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Composite materials are being developed to improve the physical and mechanical properties of matrix
polymers. Commercialized polymer composites possess high strength, even though they are not biocom-
patible by nature. The present study concentrates on developing an innovative composite that would be
highly biodegradable. Orange peel was chosen as a filler material due to its significant properties to mix
with the polylactic acid (PLA) matrix. PLA composites composed of orange peel reinforcements would be a
sustainable composite that does not harm the ecological conditions. Orange peel-reinforced PLA was
manufactured in filament form at three different concentrations, such as 5, 15, and 25 wt.%. Single fibre
tensile test was also conducted for all composites along with PLA. Results revealed that tensile strengths of
composites were observed to be higher than that of PLA. Scanning electron microscopy (SEM) images were
captured at surfaces of failed filaments, and uniformly distributed fillers were observed in the PLA matrix.
Tensile, compression, and flexural tests were conducted on the additively fabricated PLA and composite
specimens. It is observed that PLA composite containing 15 wt.% orange peel reinforcement possesses
better mechanical properties than other composites. This research work would help transform the waste

material (orange peel) into a valuable product for sustainable growth.

Keywords bio-composite, FFF, filament-extrusion, mechanical

properties, nanofillers, SEM

1. Introduction

The need for biodegradable polymers has increased in recent
times for sustainable development. Demand for biodegradable
polymers is increasing nowadays to protect environmental
conditions. Biodegradable polymers find its application in
medicine, architecture, automobile, agriculture, and other
industries (Ref 1). PLA is one of the most used biodegradable
polymers, which accounts 40% of overall production in
biodegradable polymers (Ref 2). PLA is recyclable, reusable,
and biodegradable in nature, which makes it sustainable among
other polymers. Composites are common new advanced
materials used for engineering applications. The conventional
materials (metals, wood, and ceramics) are substituted through
use of engineering composites due to their excellent properties
and performance compared to traditional materials (Ref 3). The
purpose of developing a composite material is to enhance the
properties of matrix material. Various fillers may be used to
develop a composite material from PLA, among which bio-
fillers play a significant role in sustainability. Commercially
available PLA composites such as carbon-reinforced PLA (Ref
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4, 5), ceramic-reinforced PLA, etc. possess excellent mechan-
ical properties. Many supplies used in building sector come
from non-renewable or non-recyclable sources. Bio-composite
materials have emerged as new engineering materials to replace
the conventional ones, in line with worldwide aspirations for
using more sustainable materials in the construction sector. In
comparison to traditional materials, bio-composites provide
several benefits, including lightweight, low production costs,
renewability, and recyclability, which promote human welfare
and ecosystem health (Ref 6). Because of its higher specific
strength and stiffness, fibre-reinforced polymer (FRP) compos-
ites are now widely employed in aerospace, automotive,
marine, and defence applications. Despite having superior
mechanical, thermal, and corrosion resistance, these synthetic
fibres are not biodegradable, which has an impact on the
environment (Ref 7). The use of natural fibre enhanced hybrid
composites, which include one or more natural enhancements,
has attracted growing scientific interest (Ref 8-10). An
ecological bio-composite was developed using bio-fillers such
as eggshells, seashells, peanut shells, and rice husks (Ref 11,
12) Bio-composites are being applied in various sectors. As an
example, Kenaf-reinforced PLA composite was applied in
interior design of Toyota Prius (Ref 13). Natural and environ-
mental wastes must be synthesized and transformed into
innovative products for sustainable development. Fused fila-
ment fabrication (FFF) is an innovative method of manufac-
turing polymeric components with high mechanical strength,
less material wastage, and reduced manufacturing cost (Ref 14).
Developing a composite material for FFF process is very
important to improve the viability and mechanical properties.
Lattice structure is an interesting technique for minimizing the
material usage, such lattice structured components were easily
be fabricated by FFF process (Ref 15, 16). Orange peel contains
rich fibre content, folate, calcium, and several nutrients. The
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presence of limonene, which is a naturally occurring chemical
present in orange peel makes it anti-cancerous. Orange peel is
getting wasted in a huge amount since it cannot be fed to
animals. Therefore, orange peel waste may incredibly be
managed by manufacturing composites of it. Composites of
PLA and orange peel will be a sustainable polymer with anti-
cancerous and enhanced mechanical properties. Moustafa et al.
(Ref 17) characterized bio-fillers from seashell wastes, which is
incorporated in ABS matrix. Flame retardant, thermal, and
mechanical properties were evaluated on Pure ABS and eight
different composites with calcium carbonate and seashell
wastes as a filler. Results depicts that seashell waste reinforced
ABS possess better tensile strength, and thermal stability
properties than matrix polymer. Li et al. (Ref 18) studied the
mechanical properties of composite with polypropylene (PP),
and commercial calcium carbonate. Composite was developed
by mixing 2% of antioxidants in dried polypropylene, and
polypropylene. They concluded that mechanical properties of
shell reinforced PP were better than calcium carbonate
reinforced PP. Echeverria et al. (Ref 19) analysed the effects
of microstructure, surface adhesion, and filler load of bio-filler
reinforced wood-PP composite. Bio-composite was prepared
with a composition of 20% Seashell and seaweed, 40% of
wood dust and 40% of PP. This study witnesses an increased
mechanical property of prototype panels. A brief literature
survey was done, and very few literatures were found
determining the mechanical properties of bio-filler reinforced
biodegradable polymer.

Expanding application of composites in sectors such as
biomedical and generic consumer goods, which makes the
ongoing research work crucial on a global scale. The investi-
gation into extrusion and characterization of bio-composite
filler is laid out in this current research effort. Hence, this study
aims to provide a detailed insight on developing uniformly
distributed composite (synthesised orange peel powder in PLA
matrix) suitable for FFF process, therefore enabling product
development with these bio-composites as raw material. These
bio-degradable products are eco-friendly, hence would pave
way for sustainable development. In order to commercialize
this product, the inherent characteristics of bio-composites
needs to be studied. Hence, properties such as tensile behaviour
of filament and FFF processed part, compression and flexural
strength of FFF-processed part were studied. X-ray diffraction
and microscopical images are captured to ensure uniform
distribution of orange peel fillers in the PLA matrix.

2. Materials and Methods

An innovative composite (orange peel-reinforced PLA) was
developed at three different weight concentrations such as 5,
15, and 25 wt.%. Concentration percentages used in this study
is observed to be ideal for comparison as demonstrated in the
previous literature (Ref 20, 21). Filler material was synthesized
from macro to nanoparticle by undergoing various processes
such as tempering, crushing, and ball milling. Giant-sized
orange peel was tempered in an oven to eliminate water
content, and oven door should be kept open during tempering;
otherwise, the peel would burn. The temperature used in oven
is 50 °C and weight reduction of orange peel after tempering
was 40%. The dried peels were crushed and converted into
micro-sized particles with the help of a crusher. Filler material
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has to be in nano form for increased surface area. Therefore, the
micro-sized particles were treated in ball miller, which refines
filler to nano-size (refer Fig. 1) (Ref 22, 23). Particulate size
obtained after ball milling varied from 112.7 nm and above.

Such filler must be sieved and mixed with the matrix
material appropriately. After synthesizing nanofillers, the fillers
were mixed with PLA granules and were sonicated. Sonication
is one of efficient technique to mix filler with polymeric
granules as observed in the existing literature (Ref 24). The
composite pellets after sonication were dropped in extruder
hopper and then filament was extruded with diameter of
1.75 mm. Such composite filaments were used as a feedstock in
FFF for fabricating tensile, compression, and flexural speci-
mens.

2.1 Filament Extrusion

In the FFF process, feedstock material must be a wire
filament of 1.75 mm. Generally, filaments are getting manu-
factured through extrusion manufacturing, where a twin screw
rotates and pushes the raw material into heater and comes out as
a filament via nozzle. The same extrusion method was followed
in this study for manufacturing orange peel-reinforced PLA
(Composite) filament. Various processes involved in the
composite extrusion process are pictorially represented in
Fig. 2.

To obtain a uniform distribution of filler material, both the
fillers and pellets must have to be sonicated. Sonication is a
process that vibrates the component to attain uniform disper-
sion. Fillers must be sonicated along with the solvent (Ethanol)
for 40 minutes. Then, the same process was continued for 30
more minutes by adding PLA pellets. Ethanol present in the
mixture was allowed to evaporate in a conditioned environment
for about 60 minutes. The composite pellets were taken out and
fed into a hopper for extrusion manufacturing. Filaments were
extruded with 1.75 mm diameter after several trial and errors.
Mechanical tests such as tensile, compression, and flexural
were conducted based on ASTM standard (ASTM
D3039—Tensile; ASTM D695-6641—Compression; ASTM
D790—Flexural) for the additively manufactured specimens.
Average of three test results have been reported in the
mechanical tests.

2.2 Observation During Filament Extrusion

The crucial parameters involved in filament extrusion
process are pre-heating temperature, nozzle temperature, screw
speed, and puller speed. Quality of filaments are keenly
dependent on these four parameters. Therefore, optimum results
were obtained after several trial and errors. Difficulties such as
nozzle clogging, improper surface, variation in diameters,
fumes generation were encountered during filament extrusion.
All such difficulties were overcome by optimizing these four
parameters. Nozzle clogging, fumes exhaustion, and improper
surface were relied on temperature of heater and pre-heater. The
variation in diameter is solely dependent on speed of puller.
Formation of fumes during extrusion is pictorially shown in
Fig. 3. Each parameter should be optimized for all 4 filament
and optimized parameters, which were found after tabulation of
numerous trials as shown in Table 1.
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Fig. 2 Various steps involved in the composite extrusion process
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Fig. 3 Fumes exhaustion during composite extrusion

Nozzle

Table 1 Crucial process parameters involved in filament extrusion

Filaments Pre-heating, °C Nozzle temperature, °C Screw speed, rpm Puller speed, rpm
PLA 160 190 60 6.5

5 wt.% composite 170 190 50 5

15 wt.% composite 170 195 43 4.6

25 wt.% composite 180 200 36 3.5

3. Results and Discussion

The properties of materials will be substantially improved
by infusing nanofillers (Ref 25). Such enhancement is due to
the enormous surface area of fillers per unit volume. Micro-
scopical images were captured using scanning electron micro-
scope (SEM) on the extruded composites to ensure filler
dispersion in the matrix material. X-ray diffraction (XRD) is an
essential tool used in this study to characterize materials and to
study the crystalline and amorphous structures of materials (Ref
26). Single fibre tensile test was conducted on the composites to
evaluate tensile strength of filaments. Mechanical tests such as
tensile, compression, and flexural were conducted on the
specimens fabricated by FFF process using four different
filaments (PLA and its three composites).

3.1 Filament Characterization

3.1.1 Single Fibre Tensile Test (SFTT). Single fibre
tensile test is a destructive test conducted on the fibres,
filaments, and wires to evaluate its resistance against tensile
load (Ref 27). Clamping the filament during SFTT plays a
crucial role while attaining accurate results. Single fibre tensile
test was conducted on the extruded composites in universal
testing machine (UTM) (Make: TO) at a feed rate of 1 mm/min.
The stress versus strain graph of four filaments with experi-
mental button image is shown in Fig. 4.

Clamping has to be done firmly during test, since the
diameter of filament is 1.75 mm. Improper clamping may lead
to inaccuracy in results. It is observed that all composite
filaments possess superior tensile strength than PLA filament.
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Tensile strength and elongation of PLA of 5 wt.% composite,
15 wt.%  composite, and 25 wt%  composite  is
477 £ 03 MPa and 6.1 £ 0.05%, 52.3 £0.2 MPa and
52+ 0.06%, 56.1 £033MPa and 4.6 + 0.045%,
52.4 £ 0.025 MPa and 3.9 £ 0.055%, respectively. It is
observed that the tensile strength of filament increases when
concentration of filler material increases up to 15 wt.%. The
tensile strength of 25 wt.% composite possesses lesser tensile
strength than 15 wt.% composite. Elongation of filaments
decreases while increasing the filler content and brittleness of
filament is getting increased when filler percentage is increased.
Hence, brittleness of 25 wt.% composite increased and pos-
sesses tensile strength less than 15 wt.% composite. The stress
versus Strain graph of PLA material in Fig. 3 indicates a ductile
fracture by withstanding certain load after meeting the tensile
strength. Most importantly, all three composite filaments
possess better tensile strength than PLA matrix. The orange
peel powder is amorphous in nature, which is discussed in
detail in XRD section. Addition of amorphous particulate
(Orange peel powder) has effectively decreased the ductility of
filament. Particulates have increased brittleness within the
acceptable range. Even though a reduction in ductility has
occurred, there was a significant increase in the strength of
filament.

3.1.2 X-Ray Diffraction (XRD). Crystallinity and struc-
ture of material could be determined through XRD. It is helpful
in analysing the structural changes during addition of fillers in
matrix material. XRD results were evaluated and graphically
provided in Fig. 5.

In polymers, the presence of crystalline region was con-
firmed by observing great intensity at sharp peaks. 5 wt.%
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composite shows an XRD pattern with a strong crystalline peak
at 20 = 16.48°%; it is observed from the crystalline region of
PLA instigated by interchain bonding. Peaks observed in 15
and 25 wt.% composites did not shift significantly
(20 = 15.34° for 15 wt.% composite and 20 = 16.87° for
25 wt.% composite), though intensity decreased upon increas-
ing filler content. From these results, it is observed that
amorphous behaviour of composites keeps on increasing
(Crystallinity of material is decreasing) when filler content is
increased (Ref 28). No peaks were observed in XRD plot of
orange peel powders (refer Fig. 5). The observation is result of
nanofillers being amorphous in nature. Peaks could be observed
more as the crystallinity of material increase. From Fig. 6, it is
noted that peak decrease for increasing addition of filler. This
due to increasing amorphous content in the overall weight % of
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composites. This observation is due to the amorphous
behaviour of filler.

3.1.3 Microscopic Evaluation of Composites. Scanning
electron microscopy (SEM) is well known for analysing failure
surfaces to understand its morphologies. SEM provides great-
resolution images, which will be helpful in estimating various
materials in fractured surfaces. SEM is being used in material
science (Research), failure analysis, and quality control (Ref
29). Fractured surfaces of single fibre tensile test were
visualized in the SEM. Figure 7 represents the SEM image of
composites extruded at different concentrations. Orange peel
nanofillers among the matrix material representing a granular
morphology and particles are loosely agglomerated (Ref 30).
Small agglomeration of fillers was noticed at certain places in
15 wt.% composite (refer Fig. 7b). Impression around agglom-
erated filler indicates the cause of failure (sudden decrement in

Journal of Materials Engineering and Performance
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Fig. 6 XRD results: PLA and orange peel reinforced composites

Fig. 7 SEM images of fractured surfaces (a) 5 wt.% composite, (b) 15 wt.% composite, and (c) 25 wt.% composite

load after tensile strength (refer Fig. 4)). Fillers were found to
be uniformly distributed throughout the fractured surface.
Sonication process during filament extrusion process has a
significant effect in attaining such uniformly distributed fillers
in the PLA matrix. Filler distribution in the 25 wt.% composite
was found to be best among other two composites (5 and
15 wt.%). As concentration of filler increases, agglomeration of
orange peel reinforcement also increases. In 25 wt.% orange
peel composite, area of agglomeration is larger than 5 wt.%,
and 15 wt.% composite. This larger agglomeration could be a
major reason for attaining less tensile strength than 15 wt.%
composite.

3.2 Mechanical Properties

3.2.1 Tensile Test. Tensile experiment is a destructive test
conducted on specimens to evaluate the behaviour of material
under loading conditions. It provides tensile strength, elonga-
tion, and modulus of material. One of most important properties
to determine materials quality is tensile strength (Ref 31).
Results observed in tensile experiment is shown in Fig. 8.

Tensile test was conducted at a feed rate of 1 mm/min.
Results show that PLA, 5 wt.% composite, 15 wt.% composite,
and 25 wt.% composite withstand great load and possess a
tensile strength of 57.8, 61.8, 65.7, and 60.5 MPa, respectively.
Elongation observed in such specimens are 5.8, 4.85, 4.1, and
3.6%, respectively. Both tensile strength and elongation results
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are contradictory (i.e., tensile strength is getting increased upon
increasing as the filler content and elongation is getting reduced
upon increasing filler content). The reduction in elongation of
composite material depicts that brittleness property of compos-
ites is getting increased. Most importantly, the strength of each
composite was observed to be higher than PLA specimen.
Among which, 15 wt.% composite possesses highest tensile
strength. Fractured surface of 15 wt.% composite (highest
tensile strength) is analysed using SEM and is pictorially
represented in Fig. 9. Distribution of fillers, kinking, and
fracture impression around agglomeration were seen in the
fractured surface of 15 wt.% composite. Particle distribution
was uniform, and some kinking was observed due to the
elongation of matrix (PLA) material. Smooth grey structures
observed in Fig. 9 represents elongation of PLA under loading
conditions. Tiny dents throughout fractured specimen indicate
the presence of filler material before fracture. Thus, the uniform
distribution of filler material was confirmed by this observation.
3.2.2 Compression Test. Compression is a test conducted
on the specimens to understand its behaviour under crushing
load. Two important parameters such as compressive strength
and modulus could be determined from compression test (Ref
32). All composite specimens were fabricated as per the
standard in a FFF printer. Compression test was conducted with
slow strain rate of 0.75 mm/min. Compressive strength of PLA
and its composites were presented in a bar graph along with
failed compression samples as a button image in Fig. 10.
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Fig. 9 SEM image of 15 wt.% composite after failure (tensile test)

Compressive strength of PLA, 5, 15, and 25 wt.% compos-
ites were observed to be 814 2.1, 84.3 4+ 2.35,
86.7 £ 1.76, and 84.9 4+ 1.88 MPa, respectively. 15 wt.%
composite specimens possess highest compressive strength
among other polymeric specimens. Compressive strength
shows an increasing trend while increasing the concentration
of filler material and starts reducing in 25 wt.% composites.
Reduction of compressive strength observed in 25% composite
is not massive, though the increasing trend was not followed in
25 wt.% composite. From such observation, increment in
compressive strength while adding fillers is getting reduced
above 15 wt.%. Compression results also follows a same trend
which was observed in tensile test and deflection observed in
compression test reduces upon adding fillers. Even though,
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reduction in ductility of composite has no significant effect in
the compressive strength evaluation, trend similar to that of
tensile behaviour was observed for compressive behaviour.

3.2.3 Flexural Test. Flexural test is concentratively con-
ducted to measure the force required to deflect component
under three-point load. Flexural strength is the major output
parameter from flexural test. The withstanding ability of
material is termed as flexural strength when load acts perpen-
dicular to longitudinal axis (Ref 33). Flexural test was
conducted on the additively fabricated specimens as per ASTM
standards at a feed rate of 0.75 mm/min. Flexural strength of
PLA and its composites along with failed samples as a button
image is shown in Fig. 11.
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Flexural strength of PLA, 5, 15, and 25 wt.% composites
were observed as 72 £ 0.9, 76.7 &+ 0.75, 79 + 0.83, and
77.3 £ 0.68 MPa, respectively. Flexural strength also in-
creased upon increasing the filler concentration up to
15 wt.% composite and started degrading from 25 wt.%
composite; even though 25 wt.% composite does not follow
the increasing trend, mechanical properties of 25 wt.% com-
posite were better than pure PLA. Specifically, PLA flexural
specimen withstand minimum load and broke into pieces (refer
button image of Fig. 11) though all other specimens bend to a
certain extent without fracture. It is observed that incorporating
nanofillers will improvise the bending characteristics of addi-
tively fabricated composites. The flexural strength of compos-
ites is within acceptable range and similar behaviour was
observed for tensile strength, it is inferred that composites
possess good flexural strength.

Journal of Materials Engineering and Performance

4. Conclusion

An innovative composite material was developed in this
study that would be suitable for the FFF process. Limonene is a
natural chemical present in peels of orange, which possess an
anti-cancerous property. Due to its anti-cancerous property, it
was chosen as a filler material to make composites with PLA.
PLA is a biodegradable polymer that has plentiful applications
in biomedical sectors. Therefore, orange peel-reinforced PLA
will be a suitable composite as well as a better alternative for
PLA in the biomedical domain. Composite Filaments were
extruded in three different compositions such as 5, 15, and
25 wt.%. Sonication is the methodology used in this study to
disperse nanofiller uniformly in PLA matrix. Numerous
attempts were made during the extrusion to optimize diameter
of composite filament. Specific difficulties such as nozzle

Volume 33(14) July 2024—7375



clogging, and warpages were faced during the FFF process of
innovative composites. Strength (single fibre tensile, tensile,
compression, flexural) of composites were evaluated in both
filament and additive manufactured form. Strength of FFF
processed composites are compared with Pure PLA. Among all
concentrations (0, 5, 15, and 25 wt.%), 15 wt.% composite
specimens possess better mechanical properties than all other
polymer specimens.

The nanofillers were uniformly distributed among PLA
matrix in all composites and 15 wt.% composite shows
better mechanical properties than other composites.

SFTT shows that 15 wt.% composite filaments possess
highest tensile strength among other composites and PLA
filaments.

XRD results reveals the amorphous nature of composite
that led to enhanced strength with reduction in ductility.
Tensile, compression, and flexural properties of 15 wt.%
composite was observed to be superior to PLA and its
other composites.

These composites may find application in packaging, and
Bio-medical applications due to its non-reactiveness.
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