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Abstract

Owing to its ease of processing and biodegradability, polyactic acid (PLA) is an instrumental
thermoplastic in fused deposition modelling (FDM). Besides, the properties, such as mechanical
performance and thermal stability are inadequate, thereby limiting the use of neat PLA for
advanced engineering applications. In this study, a hybrid PLA composite is developed by
reinforcing the neat PLA with silicon carbide (SiC) and aluminum oxide (Al2O3) nanoparticles.
Further, the developed hybrid PLA composite is characterized to investigate its microstructural
properties, followed by the preparation of the components through controlled drying, blending,
and filament extrusion. The significant propertiesof the prepared composites are investigated
using X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), and
energy-dispersive spectroscopy (EDS). The inclusion of SiC and Al>O3 nanoparticles improved
the crystallinity of the composites, as inferred by the XRD analysis. Enhanced interfacial particle
dispersion and interactions between reinforcements and the PLA matrix are observed through
FESEM analysis. The presence of carbon, silicon, aluminum, and oxygen is detected through
EDS analysis. Thus, the hybrid ceramic composite yields improved microstructural and
properties of PLA, making it suitable for developing composite filaments which are desirable for
advanced FDM-based engineering applications.

Keywords: Polylactic Acid (PLA), Silicon Carbide (SiC), Aluminum Oxide (AlOs), Hybrid
Composites, Additive Manufacturing, Fused Deposition Modeling (FDM), Microstructural

Characterization.

1. Introduction fabricate intricate ~ geometries,  the
Owing to shorter production cycles, implementation of additive manufacturing
improved design flexibility and ability to (AM) has emerged as a promising
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manufacturing technology [1]. Among the
many AM techniques, fused deposition
modelling (FDM) has gained substantial
attention due to its compatibility with
thermoplastic polymers [2]. The
thermoplastic filaments are melted and
deposited layer by layer, ultimately yielding
three-dimensional specimens with the
required  geometries and  sufficient
dimensional accuracy. FDM has accelerated
the fabrication of high-performance polymer
composites for various applications in the
aerospace, automotive, and biomedical
sectors [3]. Owing to their ease of
processing, biodegradability and adequate
dimensional stability, the implementation of
polyactic  acid (PLA) thermoplastic
polymers is instrumental in FDM [4]. Also,
compared to conventional petroleum-based
polymers, PLA is more sustainable [5].
However, neat PLA offers limited
mechanical performance, thermal stability,
and wear resistance, thereby limiting its use
for advanced engineering applications [6].
The performance of PLA, including
mechanical, tribological, physicochemical,
and thermal properties, can be improved by
incorporating ceramic reinforcements into
the polymer matrix [7]. Among many
ceramic fillers, silicon carbide (SiC) offers
high hardness, exceptional wear resistance,
and thermal stability, while aluminum oxide
(Al,0O3) offers better corrosion resistance,
chemical stability, and stiffness [8-9]. The
reinforcement of these fillers into the PLA
matrix could eventually enhance the thermal
stability, stiffness, interfacial bonding and
the overall structural integrity of the
components fabricated through FDM [10-
11]. It is reported that the reinforcement of

SiC alone in the PLA matrix enhances
particle-matrix interaction and improves
wear resistance and load transfer [12]. On
the other hand, improved stiffness and
hardness are achieved by reinforcing Al,O3
alone in the PLA matrix [13]. Unlike single-
filler systems, the hybrid reinforcement of
SiC & Al,Os3 enables a synergetic interaction
across both fillers and could lead to
balanced, superior properties [14].

Moisture can make PLA extremely
hygroscopic and vulnerable to hydrolytic
degradation during thermal processing,
thereby affecting the final quality [15].
Further, the ceramic nano-fillers retain
surface moisture and can lead to reduced
interfacial bonding within the polymer
matrix. Therefore, appropriate drying of
PLA granules and ceramic reinforcements
before  blending and  extrusion is
indispensable for achieving the uniform
dispersion and  defect-free  filament
fabrication. Further, better dimensional
consistency and process stability are
achieved through proper extrusion process
parameters, such as screw speed and barrel
temperature [16]. On the other hand, the
influence of ceramic reinforcements on the
structural performance of PLA composites
fabricated via AM can be assessed through
microstructural and physicochemical
characterization. The analyses, such as X-
ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM),
and energy-dispersive spectroscopy (EDS),
are being used for investigating the
distribution of particles, morphology,
crystallinity, interfacial compatibility and
elemental composition of reinforced PLA
composites [17]. Despite numerous studies
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investigating  ceramic-reinforced  PLA
composites, the effect of hybrid
reinforcement with SiC & Al,O3 on the
microstructural properties of PLA polymer
composites used in AM applications is
rarely explored [18]. The present study
focuses on developing a hybrid PLA
composite by reinforcing the neat PLA with
SiC and Al,Os; nanoparticles. Further, the
developed hybrid PLA composite is
characterized to investigate its
microstructural properties, followed by the
preparation of the components through
FDM. The influence of hybrid ceramic
reinforcements on the structural, chemical,
and morphological behavior is investigated
using XRD, FESEM, and EDS analyses.
The findings of this study provide potential
insights and contribute towards the
fabrication of high-performance PLA
composites, which are desirable for
advanced FDM-based
applications.

2. Materials and Methods
2.1 Materials

In this study, commercial-grade polylactic

engineering

acid (PLA) and ceramic nanopowders were
used as the matrix and reinforcements,
respectively. The pure PLA granules (grade
FY804) were sourced from 2M Biotech
(India), and nano-scale silicon carbide (SiC)
and aluminum oxide (Al:Os) powders were
obtained from Saveer Matrixnano Pvt. Ltd.
(India). These PLA granules approximately
had a density of 1.24 g-cm™, melt flow
index (MFI) of 3.0 g/10 min (ISO 1133-A),
glass transition temperature (Tg) of 60 °C,
melting point of 155 °C (DSC), tensile
strength of 45 MPa (ISO 527-1), tensile
modulus of 3500 MPa (ISO 527-1), and

elongation at break <5%. The granules were
supplied as pellets <3 mm in size. The SiC
and ALOs fillers were provided as
nanopowders (average particle size ‘“as
supplied” by the vendor). Silicon carbide is
an extremely hard ceramic (Vickers
hardness on the order of 2300-2600) with
high thermal conductivity (~60-120
W/m-K), and AL:Os is also very hard (tensile
hardness up to ~15-22 GPa) with excellent
thermal stability (service temperatures above
~1500 °C).

2.2 Composite Preparation and Filament
Extrusion

As PLA is extremely hygroscopic and
vulnerable to hydrolytic degradation during
thermal processing, the PLA granules and
the ceramic nano-fillers (SiC and Al,O3)
were dried in a vacuum oven at 40°C for 1
hour to remove moisture [19]. Surface
moisture on nano-fillers can lead to poor
interfacial bonding; this vacuum drying
enhances uniform dispersion and processing
stability during fabrication, eventually
resulting in defect-free filament fabrication
[19]. Post-drying, the neat PLA granules and
composite reinforcements (SiC & Al,O3)
were blended at varying reinforcement ratios
of 0:0, 75:25, 50:50, and 25:75, while
maintaining a constant total filler loading of
3 wt. % relative to the PLA matrix.

A double-cone blender was used for
performing the blending operation, as the
double-cone blunder has the scope of
achieving homogeneous dispersion of
ceramic reinforcements throughout the PLA
matrix. For ensuring the uniform
microstructural properties, and to inhibit the
nano-particle  agglomeration, controlled
blending was imperative. For achieving the
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controlled blending, a rotational speed of 20
rpm having 20 min per cycle is maintained,
for a total of 12 blending cycles per batch
[20]. The blended feedstock was processed
further through a screw-type electric
filament extruder. This extruder contains a
cylindrical barrel (hollow) connected with
external electric heaters, and the screw was
driven through a geared motor. The blended
composite feedstock was supplied to the
extruder through the hopper, where it is
subjected to forward melting by screw
rotation (friction shear) and external heat
[21]. The melted composite stock (in molten
state) was subsequently channeled to the
nozzle and is subjected to extrusion for
forming filaments.  The
employed extrusion mechanism is in line
with the earlier reported conventional

continuous

extrusion techniques for thermoplastic
filament production [21-22].

It is imperative to optimize the extrusion
parameters for achieving consistent and
high-quality filaments. Inconsistent filament
diameters can hamper the consistent
deposition during printing, whereas a
uniform filament diameter helps ensure
dimensional accuracy, steady material flow,
and print quality during AM [23-26]. In this
study, screw rotational speed and barrel
temperature were optimized for attaining
filaments of diameter 1.75 mm, enabling an
improved structural consistency and process
reliability, which are well required for FDM.
The obtained filaments were characterized
by XRD, FESEM, and EDS to investigate
the influence of hybrid ceramic
reinforcements (SiC & AlO3) on the
structural and microstructural properties of
the PLA composites.

3. Characterization Techniques

X-ray Diffraction (XRD)

XRD analysis is used to unveil the phases,
assess crystallinity and detect structural
modifications in the developed hybrid
composites (PLA-SiC & AlO3) [27]. The
obtained diffraction patterns are analyzed
not only to identify the presence of ceramic
reinforcements (SiC & Al;Os3) in the PLA
matrix but also to examine the effect of the
fillers on the crystallinity behavior of PLA.
Examining the modifications induced in
diffraction angles and peak intensities
enables understanding of the phase
interactions and structural stability of the
fabricated composites.

Field Emission Scanning
Microscopy (FESEM)

FESEM analysis is instrumental for

Electron

understanding interfacial bonding, surface
morphology,  filler  dispersion, and
microstructural features of the fabricated
composites. Also, FESEM can provide
comprehensive information on
agglomeration, void formation, particle
distribution, and fracture features [28]. In
this study, FESEM is performed, and the
micrographs are examined to evaluate the
uniform dispersion of nanoparticles (SiC &
Al>O3) within the PLA matrix and to detect
defects (agglomerates, voids, pores, etc.),
which could impact the overall performance
of the fabricated composites.

Energy Dispersive Spectroscopy (EDS)
The integration of EDS with FESEM
enables the elemental composition and
computational analysis of composites [29].
In this study, EDS is performed to endorse
the elemental composition and distribution
of ceramic reinforcements (SiC & Al,Os3)
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with the PLA matrix. The obtained data is
examined to identify the existence of
carbon, oxygen, silicon, and aluminum
elements, thus confirming the successful
distribution of ceramic reinforcement (SiC
& Al>O3) nanoparticles within the fabricated
composites.

4. Results and Discussion

The present study focuses on developing a
hybrid PLA composite by reinforcing the
neat PLA with SiC and Al>O3 nanoparticles.
Further, the developed hybrid PLA
composite is characterized to investigate its
microstructural properties, followed by the
preparation of the components through
FDM. The influence of hybrid ceramic
reinforcements on the structural, chemical,
and morphological behavior is investigated
using XRD, FESEM, and EDS analyses.
The findings of this study provide potential
insights and contribute towards the
fabrication of high-performance PLA
composites, which are desirable for
advanced FDM-based engineering
applications.

4.1 XRD Analysis

XRD analysis is conducted to identify the
phases, assess crystallinity and detect
structural modifications of neat PLA, SiC
nano-powder, AlO3 nano-powder, hybrid
composites (PLA-SiC & Al,O3) with
varying reinforcement ratios (0:0, 75:25,
50:50, and 25:75) of SiC & ALOs. The
obtained diffraction patterns are analyzed
not only to identify the presence of ceramic
reinforcements (SiC & AlO3) in the PLA
matrix, but also to examine the effect of the
fillers on the PLA crystallinity [30-31]. The

crystallinity nature but also the existence of
both crystalline and amorphous regions in
the PLA granules. As the PLA granules are
untreated, they lead to limited crystalline
ordering, as confirmed by the low-intensity,
broad diffraction peak, refer Figure 4.1. On
the other hand, pure SiC nano-powder
exhibited several sharp diffraction peaks at
~26.76°, 35.75°, 38.26°, 50.27°, 60.13°, and
71.90 °, endorsing the highly crystalline
behavior and phase purity of the ceramic
reinforcement (SiC nano-powder), as shown
in Figure 4.2. Akin to this, the intense
impulsive diffraction peaks at ~25.96°,
35.53°, 43.74°, 57.88°, 66.90°, and 68.57°
signify the highly crystalline nature of
aluminum oxide (Al,O3) nano-powder, as
shown in Figure 4.3.

16000 5y

14000 N

Wl
12000 1 K -

WL mar
10000 [ o ﬁ.
e
Vs
\ M

6000
4000

10 20 30 40 50 60 70 a0
26 (degree)

Intensity (a.u.)

®
g
S
8

Figure 4.1. XRD pattern of pure PLA
granules
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Figure 4.2. XRD pattern of silicon carbide

neat PLA exhibited a broad diffraction peak (SiC) nanopowder
~22.5°, which not only confirms the semi-
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Figure 4.3. XRD pattern of aluminum oxide
(AlzOs3) nanopowder
On the other hand, the hybrid composite
(PLA-SiC & Al,O3) with the reinforcement
ratio of 75% of SiC 25% Al:O3 nano
particles displayed a core pattern with
additional peaks, where the retained core
pattern confirms the characteristic of PLA
matrix and the additional diffraction peaks
correspond to the inclusion of ceramic
reinforcements (SiC & AlOs). The
diffraction peaks at ~27.01°, 35.58° and
60.15° resemble the inclusion of ceramic
reinforcements  (SiC),  whereas  the
diffraction peaks at ~25.16°, 33.31°, 38.01°,
43.64°, and 57.71° resemble the inclusion of
ceramic reinforcements (AlO3). At first
glance, these diffraction peaks confirm the
successful inclusion of both ceramic
reinforcements (SiC & AlO3) in the PLA
matrix, as shown in Figure 4.4. The hybrid
composite (PLA-SiC & AlO3) with the
reinforcement ratio of 50% of SiC 50%
AlO3 nano particles leads to an increase in
the intensity/magnitude of the diffraction
peaks when compared with the neat PLA,
indicating an effective dispersion and
retention of the crystalline nature of both the
ceramic reinforcements (SiC & AlO3). The
diffraction peaks at ~27.06°, 35.57°, and
60.32° correspond to SiC, whereas the
diffraction peaks at 25.21°, 33.36°, 38.04°,

Vol. 22, No. 2(2), 2026

43.69°, 44.66°, 57.89°, and 68.49°,
correspond to Al203, refer Figure 4.5.
Additionally, the overlapping diffraction
peak at ~35° confirms the presence of both
ceramic reinforcement phases (SiC &
AL Os3) within the PLA matrix (refer Figure
4.5). The hybrid composite (PLA-SiC &
AL Os) with the reinforcement ratio of 25%
of SiC 75% Al>O3 nano particles, exhibited
more pronounced alumina behavior, which
is confirmed by the diffraction peaks at
~25.16°, 38.04°, 43.65°, 44.66°, 52.81°,
57.83°, and 66.85°, while hardly one
diffraction peak about SiC at ~26.98° is
visible, refer Figure 4.6.
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Figure 4.4. XRD pattern of PLA + 2.25
wt.% SiC + 0.75 wt.% ALOs
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Figure 4.5. XRD pattern of PLA + 1.5 wt.%
SiC + 1.5 wt.% ALOs
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Figure 4.6. XRD pattern of PLA + 0.75
wt.% SiC + 2.25 wt.% ALOs
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Figure 4.7. XRD pattern of PLA+1.5 wt.%
SiC + 1.5 wt.% ALO; extruded filament

Thus, it can be inferred that the inclusion of
ceramic reinforcement (SiC & AlO3)
nanoparticles enhances the crystalline nature
of the hybrid composite compared with neat
PLA. Because ceramic nanoparticles are
heterogeneous, they promote crystal growth
and enhance crystallinity within the PLA
matrix. Additionally, because the ceramic
reinforcements (SiC & Al,O3) are sharp,
they displayed a more intense impulsive
diffraction peak than neat PLA. The
improved  crystallinity would further
enhance the mechanical strength, thermal
stability and dimensional accuracy of AM
components. Also, the additional peaks are
hardly visible, confirming that there are no
secondary  phases in the ceramic
reinforcements. ~ This  confirms  the
exceptional phase compatibility of the PLA
matrix with the ceramic reinforcements (SiC

& ALOs3). The findings of the XRD
investigation demonstrate the effectiveness
of ceramic nano-reinforcements (SiC &
ALO3) in improving the physicochemical
properties of PLA composites, which are
desirable  for advanced  FDM-based
engineering applications [32-34].

4.2 FESEM Analysis

FESEM analysis is conducted to identify the
interfacial bonding, surface morphology,
void formation, particle distribution, filler
dispersion, void formation, and particle
distribution of neat SiC nano-powder and
AlbO3  nano-powder. The  obtained
micrographs are analyzed not only to assess
dispersion quality but also to understand
interfacial characteristics [35-37]. The
micrographs of SiC nano-powder reveal
irregularly shaped particles with an angular
morphology and a relatively uniform
distribution. Also, a minor agglomeration
with rough surface texture is identified at the
nanoscale, indicating the appropriateness of
the ceramic reinforcement (SiC) for
integration with the PLA matrix for
fabricating components, refer Figure 4.8. On
the other hand, the ceramic composite
(Al,O3)  displayed a
distribution and has the potential to form

homogeneous

minor agglomerates due to the particles'
high surface energy. Figure 4.9 illustrates
the morphology of Al,O3, which supports its
nanoscale nature and its appropriateness for
integration with the PLA matrix. Thus, it
can be inferred that the ceramic nano-
reinforcements (SiC & Al,O3) displayed
adequate dispersion with marginal clustering
throughout the PLA matrix. Also, a
satisfactory interfacial adhesion between the
PLA matrix and the reinforcements is
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observed, indicating effective stress transfer
between the PLA matrix and the fillers.
Additionally, homogeneous filler

distribution is achieved, which assists the
mechanical and thermal performance.
Though minor agglomeration is reported in a
few localized regions, the absence of cracks
and voids indicates that blending and
extrusion are effective. The findings of the

EHT= 5.00kV Signal A= SE2 Date:11Dec 2024 )y, Frotey
WD= 7.0mm Mag = 100.00 K X Time :13:13:25

200 nm EHT= 5,004V Signal A= SE2 Date 11Dec 2024 ),
H WD= 7.0 mm Mag= 50.00KX Time :13:07:13

FESEM analysis demonstrate the effective
and uniform dispersion of ceramic nano-
reinforcements (SiC & Al,O3) within the
PLA matrix, leading to homogeneous filler
distribution, good interfacial adhesion, and
minimal agglomeration, which are desirable
for advanced FDM-based engineering
applications [35-36].

200 nm EHT= 500 kV Signal A= SE2 Date:11Dec 2024 ;o PATN
1 WD= 7.0 mm Mag= 50.00 KX Time :13:14:13

200 nm EHT= 500kV Signal A= SE2 Date:11Dec2024 ), .
{ WD = 7.0 mm Mag = 100.00 K X Time :13:06:46

Figure 4.9. FESEM micrograph of aluminum oxide (Al>O3) nanopowder

4.5 Energy Dispersive Spectroscopy
(EDS) Analysis

Energy Dispersive Spectroscopy (EDS)
analysis was performed to confirm the

Vol. 22, No. 2(2), 2026

elemental composition, chemical purity, and
successful incorporation of the ceramic
reinforcements employed in the present
study. EDS is a widely used analytical
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technique for elemental identification and
compositional analysis of nanomaterials and
polymer composites. The EDS spectra
obtained for the Al-Os and SiC nanopowders
are presented in Fig. 4.22 and Fig. 4.23,
respectively.

The EDS spectrum of the Al.Os nanopowder
exhibited prominent peaks corresponding to
aluminum (Al) and oxygen (O), confirming
the characteristic elemental composition of
aluminum oxide. The strong peak observed
at approximately 1.49 keV corresponds to
the Al Ka emission line, while the peak near
0.52 keV corresponds to the O Ka emission
line [37]. The high intensity of these peaks
indicates the predominance of aluminum
and oxygen within the analyzed sample. Fig.
4.11 presents the EDS spectrum of AlOs
nanopowder.

Spectrum 1

Element Weight% Atomic%
0K 49.62 62.42
AlK 50.38 37.58

Totals 100.00

0 2 4 6 ] 10 12 14 16
ull Scale 4786 cts Cursor; 0.000 keV|

Fig. 4.11. EDS spectrum of Al-Os
nanopowder

No significant impurity peaks were observed
in the spectrum, demonstrating the high
purity of the AlOs; nanoparticles. The
elemental composition obtained through
EDS is in agreement with the expected
stoichiometric composition of aluminum
oxide, thereby confirming the successful
utilization of high-quality AlOs
nanoparticles as reinforcement material in
the PLA hybrid composites.

The EDS spectrum of the SiC nanopowder
revealed distinct peaks corresponding to
silicon (Si) and carbon (C), which are the
principal constituent elements of silicon
carbide. The prominent peak observed at
approximately 1.74 keV corresponds to the
Si Ko emission line, while the peak
appearing near 0.28 keV corresponds to the
C Ko emission line [44]. Additionally, a
minor oxygen peak was observed around
0.52 keV, which may be attributed to slight
surface oxidation of the nanoparticles or
atmospheric  exposure during sample
handling. Fig. 4.12 presents the EDS
spectrum of SiC nanopowder.

Spectrum 1

Element Weight% Atomic%
cK 37.94 4368
0K 1781 2731
SiK 445 29.01

Totals 100.00

0 2 4 [ ] 10 12 14 16 18 20|
ull Scale 7113 cts Cursor: 0.000 keV|

Fig. 4.12. EDS spectrum of SiC nanopowder
The dominance of silicon and carbon peaks
confirms the chemical composition and high
purity of the SiC nanopowder. The absence
of significant foreign elemental peaks
indicates that the reinforcement material is
free from major contaminants and suitable
for composite fabrication.

The EDS results collectively confirm the
presence of the key constituent elements
required for the fabrication of the PLA
hybrid composites. The Al:Os nanoparticles
exhibited strong aluminum and oxygen
peaks, whereas the SiC nanoparticles
displayed prominent silicon and carbon
peaks. These observations verify the
successful elemental composition of both
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Vol. 22, No. 2(2), 2026


https://ijerst.org/index.php/ijerst

Int. J. Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991

57 ol ol et Resarch e T

ceramic reinforcements and demonstrate
their suitability for incorporation into the
PLA matrix.

The successful elemental confirmation
obtained through EDS analysis supports the
XRD findings and further validates the
purity and phase integrity of the
reinforcement materials. The presence of
aluminum, oxygen, silicon, and carbon in
their respective spectra confirms that the
selected ceramic nanoparticles retained their
chemical composition during processing and
can effectively contribute to the enhanced
physicochemical properties of the developed
hybrid composites.

Overall, EDS analysis  successfully
confirmed the elemental composition and
purity of the reinforcement materials and
validated the presence of SiC and AlO;
nanoparticles ~ within  the  developed
composite system. The results demonstrate
the effectiveness of the material selection,
blending, and extrusion processes in
achieving successful incorporation of
ceramic nanoparticles into the PLA matrix,
thereby supporting the development of
advanced hybrid composites for additive
manufacturing applications [37].

5. Conclusion

In this study, a hybrid PLA composite
(PLA-SiC & ALOs3) was developed at a
constant reinforcement loading of 3 wt.% by
reinforcing the neat PLA with silicon
carbide (SiC) and aluminum oxide (Al>O3)
nanoparticles with varying reinforcement
ratios (0:0, 75:25, 50:50, and 25:75) of SiC
& ALOs;. The developed hybrid PLA
composites are characterized to investigate
its microstructural properties, followed by
the preparation of the components through

controlled drying, blending, and filament
extrusion. The significant properties of the
prepared composites are investigated using
X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM),
and energy-dispersive spectroscopy (EDS).
The inclusion of SiC and AlLO3
nanoparticles improved the crystallinity of
the composites, as inferred by the XRD
analysis. Enhanced interfacial particle
dispersion  and between
reinforcements and the PLA matrix are
observed through FESEM analysis. The
presence of carbon, silicon, aluminum, and
oxygen is detected through EDS analysis.
Thus, the hybrid ceramic composite yields
improved microstructural properties of PLA,
making it suitable for developing composite
filaments which are desirable for advanced

interactions

FDM-based engineering applications.
References
1. Ngo, T. D., Kashani, A., Imbalzano,
G., Nguyen, K. T., & Hui, D.
Additive
printing): A review of materials,

manufacturing (3D

methods, applications and
challenges. Composites Part B:
Engineering, 143, 172—-196, 2018.

2. Chacon, J. M., Caminero, M. A.,
Garcia-Plaza, E., & Nufez, P. J.
Additive manufacturing of PLA
structures using fused deposition
modelling:  Effect of process
parameters on mechanical properties
and their optimal selection. Materials
& Design, 124, 143-157, 2017.

3. Singh, S., Ramakrishna, S., & Singh,
R. Material issues in additive
manufacturing: A review. Journal of

https://ijerst.org/index.php/ijerst 1476

Vol. 22, No. 2(2), 2026


https://ijerst.org/index.php/ijerst

Int. J. Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991

57 ol ol et Resarch e T

Manufacturing Processes, 25, 185—
200, 2017.

. Farah, S., Anderson, D. G, &

Langer, R. Physical and mechanical
properties of PLA, and their
functions in widespread
applications—A comprehensive

10.

polymer composites. Composites
Part B: Engineering, 48, 1-9, 2013.
Boparai, K. S., Singh, R., & Singh,
H. Development of rapid tooling
using fused deposition modeling: A
review. Rapid Prototyping Journal,
21(1),96-117,2015.

review. Advanced Drug Delivery 11. Vidakis, N., Petousis, M., Savvakis,
Reviews, 107, 367-392, 2016. K., Maniadi, A., & Koudoumas, E. A
Rajpurohit, S. R., & Dave, H. K. comprehensive investigation of the
Analysis of tensile strength of a mechanical behavior and durability
fused filament fabricated PLA part of PLA reinforced with ceramic
using an open source 3D printer. particles. Materials Today
International Journal of Advanced Communications, 20, 100573, 2019.
Manufacturing  Technology, 94, 12. Sharma, V., Singh, R., & Kumar, R.
1525-1536,2018. Investigations on mechanical and
Torrado Perez, A. R., Roberson, D. wear behavior of SiC reinforced
A., & Wicker, R. B. Fracture surface polymer  composites  fabricated
analysis of 3D-printed tensile through additive manufacturing.
specimens of novel ABS-based Journal of Manufacturing Processes,
materials. Journal of  Failure 35,201-210, 2018.
Analysis and Prevention, 14(3), 343— 13. Ferreira, R. T. L., Amatte, 1. C.,
353,2014. Dutra, T. A., & Biirger, D. Influence
Prashantha, K., & Roger, F. of process parameters on the
Multifunctional properties of mechanical properties of PLA
polymer nanocomposites reinforced reinforced composites manufactured
with ceramic nanoparticles. by FDM. Rapid Prototyping Journal,
Materials Today Communications, 23(5), 851-857,2017.
10, 34-45,2017. 14. Zhang, Q., Xu, Y., Lin, X., & Shen,

. Kumar, R., Singh, R., Farina, I., J.  Hybrid ceramic reinforced
Onuh, S. O., & Fraternali, F. polymer composites for additive
Experimental characterization of the manufacturing  applications: A
tensile properties of PLA and PLA review. Materials Today
reinforced with ceramic particles Communications, 28, 102692, 2021.
fabricated by fused deposition 15. Taib, R. M., Ghaleb, Z. A., Mohd
modelling. Composites Part B: Ishak, Z. A., & Rozman, H. D.
Engineering, 152, 83-90, 2018. Effects of moisture absorption on

. Ramesh, M., Palanikumar, K., & mechanical properties of polymer
Reddy, K. H. Mechanical property composites. Polymer-Plastics
evaluation of fiber reinforced

Vol. 22, No. 2(2), 2026 https://ijerst.org/index.php/ijerst 1477



https://ijerst.org/index.php/ijerst

Int. J. Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991

57 ol ol et Resarch e T

16.

17.

18.

19.

20.

21.

22.

Technology and Engineering, 49(1),
1-8, 2010.

Turner, B. N., Strong, R., & Gold, S.
A review of melt extrusion additive
manufacturing processes: 1. Process
design and modeling. Rapid
Prototyping Journal, 20(3), 192-204,
2014.

Saba, N., Jawaid, M., Sultan, M. T.
H., & Alothman, 0. Y.
Characterization of polymer
nanocomposites for advanced

engineering applications. Polymers,
11(3), 456, 2019.

Ahmed, W., Siraj, S., Al-Marzouqi,
A. H., & Haq, M. 1. Experimental
investigation of hybrid ceramic
nanoparticle reinforced PLA
composites for additive
manufacturing applications.

Materials Research Express, 7(1),
015304, 2020.
NatureWorks LLC.
Polylactic Acid Processing Guide.
NatureWorks Technical Bulletin,
Minnetonka, MN, USA, 2023.
Kalaitzidou, K., Fukushima, H., &
Drzal, L. T. A new compounding
method for exfoliated graphite-
polypropylene nanocomposites with
enhanced flexural properties and

Ingeo™

lower percolation threshold.
Composites Science and
Technology, 67(10), 2045-2051,
2007.

Rauwendaal, C. Polymer Extrusion,
5th ed. Munich, Germany: Hanser
Publishers, 2014.

23.

24.

25.

26.

27

28.

.Nagaraj, S. K,

using fused deposition modeling.
Rapid Prototyping Journal, 9(4),
252-264,2003.

Sood, A. K., Ohdar, R. K, &
Mahapatra, S. S.
dimensional

Improving
of fused
deposition modelling processed part
using grey Taguchi  method.
Materials and Design, 30(10), 4243—
4252, 2009.

Turner, B. N., Strong, R., & Gold, S.
A. A review of melt extrusion

accuracy

additive manufacturing processes: I.
Process design and modeling. Rapid
Prototyping Journal, 20(3), 192-204,
2014.

Tymrak, M., Kreiger, M., & Pearce,
J. M. Mechanical properties of
components fabricated with open-
source 3D printers under realistic
environmental conditions. Materials
and Design, 58, 242246, 2014.
Bellini, A., & Giigeri, S. Mechanical
characterization of parts fabricated
using fused deposition modeling.
Rapid Prototyping Journal, 9(4),
252-264,2003.

Shivanna, S.,
Subramani, N. K., & Siddaramaiah,
H. Revisiting powder  X-ray
diffraction technique: A powerful
tool to characterize polymers and
their composite films. Research &
Reviews: Journal of Material
Science, 4(4), 1-5, 2016.

Dikin, D. A., Kohlhaas, K. M.,
Dommett, G. H. B., Stankovich, S.,
& Ruoff, R. S. Scanning electron

Bellini, A., & Giigeri, S. Mechanical microscopy methods for analysis of
characterization of parts fabricated polymer nanocomposites.
Vol. 22, No. 2(2), 2026 https://ijerst.org/index.php/ijerst 1478



https://ijerst.org/index.php/ijerst

Int. J. Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991

S5 et ol of Exoeetg e nd e Ty

29.

30.

31.

32.

33.

34.

35.

Microscopy and  Microanalysis,
12(S2), 674-675, 2006.

Bruker GmbH.  Energy
Dispersive ~ X-ray  Spectroscopy
(EDS) for Flemental Analysis.
Bruker Nano Analytical Application
Note, Berlin, Germany, 2023.
Nagaraj, S. K., Shivanna, S,
Subramani, N. K., & Siddaramaiah,
H. Revisiting

Nano

powder  X-ray
diffraction technique: A powerful
tool to characterize polymers and
their composite films. Research &
Reviews: Journal of Material
Science, 4(4), 1-5, 2016.

Cullity, B. D., & Stock, S. R.
Elements of X-Ray Diffraction, 3rd
ed. Upper Saddle River, NJ, USA:
Prentice Hall, 2001.

Klug, H., & Alexander, L. X-ray
Diffraction Procedures for
Polycrystalline and  Amorphous
Materials, 2nd ed. New York, NY,
USA: Wiley, 1974.

Goldstein, J., Newbury, D., Joy, D.,
Lyman, C., Echlin, P., Lifshin, E.,
Sawyer, L., & Michael, J. Scanning
Electron Microscopy and X-ray
Microanalysis, 4th ed. New York,
NY, USA: Springer, 2018.

Harris, G. L. Properties of Silicon
Carbide. London, U.K.: INSPEC
Publications, 1995.

Saba, N., Jawaid, M., Sultan, M. T.

H., & Alothman, 0. Y.
Characterization of polymer
nanocomposites for  advanced

engineering applications. Polymers,
11(3), 456, 2019.

Vol. 22, No. 2(2), 2026

36.

37.

Bhattacharjee, S. DLS and zeta
potential—What they are and what
they are not? Journal of Controlled
Release, 235, 337-351, 2016.

Lim, J., Yeap, S. P., Che, H. X., &
Low, S. C. Characterization of
magnetic nanoparticle by dynamic
light scattering. Nanoscale Research
Letters, 8(1), 381, 2013.

https://ijerst.org/index.php/ijerst 1479



https://ijerst.org/index.php/ijerst

