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Abstract

In the present experimental investigation, novel Himalayacalamus falconeri fiber reinforced polylactic acid biocomposites
were developed via direct injection molding. Standard test procedures were used to evaluate the mechanical, thermal, micro-
structural, and water absorption properties of the developed biocomposites as a function of fiber concentration (5-20%) and
alkali treatment (5% w/v NaOH solution). It was observed that the tensile, flexural, and impact strength of all developed
biocomposites were gradually enhanced with the addition of fiber concentration up to 15 wt.% and thereafter start decreas-
ing with increasing fiber concentration up to 20%. Alkali-treated biocomposite with 15 wt.% fiber content (PLA/THF-15)
exhibited the highest tensile strength (44.59 MPa+ 1.55 MPa) and flexural strength (75.68 MPa+ 0.88 MPa). Untreated
biocomposite (PLA/UHF-15) showed a maximum impact strength of 41.61 J/m. Meanwhile, the fractured surfaces from
mechanical testing were examined using a scanning electron microscope to identify the causes of failure in the developed
biocomposites. Alkali-treated biocomposite with 20 wt.% fiber content (PLA/THF-20) exhibited the highest hardness value
of 90.66 HD, while untreated biocomposite with 20 wt.% fiber content (PL/UHF-20) exhibited the maximum water absorp-
tion rate (2.60%) and soil degradation rate (2.18%). The Vicat softening temperature (VST) and heat deflection temperature
(HDT) were found to be 56.7 °C for PL/THF-20 and 57.55 °C for PLA/THF-15, respectively. It can be concluded from this
present investigation that short Himalayacalamus falconeri fiber can be used as reinforcement in PLA-based matrix to make
entirely biodegradable green composites that can replace petroleum-based synthetic polymer composites in lightweight and
non-structural applications.

Keywords Himalayacalamus falconeri fiber (HFs) - Mechanical properties - Vicat softening temperature (VST) - Heat
deflection temperature (HDT) - Direct injection molding (DIM) - Biocomposites

1 Introduction

The growing environmental challenges and rising
prices of petroleum-based polymers and strict envi-
ronmental policies have forced scientists and research-
ers to rethink and develop a new class of sustainable
materials [1, 2]. Green composites, made of a biode-
gradable matrix reinforced with bio-fibers, have the
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potential to replace non-biodegradable composites for
environmental sustainability and commercial viability
[3-5]. Biocomposites reinforced with natural fibers are
gaining popularity in various industries due to their
lightweight, eco-friendly, sustainable, and biodegrad-
able nature, as well as their favorable physicochemical,
mechanical, and thermal properties. They are already
being used in aerospace, automotive, sports, and home
decor items [6—10]. The advances in the polymer indus-
try have popularized the use of biopolymer compos-
ites in structural engineering applications. Biopolymer
matrices like polylactic acid (PLA), poly(3-hydroxybu-
tyrate-co-3-hydroxy valerate) (PHBV), poly(butylene
succinate) (PBS), and polycaprolactone (PCL) are
being investigated for their potential uses [11-13].
PLA, in particular, is gaining attraction in engineer-
ing applications, especially in automotive exterior and
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interior parts, due to its biodegradability, attractive
aesthetics, and good mechanical characteristics [14].
However, PLA has limitations in terms of cost, low
heat deflection temperature, and brittleness. These
limitations can be addressed by blending natural fib-
ers and fillers with PLA matrix to improve its overall
performance [15].

Natural fibers such as Aloe vera, bamboo, banana,
mukwa, jute, sisal, Himalayan nettle, and tasar silk
that are being used as a bio-reinforcement have the
potential to suitably replace synthetic fiber in the
polymer matrix due to their desirable properties, i.e.,
low density, biodegradable, non-corrosiveness, easy
availability, non-toxic nature, and low carbon emission
and less energy-intensive [15-29]. Using 65% hemp
fibers instead of 30% glass fibers reduces energy con-
sumption by 50,000 MJ, indicating an energy-efficient
process [30]. Natural fiber utilization in plastics is
projected to increase by 15-20% annually; while in the
automotive and construction industries, it is expected
to grow by 15-20% and 50%, respectively [31]. How-
ever, natural fibers have some disadvantages, such as
reduced poor fiber-matrix interfacial interaction and
low thermal performance [32]. The excessive pres-
ence of chemical constituents on the fiber surface
(hemicellulose, lignin, pectin, wax) hinders interfa-
cial bonding with the polymer matrix [33]. Several
studies proposed chemical-based surface modification
techniques (alkaline, silane, acetylation, peroxide, and
benzoylation) to overcome this barrier [34-37]. Alkali
treatment is effective, affordable, and widely used to
remove non-cellulosic components, improving inter-
facial adhesion [38-40]. However, excessive alkali
concentration beyond the optimal threshold reduces
biocomposite strength [41, 42]. Shiva et al. [8] found
that 10% NaOH-treated fibers reduced amorphous

Fig. 1 Himalayacalamus
falconeri fiber undergoing a
chopping process and b sieving
process

content, improving composite mechanical charac-
teristics. Huang and Young [43] reported improved
performance of bamboo/epoxy composites with alkali
treatment (0.1 N NaOH, 100 °C, 12 h). Khan et al. [44]
found that 6% NaOH-treated bamboo fibers showed
maximum tensile strength in an epoxy matrix. Further-
more, Mwaikambo and Ansell [45] observed increased
crystallinity and internal structural change in sisal fib-
ers with alkalization.

Biocomposites may be processed in a variety of
ways, including melt mixing, hand lay-up, com-
pression molding, injection molding, spray lay-up,
and resin transfer molding [46-48]. However, the
commercial viability of biocomposites depends on
a processing technique that is efficient, is easy to
operate, and produces biocomposites with consistent
dimensional qualities [49]. The selection of a suit-
able processing technique has a significant impact on
biocomposite properties, considering variables such
as production method, processing parameters, fiber
dispersion and orientation, and interfacial aspects
of constituent materials [50]. Injection molding is
commonly used for short fiber-based composites,
but extrusion is also preferred by many researchers
for mixing polymer pellets and chopped natural fib-
ers in biocomposite production. Komal et al. [49]
investigated the influence of processing methods
(direct injection molding (DIM), extrusion-injection
molding (EIM), and extrusion compression molding
(ECM)) on banana fiber/PLA biocomposites. EIM
and ECM require additional operations like extrusion
compounding, pelletizing, and drying at high tem-
peratures to remove moisture, which can potentially
degrade natural fibers and polymer pellets. These
additional steps also increase operational time and
expenses. To overcome these challenges, alternative
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Fig.2 Schematic of direct injec-
tion molding (DIM) process
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methods like DIM (direct injection molding) may
be used without compounding [50, 51]. The grow-
ing demand for biocomposites has spurred research
in the design, manufacture, and characterization of
their properties [52]. It has been noted that reinforced
PLA composites manufactured from natural fibers
exhibit properties that are on par with, or even supe-
rior to, those made from manmade fibers. Serizawa
et al. [53] evaluated that the impact behavior of PLA/
kenaf fiber composites (5.5 kJ/m?) was equivalent to
that of glass fiber/PLA composites (5.1 kJ/m?) and
glass fiber/ABS composites (4.8 kJ/m?). Huda et al.
[54] studied that PLA/RNCF/talc hybrid composites
(RNCF, recycled newspaper cellulose fibers) showed
significantly improved flexural strength (132 MPa)
and flexural modulus (15.3 GPa) compared to unhy-
bridized PLA/RNCF composites (77 MPa and 6.7
GPa, respectively). Xiao-Yun et al. [55] fabricated
PLA/flax composites and determined that the highest
strength was achieved at a flax volume percentage of
35% using the hot-pressing technique. Bajpai et al.
[14] compared PLA-and PP-based composites rein-
forced with different natural fibers (nettle, Grewia
optiva, sisal fiber) and reported better mechanical
characteristics in PLA-based composites, suggesting
its potential as a replacement for traditional fiber
composites in various applications.

In the current experimental investigation, Himalaya-
calamus falconeri fiber reinforced PLA biocomposites
were fabricated using direct injection molding (DIM)
for the first time. The effect of NaOH treatment and

PLA/ Treated HFFs Specimens

Tensile specimen

Specimen for Testing Impact specimen

Flexural specimen

fiber concentration (5-20%) on the mechanical and
thermal behavior of the biocomposites was experimen-
tally investigated. Tensile, flexural, impact, and hard-
ness tests were conducted according to ASTM stand-
ards for mechanical characterization. Water absorption
and soil burial biodegradability tests were performed,
and Vicat softening temperature (VST) and heat deflec-
tion temperature (HDT) were used to study thermal
behavior. Scanning electron microscopy (SEM) was
employed for fracture surface analysis. Optimum fiber
concentration for Himalayacalamus falconeri fiber
reinforced biocomposites was determined based on
the findings.

Fig.3 Defects during direct injection molding (DIM) process, a flash
and b short shot
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Table 1 Process parameters selected for direct injection molding of
developed biocomposite

Parameter Value
Temperature distribution (°C) (feed to the nozzle) 165—
175-
190-
200
Injection pressure at screw tip (MPa) 60
Injection time (s) 3
Holding pressure at the screw tip (MPa) 55
Holding time (s) 8
Mold temperature (°C) 35
Screw rotational speed (rpm) 120
Back pressure (MPa) 20

2 Materials and characterization
2.1 Materials
2.1.1 Polylactic acid (PLA) as bio-matrix

Polylactic acid (PLA) (grade 3052D) in pellet form was
supplied by Natur-Tec India Pvt. Ltd., Chennai, India. The
biopolymer has a density of 1.24 g/cm?®. The glass transi-
tion temperature (Tg) and melting temperature (7,,) of PLA
are 55-60 °C and 200 °C, respectively. PLA pellets being
hygroscopic were dried in a hot air oven at 60 °C for 2 h
before mixing with natural fiber.

2.1.2 Himalayacalamus falconeri fibers
as bio-reinforcement

Himalayacalamus falconeri (HF), also known as Dev-Ringal
or hill bamboo, is a fast-growing grass evergreen bamboo
species and was procured from Rudraprayag district of
Uttarakhand state, India. It can grow up to 6 m tall with a
diameter of 1.5-3.5 cm and is resistant to water and cold
temperatures as low as — 13 °C [56, 57]. The fibers were
extracted from its culms through water retting followed by
a mechanical extraction process. Himalayacalamus falcon-
eri fiber possesses good mechanical properties [24, 58].
The Himalayacalamus falconeri fiber (HFF) was chopped
into the length of 3—5 mm for optimum dispersion with the
resin during fabrication using direct injection molding. The
chopped fibers were soaked in lukewarm water at a tem-
perature of 40—45 °C for 3 h to separate the fiber and get rid
of the pith and other impurities. The fibers were then dried
in the open air for 24 h to get rid of moisture and other foul
gases. The dried fiber was first filtered through a sieve (mesh
no. 20 followed by mesh no. 60) to exclude the uncrushed
fiber in the sieving process and then completely dried in a
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hot oven (at 80 °C for 5 h). The images of HFFs undergoing
the chopping and sieving process are shown in Fig. 1a, b.

2.2 Fiber surface modification

To investigate the effect of alkali on the properties of the
biocomposites, surface modification on HF fiber was done
with 5% (w/v) NaOH solution for 5 h at 30 °C. Pellets of
sodium hydroxide (NaOH) were provided by Central Drug
House (CDH), New Delhi, India. The fiber-to-liquid ratio
was maintained at 1:20. Afterward, the treated HFFs were
taken out from the alkaline solution. For a short duration of
time, fibers were soaked initially in a 1% (w/v) HCI solution
and then washed repeatedly until the pH was neutralized,
as measured using red litmus paper. After 24 h of drying at
80 °C, this treated fiber is ready for use as bio-reinforcement
with the PLA matrix.

2.3 Processing of biocomposites using direct
injection molding machine (DIM)

The direct injection molding technique has been recog-
nized as a commercial manufacturing option for the fab-
rication of biocomposite to meet market demands. PLA-
based biocomposites incorporating Himalayacalamus
falconeri fibers (HFFs) of varying fiber content (5%, 10%,
15%, and 20% by weight) were fabricated during pilot
experimentation using direct injection molding process
(DIM) (Model: SH-900). Manually (without compound-
ing) mixing dried PLA pellets with short HF fibers was
done before feeding them directly into the hopper of the
injection molding machine. The schematic of the direct
injection molding process is shown in Fig. 2. At 20 wt.%
fiber content and above, a high volume of natural fiber
resulted in various problems such as agglomeration of
fibers, choking of the nozzle, blending difficulties, and
fiber burnout, during the processing. Hence, test speci-
mens incorporating fiber weight fractions up to 20% were
manufactured as per the ASTM standard. During injec-
tion molding, process parameters such as barrel tempera-
ture and injection pressure have a considerable impact
on the performance of the composites and thus must be
optimized to produce high-quality parts. The fluidity of
melt in the barrel and cavity can be improved by raising
the temperature of the barrel; however, it may damage
natural fibers and degrade polymers, and therefore this
temperature needs to be optimized. On the other hand,
the injection pressure must be optimized so that it does
not cause flash and warpage, fiber degradation due to high
shearing action in the barrel, and random orientation of
fibers within the composites, all of which may result in
deterioration of the performance of composites. Figure 3
shows the few defects that might occur in the specimens
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Table 2 Nomenclature of developed biocomposites

Fiber Fiber concentration (%) Label

PLA 0 PLA

UHF 5 PL/UHF-5
UHF 10 PL/UHF-10
UHF 15 PL/UHF-15
UHF 20 PL/UHF-20
THF 5 PL/THF-5
THF 10 PL/THF-10
THF 15 PL/THF-15
THF 20 PL/THF-20

PLA polylactic acid, UHF untreated Himalayacalamus falconeri
fiber, THF 5% alkali-treated Himalayacalamus falconeri fiber

PL/UHF untreated Himalayacalamus falconeri fiber reinforced bio-
composites

PL/THF 5% alkali-treated Himalayacalamus falconeri fiber rein-
forced biocomposites

when the manufacturing process is not optimized. Based
on the results of the pilot experiments, Table 1 shows the
details of the optimized parameters of the injection mold-
ing machine used to fabricate the sample. The nomencla-
ture of biocomposites developed with varying fiber con-
centrations is given in Table 2.

2.4 Morphological characterization

Microstructure analysis of UHF, THF, and the fractured bio-
composite specimens were carried out on scanning electron
microscope (SEM) (Make: LEO, Model: 435P) at a resolu-
tion of 100-500 x along with a sputter coater (BAL-TEC-
SCD-005). Before micrographs were taken, the specimen
was coated with a thin layer of gold using a sputter coater in
order to boost the specimen’s conductivity.

2.5 Tensile properties

UTM (Make: Instron, Model: 5982) was used to measure
the tensile characteristics of biocomposites according to
ASTM D3039M-14 at crosshead speed of 1.5 mm/min
and gauge length of 50 mm, respectively. Tensile proper-
ties were measured in terms of tensile strength and ten-
sile modulus, at room temperature of 27 °C and relative
humidity of 65%. A total of three samples (Fig. 4a) were
tested for all developed biocomposites, and the average
value is reported.

2.6 Flexural properties

All biocomposites were evaluated for flexural characteristics
on UTM (Make: Instron, Model: 5982) at 2 mm/min cross-
head speed and 60-mm gauge length, according to ASTM
D790-10. Flexural strength and modulus were assessed.
Three samples (Fig. 4b) were tested for each test and the
average result is reported.

2.7 Impact test

Notched Izod impact test specimens were examined using
a low-energy impact tester (Tinius Olsen-IT504) in accord-
ance with ASTM D256-10. Five samples (Fig. 4c) were
tested for each test, and the average value is reported.

2.8 Microhardness test

A Shore D hardness tester (accuracy: + 1) was used to deter-
mine the hardness of pure PLA and biocomposite specimens.
The resistance of a material to a spring-loaded indenter is
measured in terms of its “Shore hardness.” If the number
is larger, the resistance or hardness is increased. Shore D
hardness is determined by taking the average of six measure-
ments taken over the center line of the composite specimen.

Fig.4 Biocomposite specimens
as per ASTM standard for a ten-
sile test, b flexural test, ¢ impact
test, and d water absorption test
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2.9 Water absorption test

As per ASTM D570-10, rectangular shape
(76.2%25.4x4 m?) of biocomposite were cut out and
put in distilled water at room temperature (Fig. 4d). The
samples were heated to 50 °C in a hot air oven for 24 h
before being allowed to cool to room temperature in plas-
tic bags. The specimens’ dry weight (W,) was measured
with a precision scale (Model: SES 201, Make: Saffron)
that could hold up to 220 g (an accuracy of 0.0001 g).
Then, the sample was submerged in distilled water for
24 h. Then, the sample was soaked in distilled water at
room temperature for 24 h. Then, it was taken out of the
water, wiped with tissue paper, and weighed to find its
wet weight (W,). The rate of water absorption for the
specimen was calculated using Eq. (1).

)XIOO

_WO

Water absorption (%) = <Wt €))

Wo

2.10 Thermal test

The Vicat softening temperature (VST) and heat distor-
tion temperature (HDT) were used to measure the ther-
mal stability of the composites. This was done with an
automatic HDT/VST apparatus (Make: Coesfeld, Model:
40-190-100) with a range of up to 300 °C with an accu-
racy of 0.1 °C. For the Vicat softening point test, the
sample was placed in a silicon oil bath under a 50 N load
at 30 °C and subsequently heated at a rate of 50 °C/h, as

Fig.5 Soil burial degradabilty
test procedure showing a cut
specimens, b specimens buried
in compost bin, ¢ sprinkling

of water at regular interval,

d degraded specimens after 15
days, e weighing of degraded
specimen, and f degraded PL/
UHF-20 specimen after 45 days

(©)

Cut specimens into 30x10x4 mm
and then weigh

Perform quantitative
biodegradation analysis
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outlined in ASTM D1525. For each sample, the Vicat
softening temperature was recorded as the temperature
at which a needle could be inserted into the sample to
a depth of 1 +0.1 mm. For the HDT test, each sample
was put on the deformation measuring device with a load
of 0.45 MPa and a temperature rise of 2+ 0.2 °C/min
until the middle of the beam deflected to 0.25 mm, as
described in ASTM D648. This temperature was recorded
as the deflection temperature when a flexural load was
applied.

2.11 Soil burial degradability test

A soil burial biodegradation test was performed for
45 days to evaluate the effect of alkali treatment on the
biodegradability of the composite specimens (Fig. 5a).
For this experiment, a compost bin (size: 30X 16 x 14
cm?) filled with compost soil (pH 7 and RH 70-80%)
was utilized (Fig. 5b). The relative humidity (RH) in the
burial site was maintained by sprinkles of water at regu-
lar intervals. The composite specimens were buried at a
depth of 6 cm below the surface of the soil, and the aver-
age temperature during the exposure period was 18-20 °C
(Fig. 5¢). Every 15 days, buried samples were dug out,
washed, and then dried at 50 °C in a hot air oven for
5 h (Fig. 5d). The percentage of weight loss was used to
assess biodegradation behavior. The weight of the speci-
men before and after the exposure was measured using
a precision electronic balance (Model: SES 201, Make:
Saffron) with an accuracy of 0.0001 g (Fig. Se).

Degraded PL/UHF-20

-
biocomposites specimen after 45 days

\
-~ '\(\‘e‘\‘a
PR\
- aN
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Sprinkle water at regular interval
to maintain moisture)

Take out the degraded specimens at
regular periodic intervals of 15 days



Biomass Conversion and Biorefinery (2024) 14:21245-21260

21251

S—

Cell parenchyma

more waxy impurities

Smooth surface

VD )

W v mago
16.2 mm | 15.00 kV

go det HFW | pressure
500 x  Standard

LVD 829 um 100 Pa

Rough surface Aebes

less waxy impurities Micro fibrils

mag

HV o det HFW pressure |
15.7 mm 20.00 kV 500 x _Standard

LVD 829 um 400 Pa

Fig.6 SEM micrographs of a untreated Himalayacalamus falconeri fiber UHF and b treated Himalayacalamus falconeri fiber (THF)

3 Results and discussion

3.1 Fiber morphology

The SEM micrographs for untreated Himalayacalamus
fiber (UHF) and 5% NaOH-treated Himalayacalamus fiber
(THF) are depicted in Fig. 6. Untreated Himalayacalamus
falconeri fiber (UHF), as shown in Fig. 6a, contains paren-
chyma cells and other non-cellulosic components (wax and
oil) on its surface which make it hard to form good inter-
facial interaction when used as reinforcing material in the
polymer matrix and thereby influencing the performance of
natural fiber reinforced polymer composites. To evaluate the
influence of treatment on the mechanical properties of fiber
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reinforced biocomposites, alkali treatment with 5% NaOH
was done on the fiber surface which appeared cleaner since
the weak and amorphous components that normally bind
the fibers together had been removed, as shown in Fig. 6b.
Consequently, the disintegration of fiber bundles into micro-
fibrils occurs which improves the aspect ratio as well as the
surface area accessible for bonding when reinforced with the
polymer matrix, thereby affecting the performance of fiber
reinforced polymer composites [59, 60].

3.2 Tensile properties
Figure 7 depicts a comparison of the tensile properties of

plain PLA, untreated fiber reinforced biocomposites, and
treated biocomposites. The tensile properties for both

Fiber concentration (%)

Fig. 7 Tensile properties of PLA-based UHF and THF reinforced biodegradable composites; a tensile strength and b tensile modulus
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biocomposites (untreated and treated) improved with the
increase in fiber concentration, reaching their highest values
at 15% fiber concentration and then decreasing with a further
increase in fiber concentration up to 20%. This trend may be
attributed to agglomeration caused by a higher volume of
fibers beyond 15 wt.%, leading to feeding and blending chal-
lenges during processing which may have further contrib-
uted to the decrease in strength of the developed composites.
For both types of biocomposites (untreated and treated), bio-
composite with alkali-treated fibers (PLA/THF-15) exhib-
ited the highest tensile strength of 44.59 MPa (+ 1.55 MPa)
and tensile modulus of 1935.48 MPa (+ 73 MPa), whereas
the untreated biocomposite displayed a tensile strength of
41.18 MPa (£ 0.64 MPa) and tensile modulus of 1818.7 MPa
(+133 MPa). Compared to neat PLA (32.56 MPa), the ten-
sile strength of PL/UHF-15 biocomposites significantly
improved by 26.47%, as depicted in Fig. 7a. However, incor-
porating alkali-treated fiber into the PLA matrix increased
the tensile strength of PL/THF-15 biocomposites by 8.28%
relative to PL/UHF-15 biocomposites. The tensile modu-
lus of the developed biocomposites exhibited a substantial
increase in comparison to PLA, as shown in Fig. 7b. The
tensile modulus for PL/UHF-15 biocomposite surged by
43%, compared to neat PLA (1271.83 MPa). This increase
in modulus implies an increased stiffness of biocomposites
due to the incorporation of fiber into the PLA matrix. Fur-
thermore, with the incorporation of alkali-treated fibers,
the tensile modulus of PL/THF-15 biocomposite improved
by 6.5% compared to the tensile modulus of PL/UHF-15
biocomposite. It can be concluded that alkali treatment
leads to the removal of parenchyma cells and wax on the
fiber surface, which results in more mechanical interlock-
ing sites, leading to an increased interfacial bonding which
further results in increased tensile strength of alkali-treated
fiber reinforced biocomposites [33]. The increase in tensile

properties (strength and modulus) of PLA-based biocom-
posites is supported by several published research [61-63].

3.2.1 Morphological analysis of tensile fractographs

The fractured tensile specimens of the untreated PL/UHF-15
and treated PL/THF-15 biocomposites are shown in Fig. 8.
The micrographs show that the biocomposite fails under ten-
sile stress, with cracks appearing in the matrix, fibers break-
ing, and pullouts occurring in the fibers. A strong interfacial
connection is essential for good tensile characteristics. The
tensile qualities are governed by a small set of variables,
including adhesion strength, fiber-matrix interactions, and
fiber pullouts [14, 64]. In Fig. 8a, failure in PL/UHF-15 is
seen as fiber pullouts, and there are zones of fiber pullouts
over the fracture surface, indicating poor interfacial bonding.
However, in Fig. 8b which depicts treated fiber reinforced
PL/THF-15 biocomposites, the failure mode was identical
but with reduced fiber pullouts and fiber breakages, showing
increased fiber-matrix adhesion due to alkalization done on
the fiber. It can be concluded that fiber treatment using an
alkali solution enhanced fiber-to-matrix adhesion, resulting
in better tensile characteristics.

3.3 Flexural properties

Figure 9 shows comparative graphs of the flexural char-
acteristics of UHF and THF fiber reinforced biocompos-
ites in comparison to neat PLA. Flexural properties were
found to be improved with fiber concentration for both
untreated and treated biocomposites, reaching a maxi-
mum of 15% fiber concentration and then decreasing
with further increases in fiber concentration up to 20%.
For both types of biocomposites (untreated and treated),
biocomposite with alkali-treated fibers (PLA/THF-15)

16:45 AM 9.8 mm 10,00 kV 5 d ETD 829 pm 7.19E-3 Pa

hal

< : fr
Improved (i
Fiber- matrix NSN3
bonding

W g usecase det HFW  pre
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Fig. 8 Tensile test fractographs of a PL/UHF-15 and b PL/THF-15
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Fig.9 Flexural properties of PLA-based UHF and THF reinforced biodegradable composites; a flexural strength and b flexural modulus

demonstrated superior flexural performance, with a maxi-
mum flexural strength of 75.68 MPa (+0.88 MPa) and
flexural modulus of 4747.72 MPa (+477.08 MPa) at 15
wt.% fiber content, compared to the untreated biocom-
posite which showed a flexural strength of 62.43 MPa
(£ 2.89 MPa) and flexural modulus of 4390.35 MPa
(£433.58 MPa). The maximum flexural strength is shown
by PL/UHF-15 and PL/THF-15 with an improvement of
69.80% and 105.15%, respectively, compared to neat PLA
(36.89 MPa) as depicted in Fig. 9a. It is worth noting
that compared to untreated fiber, flexural strength was
even further increased when alkali-treated fiber was used.
When PL/THF-15 is compared with PL/UHF-15, there
was an improvement of 21.22% in the flexural strength
of developed composites. Furthermore, the addition of
alkali-treated fiber enhanced the flexural modulus of
the treated fiber reinforced biocomposites as depicted in
Fig. 9b. The flexural modulus of treated fiber reinforced
PL/THF-15 biocomposites increased by 8.13% compared
to untreated fiber reinforced PL/UHF-15 biocomposites.
When compared to neat PLA, the flexural modulus of
PL/UHF-15 and PL/THF-15 biocomposites improved by
22.16% and 32.10%, respectively. This increased stiff-
ness can be attributed to better stress transfer between
the stiff fiber and PLA matrix along with better distribu-
tion of reinforcement within the PLA matrix. Moreover,
post-alkali treatment disintegrates the fiber bundles into
fiber fibrils resulting in an increased aspect ratio and sur-
face area available for bonding with the PLA matrix to
ensure better wettability [65, 66]. It is worth noting that
the injection pressure used during manufacturing helps in
the improvement of fiber orientation in the flow direction,
which improves the modulus of the developed composites
[67, 68].

3.3.1 Morphological analysis of flexural fractographs

The flexural test fractographs of PL/UHF-15 and PL/THF-
15 are shown in Fig. 10. The flexural properties of biocom-
posites are mostly determined by the bonding at the inter-
phase. Flexural strength is also dependent on the proper ratio
of reinforcement, fiber treatment, and fabrication methods
[69-71]. PL/UHF-15 and PL/THF-15 showed maximum
flexural strength and modulus at 15% fiber concentration.
Figure 10a illustrates micrographs of fiber fracture, debond-
ing, and matrix fractures in untreated fiber reinforced PL/
UHF-15 biocomposites. Better flexural characteristics are
shown in alkali-treated fiber-reinforced PL/THF-15 biocom-
posites due to enhanced fiber-matrix bonding as shown in
Fig. 10b.

3.4 Impact properties

The impact strength of the biocomposites majorly depends
on factors such as type of fiber, treatment on fiber, fiber
distribution within the matrix, fiber-matrix adhesion, and
toughness of fiber and matrix. The impact strength of a
material is associated with the energy consumed during
fracture, which may result from fiber fracture, fiber-matrix
debonding, and fiber pullouts [15, 72, 73]. From Fig. 11a,
it is evident that the notched impact strength of all the bio-
composites increases with an initial increase in fiber con-
centration, becomes maximum at 15% fiber concentration,
and then decreases with further increase in fiber concentra-
tion up to 20%. Compared to neat PLA, the notched impact
strength of all the fabricated biodegradable composites sig-
nificantly improved with the incorporation of UHF and THF.
During impact testing, PLA-based biocomposite specimens
were fractured into two pieces, confirming the brittleness of
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Fig. 10 Flexural test fractographs of a PL/UHF-15 and b PL/THF-15

the PLA matrix. Within untreated and treated biocompos-
ites, PL/UHF-15 and PL/THF-15 showed the highest value
of notched impact strength compared to PLA (30.82 J/m)
with an improvement of 35.88% and 35.04%, respectively.
In addition, all the treated biocomposites (PL/THF) exhib-
ited a reduced impact strength compared to the untreated
biocomposites (PL/UHF). The impact strength of PL/THF-
15 (41.62 J/m) declined by 0.62% compared to the impact
strength of PL/UHF-15(41.88 J/m). The good fiber-matrix
adhesion in treated biocomposites (PL/THF) causes more
fiber breakages than fiber pullouts during impact loading,
reducing impact strength [15]. It is noteworthy that energy
lost due to fiber breakage is lower than energy lost due to
fiber pullouts. Additionally, treated biocomposites have

more fiber fibril ends than untreated biocomposites, which
operate as stress concentration points and increase crack
propagation, thereby reducing impact strength [74]. Even
though the impact strength of PL/UHF-20 and PL/THF-20
biocomposites decreased at 20% fiber concentration, their
impact strength was still higher than PLA by 25.21% and
10.90%, respectively. Thus, it may be concluded that the
untreated composite had weaker interfacial bonding, which
aided in releasing more energy owing to fiber pullouts.

3.4.1 Morphological analysis of impact fractographs

Figure 12 shows impact test fractographs of PL/UHF-15
and PL/THF-15 biocomposites. Figure 12a shows that there
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Fig. 11 PLA-based UHF and THF reinforced biocomposites. a Impact properties and b Shore D hardness values
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are more fiber pullout regions in untreated biocomposites
(PL/UHF-15) due to low or medium interfacial adhesion
between fiber and matrix. The untreated fiber generally has
wax and non-cellulosic content on its surface which lead
to poor fiber-matrix adhesion which is responsible for a
greater number of fiber pullouts rather than fiber breakage.
After alkalization, the fiber surface gets improved resulting
in good interfacial interaction with the PLA matrix. So, in
the case of treated biocomposites (PL/THF-15), more fiber
breaks are seen than fiber pullouts, as shown in Fig. 12b.
This means that treated biocomposites have a lower impact
strength. Therefore, in the case of treated biocomposites
(PL/THF-15), more fiber breakage is seen than fiber pull-
outs, as illustrated in Fig. 12b, leading to a decrease in
impact strength.

3.5 Microhardness test

Figure 11b shows that the addition of both raw and treated
fiber considerably improved the hardness value of all the fab-
ricated biocomposites. In both types, untreated and treated
fiber reinforced biocomposites, biocomposite treated with
alkali (PLA/THF-15) at a fiber content of 20 wt.% displayed
the highest hardness value of 90.66 HD (+0.60), whereas
the untreated biocomposite (PL/UHF-20) showed a hard-
ness of 90.16 HD (£ 0.68). The maximum hardness values
were observed for PL/UHF-20 and PL/THF-20 which were
marginally improved by 2.8% and 3.3%, respectively, com-
pared to neat PLA (87.7 HD). The possible reason for this
increased hardness may be the incorporation of stiffer fibers
into the PLA matrix, which is brittle. In addition, alkali-
treated fiber reinforced PL/UHF-20 biocomposite showed
improved hardness by 5.45%, compared to untreated fiber
reinforced PL/UHF-20 biocomposites. This increased
hardness values for PL/THF compared to PL/UHF can be

attributed to improved chemical bonding at fiber-matrix
interphase due to fiber fibrillation and removal of non-
cellulosic content from the fiber surface which led to less
micro-voids and fiber debonding in the interphase region
thereby improve the compatibility, which in turn, ensures
the higher hardness values.

3.6 Water absorption properties

Water absorption behavior of pure PLA, untreated fiber
biocomposites, and 5% alkali-treated biocomposites were
evaluated by measuring the percentage of weight gain over
time when submerged in distilled water at room temperature,
as presented in Fig. 13. The water absorption capacity of
biocomposites depends on the factors such as fiber proper-
ties, fiber treatment, and fiber-matrix interfacial properties.
It is observed that the water absorption rate of the biocom-
posites increases with increasing the fiber concentration as
depicted in Fig. 13a, b. Among all the developed biocompos-
ites, the lowest water absorption rate is shown by neat PLA
biocomposite which is 0.32%. The maximum weight gain
for untreated and treated biocomposites is 2.60% and 2.42%
for PL/UHF-20 and PL/THF-20, respectively. The weight
gain is highest at 20% fiber concentration, resulting in the
interlocking of a large number of water molecules in the
biocomposites. The water molecules then assault the inter-
face, debonding the fiber and PLA matrix at the interface as
depicted in Fig. 13c. It is observed that untreated biocompos-
ites (PL/UHF) absorbed more water than 5% alkali-treated
biocomposites (PL/THF) due to the hydrophilic nature of
untreated Himalayacalamus falconeri fiber and the presence
of an amorphous material such as wax and oil on the fiber
surface which is responsible for low or medium interfacial
interaction between fiber and PLA matrix [75-77]. It can
be evident that the initial water absorption rate for both
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untreated and treated biocomposites increased quickly in
the first few days and then slowed down after 10 days. After
approximately 19 days, the water absorption percentage of
all developed biocomposites becomes saturated.

3.7 Thermal analysis

The Vicat softening temperature (VST) and heat deflection
temperature (HDT) of all the developed biocomposites are
depicted in Fig. 14. It is observed that the VST of developed
biocomposites increased with increasing the fiber concentra-
tion as shown in Fig. 14a. In the case of UHF and THF rein-
forced biocomposites, the VST for PL/UHF-20 and PL/THF-
20 was found to be maximum with an increase of 3.90%
and 6.27%, respectively, compared to the VST of neat PLA
(53.35 °C). However, in the case of treated fiber reinforced
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biocomposites, an increase in the VST value was noticed
for all the fiber concentrations. This increase in VST can be
explained by the possibility that the reinforcing material or
fiber treatment has a restricting influence on chain mobility
inside the PLA matrix. This occurs because of the insertion
of fibers into the PLA matrix, which disperses and interlaces
inside the matrix to produce a network structure with various
linkages [78-80]. Figure 14b shows the HDT of the PLA,
UHF, and THF reinforced biocomposites. The temperature
of deflection under load (HDT) of UHF and THF reinforced
biocomposites increased by 0.17% and 3.13%, respectively,
as compared to PLA (55.8 °C). The incorporation of fiber
into a PLA matrix has a marginal effect on its HDT values,
although fiber treatment has considerably raised the HDT
value of treated biocomposite (PL/THF-15). It can be con-
cluded that the thermal dimensional stability of (PL/THF)
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treated biocomposites showed greater value compared to that
of (PL/UHF) untreated biocomposites, enabling the applica-
tion of these (PL/THF) alkali-treated biocomposites at con-
siderably higher temperatures.

3.8 Biodegradability test

The percentage of weight loss was used to determine the
degradation behavior of all biocomposite specimens buried
in compost soil. From Fig. 15, it can be observed that the
incorporation of fiber into the polylactic acid (PLA) matrix
has significantly enhanced the degradation rate of the bio-
composites, with the most pronounced effect observed at
a fiber content of 20 wt.%, thereby promoting their eco-
friendly characteristics. However, through the strategic
employment of an alkalization process, the degradation
rate of these biocomposites can be effectively mitigated,

Weight loss (%)

-
o
1

0.5

0.0 -

Burial time (days)

Fig. 15 Soil burial biodegradability behavior of all developed bio-
composites

showcasing a promising approach for controlling their bio-
degradability. Remarkably, in the case of untreated fiber
(UHF) and alkali-treated fiber (THF) reinforced biocom-
posites, the maximum specific weight loss was observed in
PL/UHF-20 and PL/THF-20, with a significant increase of
2.18% and 1.70%, respectively. In stark contrast, the neat
PLA exhibited a considerably lower specific weight loss of
0.26%. The possible reason may be the high fiber concen-
tration on the surface of biocomposite may soak up water
from the moist compost soil, causing the fibers to swell and
thus resulting in weak fiber-matrix interaction. Moreover,
the bacteria in the moist soil are attacking the surface of
the composite and causing damage to the biocomposites
[81-83]. Due to the alkalization of the fiber, PL/THF rein-
forced biocomposites have a lower weight loss % than PL/
UHF reinforced biocomposites. These findings highlight the
tremendous potential of utilizing fiber-reinforced PLA com-
posites for environmentally conscious applications.

4 Conclusions

In the current experimental endeavor, novel Himalayacala-
mus falconeri fiber reinforced polylactic acid (PLA) biocom-
posites were developed via direct injection molding, varying
fiber concentration (5-20%), and alkali treatment (5% w/v
NaOH solution). Himalayacalamus falconeri fibers (UHF
and THF) significantly improved the mechanical and thermal
properties of the biocomposites. Alkali treatment (5% w/v
NaOH) effectively removed contaminants from the fiber sur-
face, enhancing tensile, flexural characteristics, and impact
strength. Maximum tensile, flexural, and impact proper-
ties were observed at 15 wt.% fiber concentration. Shore D
hardness peaked at 20 wt.% fiber concentration. Fractured
surfaces revealed various failure modes including fiber
fracture, fiber pullout, matrix cracking, matrix breaking,
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fiber breakage, and debonding that were depicted through
SEM images. HDT values were marginally affected by fiber
incorporation but significantly raised by fiber treatment in
PL/THF-15 biocomposite. Soil burial degradation rate was
highest for PL/UHF-20. Short Himalayacalamus falconeri
fiber has the potential to be used as reinforcement in PLA
matrix to fabricate fully biodegradable green composites,
replacing synthetic polymer composites in lightweight and
non-structural applications. Processing technology with
short processing time, simplicity, and reproducibility should
be selected for environmental sustainability and economic
feasibility.
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