
1. Introduction
Polymers derived from renewable sources have re-
cently drawn a lot of attention in replacing the tradi-
tional petrochemical-derived and non-degradable
polymers due to problematic plastic pollution and
the rising oil price [1]. Among the most promising
biodegradable polymers is bio-based polybutylene
succinate (bio PBS), which has high ductility and
melt processing capabilities, making it appropriate
for various industries, including flexible packaging,
agriculture, and consumer goods. PBS is a polyester
made of poly-condensing succinic acid and 1,4-bu-
tanediol. Until recently, both PBS monomers were
typically produced by several processes that began
with petrochemical compounds. These monomers
can also be made by fermenting agricultural or indus-
trial wastes or other renewable resources (bio-based)

[2–4]; the Biomass content of PBS accounts for 80%
of its total composition [5]. Similarly, lactic acid is
converted into PLA through ring-opening or grafting
polymerization in plants that contain starch, such as
corn and cassava. It is also a thermoplastic polymer
with superior strength and transparency [6]. How-
ever, drawbacks such as brittleness limit its process-
ability, making it unsuitable for use in the packaging
industries, especially where high ductility is re-
quired [7, 8].
The predominant disadvantages of biopolymers are
high cost and limited performance. The high price is
due to the low production volume of biopolymers and
the lack of knowledge. Therefore, biopolymers are
often reinforced with natural fibers to develop novel
composite materials. Combining natural fibers ad-
dresses the properties and cost of the composites [9,
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10]. The sisal fibers produced from the leaves of sisal
plants have been investigated in the current study as
a natural, cost-effective filler within bio PBS and PLA
at various weight percentages. Sisal fiber (SF) is one
of the most widely used natural fibers. Nearly 4.5 mil-
lion tons of SFs are produced every year throughout
the world. A sisal plant yields 200–250 leaves, each
carrying more than a thousand fiber bundles with a
fiber content of 4% [11]. It has a rough surface due
to its coarse grain structure, high strength, and high
water absorption capacity [12, 13]. SFs were chosen
due to their yearly large quantity availability, compat-
ibility with biopolymers (due to their coarse grain
structure), and affordability. Due to their superior me-
chanical performance and relative stability, PLA and
bio PBS may eventually replace conventional ther-
moplastic polymers. Interestingly, the melting tem-
peratures of these two biodegradable polymers
(bio PBS and PLA) are below 200°C, enabling the
production of biocomposites without damaging sisal
fibers [14].
Ngaowthong et al. [15] used a co-rotated twin screw
extruder to develop composites made of sisal fiber,
polypropylene, and PLA. The incorporation of sisal
fiber enhanced the tensile modulus and percentage
crystallinity of composites. Zhu et al. [16] studied the
effect of the chemical composition of fibers on the
tensile strength of SF and the interfacial strength be-
tween SFs and PLA. The results showed that the op-
timal ratio of fiber constituents (cellulose, hemicel-
lulose, and lignin) was suitable for the tensile strength
of SF and the interfacial strength between SF and
PLA. Feng et al. [17] established a technique to as-
sess the rheological characteristics of SF/PBS com-
posites and, after mixing, estimated the aspect ratio
of SFs. The results indicate that shear thinning is
more pronounced with increasing SF content, be-
cause of disentanglement, breakage, and orientation
of SFs. During the extrusion process, when fiber con-
tent increases, the number of fibers within the given
volume increases, which leads to increased friction
and shearing action between the fibers, resulting in
decreased fiber length due to fiber breakage and sub-
sequently leading to decreased aspect ratio. Bajpai
et al. [18] developed composites with natural fibers
with polypropylene and PLA matrices and assessed
their mechanical and morphological characteristics.
PLA/sisal fiber composites showed superior me-
chanical properties.

Yan et al. [19] reported crystallization and dynamic
mechanical analysis (DMA) behavior of coir fiber/
PBS biocomposites with 20 and 40 wt% fiber con-
tent. X-ray diffraction (XRD) shows identical crystal
forms of pure PBS and coir fiber/ PBS composites.
Storage modulus significantly increased in coir fiber/
PBS composites. Li et al. [20] evaluated the mechan-
ical characteristics and crystallinity of PBS/basalt
fiber biocomposites. Composites were made with
different fiber content using a twin screw extruder and
injection molding. Adding basalt fiber enhanced the
mechanical properties and thermal stability of com-
posites. Due to the negligible nucleation impact of
basalt fiber, the crystallization of PBS in composites
does not alter. Samouh et al. [21] evaluated the me-
chanical and thermal properties and DMA behavior
of PLA/sisal fiber biocomposites with various fiber
weight fractions. The mechanical and DMA behav-
ior of biocomposites improves with an increase in
the reinforcing rate. Increased sisal fiber content im-
proved the crystallinity in the matrix because the
fibers serve as PLA nucleating agents.
In the last two decades, there has been noteworthy
research in the field of natural fiber-reinforced bio -
degradable composites. However, most literature fo-
cused on individual biopolymer-based composites or
biopolymer blends. A considerable volume of re-
search has focused on PLA-based composites despite
their disadvantages as compared to other biodegrad-
able polymers. There has been limited research on
other biodegradable polymers, such as PBS, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and
poly(butylene adipate-co-terephthalate) (PBAT). The
present research investigation aims to develop and
conduct a comparative assessment of untreated short
sisal fiber-reinforced (10, 20, and 30 wt%) PLA/
bio PBS matrix sustainable composites. The me-
chanical, thermal, crystallinity and morphological
characteristics of developed composites have been
investigated in detail and reported.

2. Materials and methodology
2.1. Materials
Raw sisal fibers were procured from the Women’s
Development Organisation, Dehradun, India. SFs
were shredded into short fibers with an average 3–
6 mm length. The PLA (grade 3052D) was purchased
from Nature Tech. India Pvt. Ltd. in Chennai, India,
in pellets form (density, ρ = 1.24 g/cm3, melt flow
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rate, MFR = 14 g/10 min (210°C, 2.16 kg)). Bio PBS
(grade: FZ71PB) was procured from Tanhim Enter-
prises Pvt. Ltd., Greater Noida, India, in the form of
pellets (ρ =1.26 g/cm3, MFR = 22 g/10 min (190°C,
2.16 kg)).

2.2. Fiber characterization
Single fiber strength tests were performed using  In-
stron 5982 following ASTM D3822-14 with a fixed
gauge length of 30 mm and a crosshead speed of
0.5 mm/min. The SF strands were fastened on card-
board paper with the help of an adhesive. The fiber
diameter was obtained by averaging five observa-
tions along the fiber length using a stereo micro-
scope with the help of VUE 2014 software (with a
magnification factor of 50). The surface of an untreat-
ed sisal fiber was analyzed using a Field Emission
Scanning Electron Microscope (FESEM) (Make:
ZEISS, Model: Gemini 1). The weight percentage of
organic elements in SF was determined using the en-
ergy dispersive spectroscope (EDS). The thermo-
gravimetric analyzer (TGA) (EXSTAR 6300) was
used to examine the thermal stability and degrada-
tion behavior of fibers. The maximum test tempera-
ture and the heating rate were 700°C and 10°C/min,
respectively, and analysis was conducted in a nitro-
gen atmosphere (200 ml/min).

2.3. Fabrication of composite specimens
Before using sisal fibers for blending, fibers were
drenched in tap water for 24 hours to get rid of dirt
and pith from the fiber surface and, thereafter, dried
under sunlight for 48 hours to remove moisture from
the fibers. The fibers were heated to 80 °C in an air-
circulated oven for 6 hours. PLA and bio PBS were
dried in an oven at 50 °C for 8 hours and blended
with SF (10, 20, 30 wt%) using a single screw ex-
truder (Make: Sai Extrumech Model: SAI-25) at a
temperature of 165 and 135°C, respectively, and ex-
truder speed of 45 rpm. The blended composite
strands were passed through the water bath and pel-
letized into an average length of 4–5 mm.
The fabrication process of biocomposites using ex-
trusion-injection molding is depicted in Figure 1
and the nomenclature for the same is shown in
Table 1.
Extruded pellets were used in the injection molding
machine (Make: Electronica Model: ENDURA-60)
to make final specimens in accordance with ASTM
standards. The processing temperature values for
heaters along the barrel (from hopper to nozzle) were
optimized from pilot experiments. The temperatures
of respective zones are 165–170–175–180°C (PLA/SF
composites) and 155–155–160–155°C (Bio PBS/SF
composites).
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Figure 1. Schematic diagram showing processing of composite specimens.



2.4. Characterization of biocomposites
The optimum weight percentage of fibers in the de-
veloped biocomposites and mechanical behavior
were evaluated and compared. The thermal and mor-
phological properties and crystallinity of fabricated
composites were assessed and compared. A universal
testing machine (UTM) (Make: Instron, Type: 5982)
with a 100 kN capacity was used to evaluate the ten-
sile and flexural strength. According to the ASTM
D3039M-14, tensile tests were carried out at a
crosshead speed of 2 mm/min and a gauge length of
50 mm, respectively. According to ASTM D790-10,
flexural tests were performed using a three-point
bending fixture with a crosshead speed of 2 mm/min
and 60 mm for the span length. The impact test em-
ployed a low-energy pendulum impact tester (Tinius
Olsen-IT504) employing the ASTM D256-10 stan-
dard. The fractured surface of damaged samples after
tensile testing was examined by SEM micrographs
using the FESEM set-up. The thermal degradation
characteristics of developed bio degradable polymer
composites were measured by a thermogravimetric
analyzer (Make: EXSTAR 6300). Under the nitrogen
atmosphere, 10 mg samples were heated at
10°C/min to 600°C. The DMA (Make: NETZSCH,
Model: DMA 242 C) was undertaken to understand
the potential effects of SF loading on the visco-elas-
tic response of composites and to examine the effec-
tiveness of developed biocomposites under dynamic
loading. In the three-point bending mode, samples
with dimensions of 50×12×3 mm were tested as per
ASTM D5023-15. DMA scans were performed at a
ramping temperature of 2°C/min, ranging from –45
to 90°C, and a frequency of 1 Hz was used.

A thin film X-ray diffractometer (Make: Smart Lab
Model: Rigaku) was used to analyze the amorphous
and crystalline phases of fabricated samples. The
sample’s crystallinity was calculated using Equa-
tion (1) [22]:

(1)

3. Results and discussion
3.1. Morphological examination of fibers
In scanning electron microscopy (SEM), an electron
beam produces a magnified image of solid inorganic
materials for microanalysis. Figure 2 portray the sur-
face of SFs. Figure 2a shows the surface roughness
of longitudinal SF, and Figure 2c reveals the pres-
ence of impurities and waxy cuticles [23, 24]. The
parenchyma cells can be seen in Figure 2b [25].

3.2. Fiber strength test
The stress-strain behavior of untreated SF is shown
in Figure 3. Stress-strain curves of fibers revealed
minor extension after achieving peak strength value
followed by brittle fracture. The extension after
peak may be attributed to the load withstood by the
intact fibrils that comprise the lignocellulosic fibers.
The waviness in the curve may be attributed to sur-
face roughness, waxy cuticles, and impurities on the
surface of untreated SFs. Experimental outcomes
established that the tensile behavior of fiber varied
due to the variation in fiber diameter. The average
tensile strength and modulus were determined as
235±54 MPa and 6.332±0.05 GPa, respectively.

3.3. Thermal analysis of fibers
Figure 4 depict the thermogravimetric (TG) and dif-
ferential thermogravimetric (DTG) curves of SF, re-
vealing the thermal degradation behavior of fibers.
Thermogravimetric analysis (TGA) shows that the
weight of the fibers decreases as the temperature in-
creases. Initial degradation observed between 30 and
130 °C can be attributed to the moisture removal
from the fibers. The second stage of degradation is
due to the pyrolysis of cellulose and hemicellulosic
content of fibers, which can be observed between
130 and 380°C. Removal of lignin compounds from
the surface of fibers due to pyrolysis was the reason

% 100Crystallinity Total area under the curve
Crystalline area

$=! $
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Table 1. Nomenclature for specimens prepared by extrusion-
injection molding.

Specimen name Nomenclature
PLA Poly(lactic acid)
Bio PBS Bio based poly(butylene succinate)
SF Sisal fiber
USF Untreated sisal fiber
10SF 10 wt% sisal fiber loading
20SF 20 wt% sisal fiber loading
30SF 30 wt% sisal fiber loading
SF/PLA or SF_PLA Sisal fiber-based PLA composite.
SF/bio PBS or SF_bio PBS Sisal fiber-based bio PBS composite.
EIM Extrusion-injection molding



for the third phase of thermal degradation of SFs,
which was observed between 350 and 700°C [25].
Figure 4b shows the DTG peaks for each step of
degradation indicated by the TGA curves. The peaks
of the DTG curve describe the weight loss rate
[µg/min] against temperature. The degradation peak
around 65°C represented moisture evaporation from
sisal fibers when heated. The degradation peak around
290°C shows the thermal breakdown of hemicellu-
lose. A maximum weight loss of 1.3 mg/min around

356°C can be observed because of the pyrolysis of
the cellulosic component of the fibers [25, 26].

3.4. Mechanical properties of biocomposites
3.4.1. Tensile properties
The effect of fiber content on the mechanical prop-
erties of developed biocomposites has been analyzed
and summarized in Figure 5, and values are tabulated
in Table 2. According to Figure 5a, the tensile strength
of PLA/SF composites increased as the sisal fiber
weight percentage increased to 20 wt% (45.12 MPa)
and thereafter, reduced to 39.72 MPa at 30 wt% fiber
concentration. The decrease in tensile strength after
achieving the maximum value may be attributed to
fiber agglomeration, which minimizes the fiber-ma-
trix interfacial surface interaction in composites. Sub-
sequently, the applied load is not effectively trans-
ferred from the matrix to the stiff fibers. Adding more
fibers also causes non-uniform fiber dispersion in the
PLA matrix [27, 28]. In the case of bio PBS/SF com-
posites, the tensile strength decreased initially; there-
after, it was found to increase, with a maximum value
of 29.12 MPa at 30 wt% of fiber loading. Adding SFs
increased the strength of SF/bio PBS composites due
to the uniform distribution of  SFs that enable better
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Figure 2. SEM images of untreated sisal fiber at different magnifications: a) 100×, b) 500×, c) 2000×.

Figure 3. Typical stress-strain curve of USF.



load transmission. The existence of similar phenom-
ena was observed in the study of bio PBS/PLA/Bam-
boo fibers based composite materials [29].
It is evident from Figure 5b that the tensile modulus
of all PLA/SF and bio PBS/SF composites have a
higher value than those of the respective pure matrix.
The amount of fiber content in the matrix signifi-
cantly impacts the increase in tensile modulus. The

tensile modulus of PLA/SF composites increased by
approximately 14.0, 33.5, and 68.1%, respectively,
when 10, 20, and 30 wt% of SF were added to the PLA
matrix. Similarly, the tensile modulus of bio PBS/SF
composites increased by 8.8, 171.5, and 279.7%, re-
spectively. The addition of stiff SFs improves the
stiffness of the polymer composite. As developed
composites are rigid, a given quantity of strain within
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Figure 4. a) TGA and b) DTG curves of untreated sisal fiber.

Figure 5. a), b) Tensile and c), d) flexural properties of biocomposites.



elastic limits necessitates higher tension. As a result,
the tensile modulus of composites increased [30].

3.4.2. Flexural properties
The flexural properties of PLA/SF and bio PBS/SF
composites were evaluated under a three-point bend-
ing load, and the results are shown in Figures 5c and
5d. The maximum flexural strength values of the
PLA/SF and bio PBS/SF composites were 87.00 MPa
(at 20SF/PLA) and 46.09 MPa (at 30SF/bio PBS),
respectively, demonstrating good stiffness and high-
er rigidity. The flexural modulus significantly in-
creased as the fiber content increased. An enhance-
ment of 48.4% (with 30 wt% of SF) and 228.5%
(with 30 wt% of SF) was found to be the maximum
in SF/PLA and SF/bio PBS composites, respectively.
Compared to bio PBS/SF biocomposites, PLA/SF
biocomposites have less percentage change in tensile
and flexural characteristics. This difference might be
attributed to SF/bio PBS composites having better
interfacial bonding and good processability with
sisal fibers than SF/PLA composites.

3.4.3. Impact strength
As depicted in Table 2, the results reveal that fiber
loading reduced the impact resistance of the devel-
oped biocomposites. The lower interfacial strength
between matrix and sisal fibers may lead to the low-
impact energy absorption of developed composites.
The increased fiber loading creates stress concentra-
tion sites at the fiber-matrix interface, which leads
to decreased impact strength of developed biocom-
posites [31]. The chemical constituents, matrix char-
acteristics, interfacial bond strength between the ma-
trix and fiber, and the void content significantly
influence the impact strength of biocomposites.

3.5. Morphological analysis of developed
composites

The SEM images of fractured surfaces after tensile
testing of the SF/bio PBS and SF/PLA composites
are depicted in Figure 6. In Figure 6, the first three
images (Figures 6a–6c) describe the morphology of
SF/bio PBS composites with 10, 20, and 30 wt%
fiber content, respectively. Similarly, the last three pic-
tures (Figures 6d–6f) describe the morphology of
SF/PLA composites. The SEM micrograph (Figure 6c)
of the 30SF/bio PBS composite has shown better
fiber-matrix interaction when compared to 10 and
20 wt% SF/bio PBS composites. The strong fiber-
matrix interaction promotes load transfer between
the matrix and untreated sisal fiber. Also, Figure 6c
shows fiber breakage. Fiber breakage is only con-
ceivable when strong interfacial adhesion exists be-
tween the matrix and fiber. On the other hand, as seen
in the 10SF/bio PBS composite (Figure 6a), weak in-
terfacial bonding (fiber debonding) inevitably leads
to fiber pull-outs and voids. However, fewer fiber
pull-outs were observed in 30SF/bio PBS composite
(Figure 6c), proving that 30 wt% of sisal fiber load-
ing has good compatibility with bio PBS [32].
The mode of fracture of composites made of
10SF/PLA, 20SF/PLA, and 30SF/PLA under tensile
loading is depicted in Figures 6d, 6e, and 6f, respec-
tively. The absence of adequate adhesion between the
constituents in the composites leads to fiber pull-outs,
as we can observe in 10 and 30 wt% SF/PLA com-
posites [30]. These micrographs also revealed voids,
fiber bending, and PLA matrix cracking (due to stress
concentration). 30SF/PLA (Figure 6f) has demon-
strated a weaker fiber-matrix interface than its coun-
terparts. In the case of 10SF/PLA and 30SF/PLA com-
posites, weak interfacial bonding inevitably causes
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Table 2. Mechanical properties of developed composites.

Composition Tensile strength
[MPa]

Tensile modulus
[GPa]

Flexural strength
[MPa]

Flexural modulus
[GPa]

Impact strength
[J/m]

Neat PLA 43.00±3.81 1.40±0.04 83.28±2.97 4.08±0.10 74.28±1.34
10SF_PLA 44.13±0.40 1.60±0.01 85.93±1.31 4.62±0.04 33.70±1.50
20SF_PLA 45.12±0.47 1.87±0.07 87.00±2.54 5.22±0.19 44.34±2.75
30SF_PLA 39.72±2.51 2.36±0.08 75.29±3.50 6.06±0.40 54.30±0.80
Neat bio PBS 26.93±3.68 0.22±0.01 37.70±1.58 0.61±0.02 87.75±1.17
10SF_bio PBS 24.87±1.24 0.24±0.05 35.65±3.33 0.85±0.01 38.74±3.57
20SF_bio PBS 27.04±0.65 0.60±0.01 38.19±1.52 1.27±0.04 48.16±3.00
30SF_bio PBS 29.12±1.75 0.84±0.05 46.09±2.87 2.02±0.13 72.14±9.93



fiber pull-outs and voids, leading to poor mechanical
properties.
From the SEM micrographs, we can observe that
30SF/bio PBS (Figure 6c) and 20SF/PLA (Figure 6e)

have shown better results than their counterparts,
which was also substantiated by respective mechan-
ical properties and degree of crystallinity of these
composites.
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Figure 6. SEM images of a)–c) SF/bio PBS and d)–f) SF/PLA biocomposites after tensile testing.



3.6. Thermal properties of biocomposites
The weight loss of the biocomposites varies accord-
ing to temperature, as demonstrated in Figures 7a
and 7d. The thermal degradation pattern is consistent
across all biocomposites. Due to the inclusion of
sisal fibers into the matrix, the thermal degradation
temperature of the developed biocomposites was

slightly reduced. This may be because the relative
molecular mass of the matrix was reduced, and the
amount of the fibers increased leading to higher cel-
lulose, hemicellulose, and lignin content in the com-
posites. Since these chemical constituents of fiber are
prone to thermal degradation, therefore, a decrease
in the degradation temperature of biocomposites was
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Figure 7. TGA (a), (d), weight reduction (b), (e), and DTG graphs (c), (f)  for SF/PLA and SF/bio PBS composites, respec-
tively.



observed [33]. In Figures 7b and 7e, a graphic repre-
sentation of the weight loss [%] with the temperature
is shown. It can be seen that, at the temperature
ranges of 287–316, 318–340, 332–353, and 345–
365°C, respectively, all SF/PLA biocomposites lost
5, 25, 50, and 75% of their weight.
Similarly, in the case of SF/bio PBS composites, tem-
perature ranges for similar weight loss [%] are 289–
355, 355–397, 379–466, and 395–480°C, respective-
ly. From the results, it can be observed that SF/bio PBS
biocomposites have better thermal stability than
SF/PLA composites. Figure 7d shows the weight loss
curves for the SF/bio PBS composites. Results showed
that up to 200 °C, biocomposites had similar thermal
stability as the pristine matrix. However, the thermal
degradation behavior changed significantly when
sisal fiber concentration increased to 30 wt% due to
the lower thermal stability of constituents (cellulose,
hemicellulose) of fibers [33]. The weight loss of the
developed biocomposites with respect to tempera-
ture variation is categorized into three stages. The
weight loss at 75–160 °C (SF/PLA composites) and
75–190 °C (SF/bio PBS composites) is related to
moisture evaporation in the SF. Weight loss in the
temperature range of 370 and 471°C for SF/PLA com-
posites and between 420 and 493 °C for SF/bio PBS
composites is attributable to the pyrolysis of residual
lignin and the pyrolysis of the matrix [33]. The peak
in DTG curves for the SF/PLA and SF/bio PBS com-
posites are depicted in Figures 7c and 7f, respective-
ly. The highest weight loss was recorded between
255 and 370°C for SF/PLA composites and between
250 and 420 °C for SF/bio PBS composites, repre-
senting the pyrolysis of the matrix and hemicellulose
as well as cellulose present in the fibers. A compa-
rable thermal disintegration pattern was determined

for all biocomposites, indicating that thermal degra-
dation behavior is not significantly impacted by fiber
loading in the case of the developed composites.
Figure 7f demonstrates that the virgin bio PBS only
exhibits one degradation stage in the DTG profile,
whereas composites exhibit two degradation steps.
The degradation of the sisal fibers causes the first
degradation to occur at 290°C, while the degradation
of the bio PBS matrix is responsible for the second
degradation, which occurs at 401 °C [31, 35]. In the
case of SF/bio PBS composites, the introduction of
fibers resulted in a new interface (between fiber-ma-
trix) which results in a change of thermal degrada-
tion mechanism, and therefore, the developed com-
posites depicted two degradation peaks. Regarding
the 10SF/bio PBS composite, we can observe the in-
tense peak similar to the neat PBS degradation peak
stated that 10SF/bio PBS follows the pristine PBS
degradation process rather than the composite degra-
dation process because 10SF/bio PBS has inade-
quate fiber content to be compatible with bio PBS.
This is also evidence of decreased mechanical prop-
erties at 10SF/bio PBS. TGA and DTG results can
be used to select operating conditions for the fabri-
cation of biocomposite products. It is necessary to
keep the processing temperature below 250 °C to
prevent the thermal deterioration of developed bio-
composites.

3.7. XRD analysis 
The characteristics of biocomposites are substantial-
ly influenced by the crystallinity level. XRD analysis
was used to assess the effect of sisal fiber loading on
the crystallinity of the biocomposites. The XRD spec-
tra for the surface of biocomposites are displayed in
Figure 8. The software (Origin 2022b) was adopted
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Figure 8. XRD spectra of a) SF/PLA and b) SF/bio PBS biocomposites.



to interpret the obtained data and calculate the total
and crystalline area under the curve. The XRD pat-
terns of pure PLA and SF/PLA green composites are
shown in Figure 8a. XRD patterns of virgin PLA ex-
hibit only one broad peak without sharp peaks at about
2θ = 16.44°. In the XRD spectra of SF/PLA compos-
ites, a single diffraction peak is detected, and the
strength of this peak is ascertained to be greater and
sharper than that of virgin PLA, suggesting increased
crystallinity. In SF/PLA composites, comprising 10
to 30 wt% SF, the degree of crystallinity was almost
14.77, 17.88, and 16.81%, respectively [30, 36]. As
illustrated in Figure 8b, the XRD for bio PBS pro-
vides three diffraction peaks at 19.6°, 21.71°, and
22.56° (with a variation of about ±0.2° [37]). The in-
clusion of fibers encourages structural alterations,
and plane peaks frequently merge and change inten-
sities [37]. From the results, the crystallinity index
of pristine bio PBS was 37.03%, which was identi-
fied as a semi-crystalline polymer [38]. A degree of
crystallinity of almost 33.04, 34.84, and 41.13% was
obtained in SF/bio PBS composites comprising 10,
20, 30 wt% SF, respectively. Significant peaks be-
tween 16.44° and 22.56° in these composites con-
firm the existence of cellulose-I (existed between the
fiber-matrix interface), proving the polymorphic na-
ture of the composite structure. An interface between
the fibers and the matrix can be created during ex-
trusion as fibers and polymer pellets are compound-
ed. Subsequent processing (injection molding) can
improve the interfacial characteristics between con-
stituents, increasing the crystallinity of composites.
Compared to their counterparts, the crystallinity of
the 20SF/PLA (20 wt% SF with PLA matrix) and
30SF/bio PBS (30 wt% SF with bio PBS matrix)
biocomposites was found to be the highest. Gener-
ally, in plant fibers, cellulose is made of hydrocar-
bons, which determine the crystallinity of fibers and
provide strength and stiffness because cellulose itself
acts as a reinforcement in microfibrils of fibers. In
biocomposites, natural fibers act as nucleating agents,
changing composites’ structural order. Therefore,
cellulose and hemicellulose content in fibers affect
the crystallinity and subsequently the mechanical
and thermal properties of biocomposites.

3.8. DMA results
Figure 9 depicts the temperature-dependent variation
of storage modulus (E′), loss modulus (E″), and tanδ
of the SF/PLA and SF/bio PBS composites. Figures 9a

and 9d have shown the temperature-dependent
areas where the physical state of the neat polymers
and their biocomposites has changed. The polymer
and its biocomposites are often rigid and hard in
the glassy zone (in the case of SF/bio PBS compos-
ites, the measurement starts at a temperature lower
than –45 °C so that we can observe a very narrow
region in Figure 9d). Beyond this zone, the material
starts deforming due to increased temperature.
Hence the behavior of the material has changed. At
room temperature (around 30 °C), PLA is hard and
brittle because it is in a glassy region, whereas bio
PBS is soft and ductile as it is in the rubbery zone.
From Figures 9a and 9d, when SF is added to the
matrix, E′ significantly improves, which may be at-
tributed to the better stress transfer efficiency be-
tween fiber and matrix [34]. The greater the value of
E′, the more rigid the material and the lower its de-
formation capacity. The movement of polymer mo-
lecular units and side groups is closely correlated
with E′ values [19]. The findings show that the E′ val-
ues for all composite specimens are higher in the
glassy region (rigid zone) since the material is hard
and has lower deformation capacity in the glassy re-
gion, resulting in significant resistance to movement
in the molecular chain. As the temperature increases,
the values of E′ slowly decline because of the reduc-
tion of stiffness in the fiber and improved molecular
mobility of biopolymeric chains (increased temper-
ature weakens the intramolecular bond strength of
polymeric chains) [39]. At ambient temperature,
SF/PLA composites are in the glassy region, whereas
SF/bio PBS composites are in the rubbery zone and
are ductile at room temperature. A sudden fall in
E′ was recorded for the SF/PLA specimens and
SF/bio PBS specimens, respectively, in the temper-
ature ranges of 55 to 65 °C and –45 to 0 °C, corre-
sponding to a reduction in stiffness at the glass
transition zone (Tg) [40, 41]. The 20SF/PLA
(14232.69 MPa) and 30SF/bio PBS (11749.10 MPa)
composites have higher storage modulus than their
counterparts, associated with enhanced interfacial
bonding between composite constituents as a result
of the bolstering of interfaces. The storage modulus
of 20SF/PLA and 30SF/bio PBS composites was al-
most 67 and 170% higher than the E′ of the PLA ma-
trix and bio PBS matrix, respectively. Furthermore,
an increase in crystallinity could contribute to the
growth in the storage modulus of the 20SF/PLA and
30SF/bio PBS composites. The increase in crystallinity
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indicates a rise in the number of crystalline regions
in the composites, which could serve as reinforce-
ment or cross-linking for the amorphous areas, in-
creasing the load-bearing properties of the 20SF/PLA
and 30SF/bio PBS composites.
The viscous reaction of a substance is usually re-
ferred to as the loss modulus (E″). It concerns the

movement of polymeric chains in composites that
have been produced. Figures 9b and 9e show that the
loss modulus of 30SF/PLA (2238.87 MPa) and
30SF/bio PBS (808.63 MPa) composites are signifi-
cantly higher than that of virgin polymers. The mo-
bility of polymer molecular chains is impeded and
causes a rise in the viscosity of biocomposites because
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Figure 9. Storage modulus (a), (d), loss modulus (b), (e), and tanδ (c), (f) for SF/PLA and SF/bio PBS composites, respec-
tively.



fibers increase stiffness and restrict the movement
of polymeric chains in the composites [30]. The loss
modulus of the 30SF/PLA and 30SF/bio PBS compos-
ites was around 74 and 89% greater than the loss
modulus of the PLA matrix and the bio PBS matrix,
respectively. Interfacial bonding between PLA and
SF is low compared to bio PBS and SF. Hence, the
increased percentile change in the loss modulus was
more in SF/bio PBS composites.
Tanδ is also known as the damping coefficient or the
loss factor. The loss factor is shown in Figures 9c and
9f as a function of temperature. The peak in the curves
for each developed composite decreased compared to
virgin polymers. It could be owing to the integration
of SF, which leads to an interaction of the matrix and
fiber, restricting the motion of polymeric chains. The
tanδ peak height is commonly used to evaluate the
damping capabilities of composites. Tanδ values for
pure PLA and pure bio PBS are 0.868 and 0.153, re-
spectively. On the other hand, the tanδ peak of the
composite decreases with the addition of sisal fibers,
which is due to interfacial interaction between the ma-
trix and the fibers, inhibiting molecular mobility.
According to the results of DMA, it is evident that
the increased percentile changes in E′ and E″ values
of SF/bio PBS composites were more than the SF/PLA
composites. It is because the fibers and matrix have
strong interfacial bonds and minimal defects during
the fabrication of these types of composites, as ob-
served in SEM analysis also.

4. Conclusions
The potential of sisal fiber as reinforcement for de-
veloping biodegradable SF/PLA and SF/bio PBS
thermoplastic composites was experimentally inves-
tigated. The current research findings suggest that
sisal fibers can be successfully incorporated into PLA
and bio PBS biodegradable polymers to produce bio-
composites. Extrusion-injection molding was used
to fabricate SF/PLA and SF/bio PBS biocomposites
with fiber content varying from 10 to 30 wt%. The
primary conclusions of the current investigation are
as follows;
• The maximum tensile and flexural strength of the

SF/PLA and SF/bio PBS composites were ob-
served at 20 and 30 wt% of fiber loading, respec-
tively. On the other hand, the tensile and flexural
modulus of developed composites increased with
an increase in fiber loading from 10 to 30 wt%

because the incorporation of rigid sisal fibers en-
hanced the modulus of biocomposites.

• The sisal fiber loading influences the thermal char-
acteristics of developed composites because in-
creased fiber loading results in increased cellulose
and hemicellulose content in composites, which is
thermally unstable at elevated temperatures.

• The degree of crystallinity of the 20SF/PLA (17.88%)
and 30SF/bio PBS (41.13%) biocomposites was
recorded to be maximum which consequently also
led to the better mechanical properties of these
composites.

• The SEM images have shown better fiber-matrix
interfacial bonding for 20 and 30 wt% of the sisal
fiber content for SF/PLA and SF/bio PBS compos-
ites, respectively. Fiber breakage was the major fail-
ure mechanism observed indicating good adhesion
between PLA/bio PBS and the sisal fibers.

• The storage and loss modulus of developed com-
posites increased with fiber loading from 10 to
30 wt%. The increased percentile change in me-
chanical, crystallinity, and DMA properties of
SF/bio PBS composites was found to be higher than
SF/PLA composites as compared to the neat poly-
mers.

Additionally, it has been concluded that short-sisal
fiber-based biocomposites have enormous potential
for usage in various lightweight, secondary load-
bearing, and non-structural applications, including
dashboards, door panels, and other interior parts of
automobiles. The produced biocomposites can also
be used as paperweights, phone cases, and mirror
casings. Thus for ensuring widespread commercial
application of sustainable composite materials, the
optimization of the fiber loading and development
of good quality, cost-effective fabrication/processing
techniques is necessary.
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