were found for paper mulberry.
Tensile strength and Young’s modulus are significantly higher than the data measured in this study. One
possible reason could be the fact that much coarser fiber bundles were investigated in the present study
(size effects). While the tested hemp fiber bundles had an average fiber width of 279 um, the mean fiber
width of paper mulberry was determined to be 356 um. Fig. 2 shows a typical paper mulberry fiber
bundle analysed in the tensile test. The individual fibers in the bundle had already been separated
sufficiently and were only connected at individual points. This suggests that the bundle is more
susceptible to failure based on the weakest link theory than, for example, a finer fiber bundle in which the
individual cells are well connected. This effect has also been demonstrated for jute [66,67], flax and
nettle [67]. An increase in fiber cross-sectional area resulted in a decrease in strength [66]. Fig. 3 shows a
hemp fiber bundle that is considerably finer. Due to the alkali treatment, the fiber surface is well cleaned.
The fiber cells in the bundle appear to be well connected so that a higher tensile load can be absorbed.
When testing finer paper mulberry fiber bundles or even single fibers, significantly better tensile
characteristics are expected.
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Table 2: Tensile characteristics of investigated fiber bundles (median values £ mean arithmetic deviation)
compared with literature data

Fibre Tensile strength in ~ Young’'s modulus in  Elongation at break in Reference
MPa GPa %
This study Literature This study Literature This study Literature

Hemp 681 (£356) 270-1110 19.9 (#8.1) 23.5-90 3.2 (x0.9) 14 Different references cited
in [68-72]

Kenaf 574 (£299) 195-930 10.5 (#4.6) 4.3-66 5.3 (x1.4) 1.3-5.5 Different references cited
in [69,71-74]

Roselle 377 (£297) 147473 7.7 (#4.2) 2.8-41 5.0 (£1.6) 5.0-8.0 [22,25,27,44,46,75,76]

Fryxell 324 (£247) 207* 5.1 (£3.2) No data® 5.7 (2.0) 4.8 [50,65]

Paper mulberry 161 (£131) 464 4.6 (£3.8) 10.5 3.5 (x1.2) 1.0-11.2 [53-54,57]

Note: *(further) values in cN/tex available in [50].
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Figure 2: SEM micrograph of the surface of a paper mulberry fiber bundle
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Figure 3: SEM micrograph of the surface of a hemp fiber bundle
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The results of the width measurement of raw fiber(bundle)s are summarized as Box-Whisker plots in Fig. 4.
The measurement includes fiber bundles, single fibers, and single cells spliced from the bundle. The median value
of paper mulberry is shown to be the lowest. Even though very coarse bundles were tested in the tensile test,
Fig. 2 shows that the individual fibers in the bundle have low cohesion, and paper mulberry has the lowest
variation in fiber width. Hemp and kenaf do not differ significantly concerning their median values.
Nevertheless, the distributions show differences. Overall, the hemp sample has a significantly higher number
of finer fibers and fiber bundles than kenaf, while the distributions of kenaf and Fryxell appear to be similar.
Fryxell tends to contain some coarser bundles. Roselle has the highest median value but shows a similar
distribution to kenaf, with fewer fine individual fibers and fiber bundles in the sample. Table 3 compares the
measured median values of the fiber width with published literature values. The literature values include data
for single fibers and fiber bundles. Hemp, kenaf, roselle and Fryxell fit very well into the range of the given
literature data. For paper mulberry, only one value that refers to a single cell could be found.
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Figure 4: Box-Whisker plots of the fiber width of raw bast fiber(bundle)s (different letters indicate
significant differences between the test results, a * marks results not subjected to a normal distribution)

3.2 Composite Characteristics

The results of the tensile tests of the PLA composites are shown in Fig. 5. The pure PLA matrix was
determined to have a median tensile strength of 57.7+ 1.1 MPa, a mean Young’s modulus of 3.65+0.20 GPa
and a mean elongation at break of 3.9% + 2.2%. With median values of 56 MPa for kenaf/PLA and
roselle/PLA and 53 MPa for Fryxell/PLA, no reinforcement could be achieved by the fibers for the tensile
strength compared to the pure PLA matrix. On the other hand, with hemp and paper mulberry, an
apparent reinforcing effect was achieved with tensile strength values of 70 and 76 MPa, respectively.
Concerning Young’s modulus, a clear reinforcement effect could be achieved with all fiber types used.
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Again, hemp and paper mulberry show the highest reinforcement effect, while kenaf and roselle lead to
slightly lower values and Fryxell to significantly lower values. Despite the higher strength and stiffness of
kenaf fiber bundles compared to roselle fiber bundles, the tensile properties of kenaf/PLA and
roselle/PLA do not differ significantly. It is assumed that the roselle fiber bundles were better separated,
and the cohesion of the individual cells in the bundle was lower than that of kenaf, which reduces the
characteristic values of the fiber bundle. Due to further separation during processing, the fiber width is
significantly reduced, and the cohesion in the bundle plays a minor role. Concerning elongation at break,
paper mulberry/PLA tends to show the highest values, hemp/PLA the lowest; kenaf/PLA, roselle/PLA,
and Fryxell/PLA range between hemp/PLA and paper mulberry/PLA and do not differ significantly from
each other from a statistical point of view.

Table 3: Measured fiber width (median value + median arithmetic deviation) compared with literature data
containing data for single fibers and fiber bundles (SF = single fiber, FB = fiber bundle)

Fibre Width in pm Reference
This study Literature
Hemp 48.2 (£17.7) 16 (SF)-240 (FB) Different references cited in [71,77]
Kenaf 45.4 (£32.5) 15 (SF)-300 (FB) Different references cited in [69,71,73,74,78]
Roselle 61.1 (£31.6) 27 (SF)-166 (FB) [27,76]
Fryxell 50.8 (+44.4) 15 (SF)-410 (FB) [50,65,79]
Mulberry 39.2 (£26.0) 3-35 (SF) [57,80]
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Figure 5: Tensile characteristics (tensile strength, Young’s modulus and elongation at break) of bast fiber-
reinforced PLA composites (median value = mean arithmetic deviation; different letters indicate significant
differences between the test results, a * marks results not subjected to a normal distribution). The values of the
neat PLA matrix are shown as dotted line for tensile strength and Young’s modulus. The elongation at break
of neat PLA used is 3.9%
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Tensile strength and Young’s modulus of the hemp/PLA composite are similar to those reported by
Sawpan et al. [81] for injection molded 30 mass-% hemp/PLA (tensile strength 66—76 MPa, Young’s
modulus 7.5-8.2 GPa). Chung et al. [82] also determined a similar tensile strength for 30 mass-% kenaf/
PLA (58 MPa). No comparative values were found for injection molded roselle/PLA composites.
However, one study investigated the use of 30 mass-% roselle in an injection-molded iPP matrix and
found values of 35 MPa for tensile strength and 4.8 GPa for tensile modulus (neat iPP matrix: 32 MPa
tensile strength, 1.9 GPa Young’s modulus). Other authors processed 30 mass-% roselle with
thermosetting plastics and random fiber orientation. For example, a tensile strength of 43, 36, 37 and
31 MPa and a tensile modulus of 1.1, 1.9, 1.1 and 1.2 GPa were achieved in a VE matrix [30-32,83]
representing a tensile strength of 18-30 MPa and Young’s modulus of 1.1-1.9 GPa for the neat matrix.
Kumar et al. [41] achieved a tensile strength of 49 MPa in a UP matrix, and Sakthi Vadivel et al. [49] a
tensile strength of 10 MPa in an epoxy matrix. The data show that the injection-molded material pair
roselle/PLA with a tensile strength of 56 MPa and a tensile modulus of 7.3 GPa has potential. The
authors are not aware of any characteristic values of composite materials made of Fryxell. For paper
mulberry, only one study was found that dealt with the processing of 30 mass-% untreated unidirectional
oriented mulberry/isophthalic polyester resin. This composite resulted in tensile strength of 48 MPa and
Young’s modulus of 1.1 GPa (values of the neat matrix: 1720 MPa tensile strength, 0.8—1.1 GPa Young’s
modulus) [57]. The results demonstrate that the injection-molded material pair paper mulberry/PLA shows
excellent potential, with a tensile strength of 76 MPa and Young’s modulus of 8.0 GPa.

The Charpy impact strength results show the significantly highest values for paper mulberry/PLA. The
other composites do not statistically differ significantly from each other (Fig. 6). As visible, the impact
strength was not improved by incorporating the bast fibers used. These effects represent the problem of
the low impact strength of PLA reinforced with bast fibers which can be explained essentially by the low
elongation of the bast fibers and the brittle character of the PLA matrix. Due to the low deformability of
the fibers, the fibers can absorb only a small amount of energy through fiber pull-outs during the fracture
of the specimen. It is assumed that the higher impact strength of paper mulberry reinforced composites is
due to a large number of fine and individually located fibers in the composite. This results in a larger
specific fiber surface area and allows higher energy absorption by the fiber pull-outs. To improve the
toughness of PLA reinforced with bast fibers, plasticisers in the PLA matrix [84] or the addition of more
ductile fibers could significantly increase the impact strength [85].

In the overall consideration, the results of the impact tests tend to be slightly higher than data from other
injection molded 30 mass-% bast fiber/PLA composites. In an earlier series of experiments, an impact
strength of 10.7 kJ/m? was achieved for the pure PLA matrix, 9.4 kJ/m? for a ramie/PLA composite and
7.2 kJ/m? for a hemp/PLA composite (unpublished data). However, it should be noted that the impact
strength of the unreinforced PLA in the present study was 15.3 kJ/m? and thus higher than in the
previous study with 10.7 kJ/m?

Comparing the tensile properties of the fibers (Fig. 1) and the composites (Fig. 5) shows different trends.
The reasons for these differences will be explained in the following.

The IFSS was analyzed using microbond tests and is presented in Fig. 7. Here, the hemp/PLA
combination shows the highest characteristic values, which does not contradict the good fiber and
composite characteristics. On the other hand, paper mulberry fiber bundles show the lowest tensile
strength and Young’s modulus, which contradicts the high strength of the PLA composite. The
differences become apparent when comparing tested microbond samples made of hemp/PLA and paper
mulberry/PLA. While the surface of the hemp fiber bundles appears relatively smooth, as already
described for the fiber bundles from the tensile test (Fig. 8), the individual fibers in the paper mulberry
bundles are only loosely connected (Fig. 9). Individual fibers are buckled and reoriented due to fiber pull-
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out. The interface failure has probably occurred between fiber and matrix and in the bundle due to the loose
connection of the individual cells. This effect can lead to lower IFSS and should be considered critically. The
characteristic IFSS values of kenaf, roselle and Fryxell are slightly lower than those of hemp, but they are not
significantly different from a statistical point of view.
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Figure 6: Unnotched Charpy impact strength of bast fiber-reinforced PLA composites (median value +
mean arithmetic deviation; different letters indicate significant differences between the test results). The
dotted line shows the impact strength of the neat PLA matrix

Furthermore, the fiber dimensions from extracted composites were analyzed using image analysis.
Fig. 10 shows the width, length and aspect ratio (fibre width to fibre length). The width results (Fig. 10A)
tend to show a similar trend to those of the measurements on the raw fibers (Fig. 4). However, the values
are considerably lower. It can be assumed that the fiber bundles are split during the composite processing
and thus are significantly finer. With median values of 20.1, 19.9, 19.0 and 19.0 um for hemp, kenaf,
roselle and Fryxell, respectively, the fiber widths are in a similar range. Paper mulberry has a smaller
fiber width of 14.4 um.

Nevertheless, clear differences can be seen in the Box-Whisker plots concerning the distributions. The
hemp sample tends to contain considerably fewer coarse bundles than kenaf, roselle and Fryxell. Paper
mulberry shows the least variation in width, as already discussed for the raw fiber(bundle)s. The results
of the length measurement show a similar trend as the measurement results of the width. Hemp has the
highest median value at 151 pm, and paper mulberry has the lowest with 120 pm (compare Fig. 10B).
Kenaf, roselle and Fryxell are in between, having values of 147, 145 and 131 um, respectively. Due to
the processing, the single fibers and fiber bundles were significantly shortened. The native lengths of



JRM, 2023, vol.11, no.5 2291

hemp, for example, were given with 5 to 55 mm for the single fiber [14] and up to 4000 mm for the fiber
bundle [71]. For paper mulberry, values of 6.0 to 12.5 mm are found for the single fiber and 20.0 to
45.3 mm for the fiber bundle [53,54,80]. On the other hand, roselle displays significantly shorter lengths
for the single fiber (0.7-4.1 mm) [23,27]. The aspect ratio was determined from the length divided by the
width of the measured objects (see Fig. 10C). Concerning the aspect ratio, only slight differences
between hemp, kenaf, roselle and Fryxell can be observed when looking at the median values (6.4—6.8).
Paper mulberry shows the highest value, with 7.8. When the mean value is considered, the characteristic
values shift slightly upwards. In this case, hemp, with 8.7 and paper mulberry, with 8.8, show the highest
aspect ratios. Kenaf, roselle and Fryxell result in aspect ratios of 7.4, 7.5 and 7.0. It can thus be assumed
that hemp and paper mulberry have a larger proportion of fibers having a higher aspect ratio than the
other fiber types, which would explain a better reinforcement effect. Combined with the smaller width,
which results in a larger bonding area between fiber and matrix, the high tensile strength of the composite
reinforced with paper mulberry could be explained. Similarly, the higher specific surface area of the finer
fibers leads to more absorbed energy at fracture under impact load explaining the higher Charpy impact
strength of paper mulberry/PLA.

IFSS in MPa

Figure 7: Interfacial shear strength (IFSS) of bast fiber bundles in a PLA matrix measured with microbond
tests (median value = mean arithmetic deviation; different letters indicate significant differences between the
test results, a * marks results not subjected to a normal distribution)
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Figure 8: SEM micrographs of the surface of a hemp fiber bundle embedded in the PLA matrix after the
microbond test; (A) whole sample, (B) surface of the hemp fiber bundle and part of the PLA droplet in
pull-out direction, (C) surface of the hemp fiber bundle and part of the PLA droplet in the opposite pull-
out direction
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Pull-out direction

Figure 9: SEM micrographs of the surface of a paper mulberry fiber bundle embedded in the PLA matrix
after the microbond test; (A) whole sample, (B) surface of the paper mulberry fiber bundle and part of the
PLA droplet in pull-out direction, (C) surface of the paper mulberry fiber bundle and part of the PLA
droplet in the opposite pull-out direction
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Figure 10: Box-Whisker plots of the fiber dimensions (width (A), length (B) and aspect ratio (C)) of
extracted bast fiber bundles (different letters indicate significant differences between the test results, a *
marks results not subjected to a normal distribution)

The chemical composition of the fibers can also influence fiber/matrix adhesion. Previous studies found
that lignin can improve fiber/matrix adhesion, as more interactions with the PLA matrix are possible due to
the presence of hydrophobic groups [86]. The determined chemical composition is summarised in Table 4
compared with literature data. It is evident that not all values lie within the range of the literature data. It
should be noted that the chemical composition determined can vary considerably from method to method
and depending on the preparation of the fibers. In our case, the alkali-treated fibers were examined. Hemp
has the highest proportion of cellulose. Despite a lower lignin content, hemp and kenaf have the highest
IFSS. It is assumed that structural influences of the fiber surface lead to this effect. Paper mulberry and
Fryxell exhibit a high lignin content (Table 4). Even though a low IFSS was found for paper mulberry in
the microbond tests due to the problem mentioned above of the low cohesion of the individual cells in
the fiber bundle (Fig. 7), a better bonding of the paper mulberry fibers to the matrix may be possible,
which in combination with the higher aspect ratio leads to the highest tensile strength in the composite
(Fig. 5). The higher aspect ratio can also explain the best impact strength of the composite, as the fiber
pull-out of the fine and relatively long fibers can absorb more energy than coarser fiber bundles with a
lower specific surface area. Due to the short fiber length in the composite, all composites have lower
elongation values than the individual components of the material. Overall, the mechanical properties of
all composites investigated could be significantly enhanced if longer fibers could be incorporated.
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Table 4: Chemical composition of different bast fibers compared to literature values (mean values =+ standard
deviation) in %

Content Cellulose Hemicellulose Lignin Ash Reference

. This Literature  This Literature ~ This Literature ~ This Literature
Fiber

study values study values study values study values

Hemp 88.3+£0.3 70-77 4.1+0.1 14-224 2.1+£0.1 3.5-13 0.1£0.0 0.8 [14,71,74,78]
Kenaf 75.0+£0.6 31-72 13.0£0.1 8-34 3.6+04 9-22 04+0.0 2-54 [14,69,71,74,78]
Roselle 77.1+£0.2 59-65 149+0.2 16-21 2.6+£0.2 5.4-10.0 04+0.0 0.5-2.1 [25,76]
Fryxell 76.4+0.8 64-74.0 125+0.1 14.6-27.1 6.0+0.5 15.7-17.3 0.5+0.0 ns. [50,79]
Paper 73.3+£0.5 56.0-75.0 4.8+0.2 16.9-17.0 7.1+£04 2.0-4.0 0.1+£0.0 2.0-4.0 [53-54,87]
mulberry

4 Conclusions

In the present study, different bast fibers from typical Thai bast fiber plants were used to evaluate their
potential for use in injection molded fiber-reinforced PLA composites. The mechanical properties and the
width distributions of hemp, kenaf, roselle, Fryxell and paper mulberry fiber bundles were analysed. The
hemp fiber bundles showed the highest tensile strength and the highest Young's modulus, followed by
kenaf, roselle, Fryxell and paper mulberry. The IFSS between fiber bundles and PLA matrix reflected the
same trend. Despite these results, the highest tensile strength for the composites was found for paper
mulberry/PLA followed by hemp/PLA. Hemp/PLA reached the best value for the Young’s modulus,
followed by paper mulberry/PLA. Kenaf/PLA and roselle/PLA were comparable in terms of both properties,
despite the better fiber properties of kenaf; Fryxell/PLA shows lower characteristic values. Further structural
analyses were carried out to find out why paper mulberry leads to good tensile properties in composites. It
turned out that the fiber bundles of paper mulberry tested in the fiber tensile test were significantly coarser
and the cohesion of the single fibers in the bundle was low. On the one hand, the significantly lower tensile
properties of the fiber bundles can be attributed to size effects and, on the other hand, to the limited
cohesion of the individual fibers in the bundle. The limited length of the individual cells increases the
probability of slipping off each other during the fiber tensile test under less force than in fiber bundles in
which the individual cells are well adhered to each other. Furthermore, paper mulberry represented the
highest aspect ratio of fibers extracted from the composite, followed by hemp. The measured fiber width
was also smaller, resulting in a larger specific fiber surface area in the composite for the matrix to bond to
the fiber. Overall, it can be concluded that the Thai bast fibers investigated can be well used for composite
applications, with paper mulberry and hemp offering the greatest potential of the variants examined. Paper
mulberry fibers show an exciting reinforcement potential in composite materials. The potential of these
fibers should be evaluated in further studies in the future. For example, the availability, price and, most
importantly, the environmental footprint of extracting and processing these fibers should be investigated.
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