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Abstract

This study evaluates the rheological properties and flow behaviour of
PLA/PA12 composites with varying concentrations of wollastonite
(WA) ceramic particles (5, 10, and 15 wt.%) to enhance their biological
performance and printability in 3D printing applications. Achieving the
right balance of viscosity and flow is crucial for producing high-quality
filaments and reliable 3D printed structures. Comprehensive
rheological analysis and material characterization were conducted,
including particle size distribution, SEM, and EDX. The flow behaviour
index (n) was calculated, and physical observations of extruded
materials were assessed for surface quality and dimensional
consistency. The 10 wt.% WA composite consistently demonstrated
superior rheological properties, exhibiting optimal pseudoplastic
behavior with an n value range of 0.073-0.439 and a viscosity of 5919
Pa-s at 140 °C, which was the lowest among the composites tested,
ensuring smooth extrusion and structural integrity. SEM analysis
showed a uniform microstructure with well-dispersed WA particles in
the 10 wt.% WA composite, while the 5 wt.% WA and 15 wt.% WA
composites displayed suboptimal particle distribution. Physical
observations confirmed that the 10 wt.% WA composite produced a
smooth, consistent extrudate, essential for high-quality filament
fabrication and reliable 3D printing. These findings highlight the 10
wt.% WA composite as the most promising candidate for efficient and
effective 3D printing.

1. Introduction

Three-dimensional (3D) printing has revolutionized manufacturing by offering a versatile, sustainable, and user-
friendly method for creating complex parts. This technology has gained significant traction globally, with
widespread adoption across various industries. Fused Deposition Modeling (FDM), a popular 3D printing process,
has become a cornerstone of additive manufacturing. FDM uses a material extrusion method, where thermoplastic
polymers are melted and extruded through a nozzle to build objects layer by layer. This process offers numerous
advantages, including creating complex structures with high porosity at various scales, rapid prototyping, and
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cost-effective production (1,2). The ease of use and flexibility of FDM has made it an attractive option for industrial
and bone tissue engineering. FDM allows precise control over the spacing between deposited layers and manages
interconnected internal structure thus creating uniform and complex scaffolds suitable for bone implants (3).

Rheology, the study of the flow and deformation of materials under applied forces or stresses, is crucial in
understanding the 3D printing process. In 3D printing, rheological properties play a pivotal role in the deposition
process, as they influence the material's ability to flow through the nozzle, adhere to previous layers, and maintain
its shape during and after deposition (4). Rheological studies can assist in identifying and mitigating printing
defects such as filament buckling, die swelling, and backflow. By understanding the viscoelastic behaviour of the
material during the printing process, researchers can gain insights into the changes in viscosity and shear stress
experienced by the material as it flows through different regions of the nozzle (5). This knowledge is crucial for
optimizing printing parameters and material formulations. Furthermore, the non-Newtonian behaviour of the
materials used in 3D printing is an important consideration. Shear-thinning behaviour, where the viscosity
decreases with increasing shear rate, is desirable as it facilitates material flow during deposition while
maintaining structural integrity after extrusion. Rheological studies can help identify and characterize this
behaviour, enabling the development of materials tailored for optimal printing performance.

Polylactic acid (PLA), a biodegradable and biocompatible thermoplastic derived from renewable resources, is
widely used in applications ranging from packaging to biomedical devices. Polyamide 12 (PA12), known for its
excellent mechanical properties, chemical resistance, and low moisture absorption, enhances the performance of
PLA when used in composites. Several studies have investigated the properties of PLA/PA12 composites using
various processing methods and blend ratios. Raj et al. demonstrated that PA12 is the most compatible type of
polyamide for blending with PLA through twin-screw extrusion without a compatibilizer, compared to PA10-10,
PA10-12, and PA11. Their findings revealed that PLA/PA12 blends exhibited the highest melt-state compatibility,
the lowest interfacial tension, and the closest surface tension values. Consequently, these blends showed
significant improvements in tensile properties, achieving a brittle-to-ductile transition and a strain at break of
approximately 170% for 40 wt% PA12 content compared to 10-30 wt.% of PA12 (6). Another study by Raj et al.
investigated the role of poly(L-lactide) grafted maleic anhydride (PLA-g-MA) as a compatibilizer in 70/30 wt.%
PLA/PA12 blends. The addition of PLA-g-MA (0 to 5 wt.%) significantly improved ductility, with the highest
elongation at break of around 290% achieved with 1 wt.% PLA-g-MA (7). Murariu et al. tested various
compositions of PLA/PA12 with 20-80% addition of PA12, identifying the 50/50 PLA/PA12 blend with 2% Joncryl
compatibilizer as the most promising. This blend exhibited a tensile strength of 52 MPa, a strain at break of 175%,
Young's modulus of 1930 MPa, and an impact resistance of 4.4 k]/m?, attributed to the compatibilizer's effect on
co-continuous morphology and improved interactions between PLA and PA12 (8). These studies collectively
demonstrate that incorporating PA12 and compatibilizers significantly enhances the mechanical of PLA, making
these composites suitable for durable engineering applications. However, despite their improved mechanical
properties, these blends are unsuitable for implant purposes due to potential acidic degradation and lack of
biological activity. Therefore, in this study, wollastonite (WA), a bioceramic material, will be used to enhance the
PLA/PA12 composite to improve the biological performance of the composite while maintaining its mechanical
strength suitable for implant applications using FDM approach.

Wollastonite (WA) calcium silicate bioceramic material has gained significant attention recently due to its
potential applications in biomedical implants. WA bioceramic exhibits excellent biocompatibility and bioactivity,
which can promote osteointegration in composites, along with favorable mechanical properties, making it an
attractive alternative to other bioceramic materials (9). WA can enhance the biological response through
controlled ion release, supporting cell attachment and mineralization. Its silicate structure promotes apatite
formation, which increases surface roughness and improves cellular response (10). Studies have shown that WA
bioceramics can be successfully combined with PLA to create composite filaments suitable for FDM, providing
enhanced biological activity and improved mechanical properties (3,9,11). The addition of WA to PLA enhances
the mechanical and biological properties of the composite, making it an attractive option for biomedical
applications. In addition, the high thermal stability of WA, which is up to 1000 °C, ensures no degradation during
the extrusion and printing processes. The content of WA in the polymer matrix can significantly impact the final
properties of the composite. For example, higher WA content can improve the biocompatibility of the composite
but lower the mechanical strength due to the agglomeration of ceramic particles, while a lower content may
enhance its flexibility and printability but lack biological activity. Further research is needed to optimize the
composition of WA bioceramics composite filaments to ensure their suitability for various biomedical
applications.

This study developed polymer-ceramic composites by incorporating varying concentrations (5, 10, and 15
wt.%) of WA into 80PLA/20PA12 composite using a melt-blending process. The composites were characterized
using particle size distribution analysis, Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray
Spectroscopy (EDX) to confirm the composition and analyze the morphological properties. Finally, rheological
tests were conducted across a range of temperatures and shear rates to fulfill the aim of this study, which is to
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determine the optimal content of WA particles in the PLA/PA12 composite that exhibits the best rheological
properties for 3D printing applications.

2. Material and Methods

2.1 Raw Materials

The primary raw materials used in this study are medical-grade PLA coarse powder, PA12 powder and WA
bioceramic, as illustrated in Fig. 1. The PLA, purchased from China (Grade PDLLA 40), has a 1.28 g/cm? density.
The PA12, abinary polymer, is the HP 3D High Reusability grade. The WA was sourced from CNPC Powder Material
Co., Ltd., China, with a 2.65 g/cm? density. Scanning Electron Microscopy (SEM) images of PLA and WA, shown in
Fig. 2, reveal distinct morphologies: the PLA coarse powder consists of spherical particles with irregular shapes,
while the WA powder exhibits needle-like and platelet-like structures.

Fig. 2 SEM images (a) PLA coarse powder; (b) WA powder

2.2 Methodology

Material characterization was conducted for both the raw materials and the composite. The standard refractive
indices (RI) of PLA (1.465), PA12 (1.52), and WA (1.63) were used as input parameters for the particle size
distribution analysis using the Malvern Panalytical Mastersizer 2000. These RI values influence how the laser light
is scattered as it passes through the samples, and are essential for accurate determination of particle size.
Materials with different refractive indices interact with light differently, affecting the interpretation of scattering
patterns. Thus, using the correct RI ensures the precision of particle size measurements.. Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX) analyses were performed using a Hitachi
SU3500 to study the morphological characteristics and elemental composition of the materials. Three composites
consisting of 80PLA/20PA12 with the addition of 5, 10, and 15 wt.% of WA were prepared using an Internal Mixer
Rheomix 600. The mixing process was conducted at a temperature of 185°C with a speed of 50 rpm, and the
duration was approximately 50 minutes to ensure homogeneity and well-dispersed powders within the
composites. Rheological analysis was carried out using a Bohlin Instrument RH2000 capillary rheometer, with a
shear rate range of 20-1000 s™* and temperatures of 140°C, 150°C, and 160°C. These temperatures were selected
to stimulate the shear-flow behavior near the melting points of PLA and PA12 (150- 180 °C) and to mimic the pre-
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printing extrusion behavior. The die used for this analysis had a diameter of 1 mm, in accordance with ASTM
D3835 standard.

3. Results and Discussion

3.1 Particle Size Distribution

The particle size distribution analysis graph, depicted in Fig. 3 of the raw materials—PLA coarse powder, PA12,
and WA powders—depicts unimodal distributions for each material, indicating a consistent and uniform particle
size distribution within each sample. Table 1 provides the particle size distribution values (D10, D50, and D90)
for each material. These values represent the particle sizes at which 10%, 50%, and 90% of the particles are
smaller than that size, respectively. The PLA coarse powder exhibits the largest particle size, with a peak indicating
the majority of particles are within the higher micrometer range, as confirmed by D10, D50, and D90 values of
486.142 pm, 847.884 pm, and 1450.521 pm, respectively. PA12 particles are smaller, showing a narrower
distribution peak in the mid-micrometer range, with corresponding D10, D50, and D90 values of 37.998 um,
59.271 pm, and 92.469 pm. WA powders demonstrate the smallest particle sizes with a peak in the lower
micrometer range, reflected by D10, D50, and D90 values of 3.526 pm, 11.276 um, and 35.988 um.

The differences in particle sizes and specific surface areas among PLA (0.00775 m?/g), PA12 (0.107 m?/g),
and WA (0.783 m?/g) powders are critical for understanding their blending behaviour and interactions during
composite formation. The large particles of PLA, combined with the smaller particles of PA12 and the fine particles
of WA interact to influence the mixing behavior and dispersion and define the interfacial interactions within the
composite. Similar behavior has been observed in composite blends where coarse and fine filler fractions and the
strength of their interfaces significantly affect dispersion patterns, morphology, and mechanical performance
(12). This, in turn, will affect the mechanical and rheological properties of the composite, which are crucial for its
performance in FDM 3D printing applications.

The different peak of the unimodal distribution of raw materials suggests uniformity in particle sizes, which
can contribute to a more homogeneous composite material. This different peak of uniformity can lead to
consistent mechanical properties and performance of polymer-ceramic composite and lower polymerization
shrinkage because the ceramic particles are uniformly distributed within the polymer matrix, thereby reducing
voids within the matrix (13). Additionally, an unimodal distribution indicates that particles are not clustered
(agglomerated) together, which could otherwise result in populations of two distinct sizes. Uniform particle size
distribution can enhance consistent material flow during the feeding process, reduce extrusion defects, and
improve packing density, potentially leading to denser filaments with improved mechanical properties.

—PLA
—— PA12
— WA

T T T
1 10 100 1000
Particle size (um)

Fig. 3 Particle size distribution curve of raw materials

Table 1 Particle size distribution analysis of raw materials

Powder Refractive Specific Particle Size Distribution (um)

samples Index (RI) surface area D10 D50 D90
(m?/g)

PLA 1.465 0.00775 486.142 847.884 1450.521

PA12 1.520 0.107 37.998 59.271 92.469

WA 1.630 0.783 3.526 11.276 35.988
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3.2 Morphological and Elemental Analyses

The SEM images in Fig. 4 illustrate the morphological changes in PLA/PA12 composites with the addition of 5, 10,
and 15 wt.% WA ceramic particles. The SEM images indicate that the PLA/PA12 composite with 5 wt.% WA
exhibits a relatively smooth surface, with some visible dispersion of the WA particles throughout the matrix. As
the WA content increases, the composites exhibit a more pronounced sea-island morphology with distinct matrix
droplets. In the 10 wt.% WA composites, noticeable white crystalline WA particles are dispersed within the matrix,
showing a more prominent matrix-droplet morphology, suggesting good compatibility between the PLA/PA12
matrix and the WA ceramic particles at this concentration. The 15 wt.% WA composite prominently displays the
sea-island morphology with distinct droplets, indicating higher WA particle dispersion. The sea-island
morphology was formed due to the immiscibility of the PLA/PA12 blends (8).

Additionally, the surface morphology becomes rougher with increasing WA content, especially 15 wt.% WA
composites showing a more significant presence of agglomerates on the surface compared to the 5 wt.% WA and
10 wt.% WA composites. The agglomeration of WA particles, which act as local strain concentrators in the
PLA/PA12 matrix, will lead to poor interfacial interaction between the ceramic and polymer matrix (14,15). An
increased amount of ceramic particles, resulting in more agglomeration, will adversely affect the mechanical
strength of the composite (16).

iy
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Fig. 4 SEM images of PLA/PA12 composite with (a) 5 wt.% WA; (b) 10 wt.% WA; (c) 15 wt.% WA

The EDX analysis, as shown in Fig. 5, corroborates the observations from SEM, revealing peaks corresponding
to Carbon (C) and Oxygen (0), the primary constitutional elements of the polymers used in this study—namely
PLA and PA12. These elements are consistent with the polymeric structure of both materials (11). All composite
samples show clear evidence of the presence of wollastonite (WA) ceramic particles within the polymer matrix,
as indicated by the expected peaks of Calcium (Ca) and Silicon (Si), which are characteristic of WA (17,18). The
trace amounts of Ca and Si further demonstrate the incorporation of WA within the composite. In the 5 wt.% WA
composite, weak peaks of Ca and Si suggest a relatively low concentration of WA, as evidenced by the lower weight
percentages of Ca (2.1%) and Si (1.6%). This indicates that the ceramic filler is present but not in significant
amounts. Conversely, the 10 wt.% WA composite displays more prominent peaks for Ca and Si, indicating a higher
presence of WA particles in the polymer matrix. The weight percentages of Ca (6.7%) and Si (23.4%) in this
composite confirm the increased incorporation of WA. Similarly, the 15 wt.% WA composite shows the strongest
peaks for Ca and Sj, reflecting the significant inclusion of WA. The weight percentages of Ca (18.3%) and Si (13.9%)
are the highest among the samples, indicating the most substantial incorporation of the ceramic filler into the
composite. The EDX analysis demonstrates a positive correlation between the increasing WA content and the
corresponding rise in Ca and Si peaks. This confirms that the higher the WA content, the greater the presence of
calcium and silicon-rich ceramic particles within the composite, as evidenced by the progressive increase in
weight and atomic percentages of Ca and Si.
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Fig. 5 EDX analysis of PLA/PA12 composite with (a) 5 wt.% WA; (b) 10 wt.% WA; (c) 15 wt.% WA. The spectra
show elemental composition confirming increasing Ca and Si content with higher WA concentrations

The combination of SEM images and EDX analysis provides valuable insights into the morphological and
compositional changes in PLA/PA12 composites as the content of WA ceramic particles increases. These
observations are crucial for understanding the structure-property relationships and potential applications of
these composite materials. Increasing the WA content enhances the distribution of ceramic particles within the
polymer matrix, contributing to the observed morphological changes. This uniform distribution is likely to impact
the mechanical properties and performance of the composites, potentially leading to improved material
characteristics suitable for FDM 3D printing applications. The rougher surface morphology and agglomerates at
higher WA content suggest some level of incompatibility between the matrix and the filler particles, which could
affect the mechanical properties of the composite.

3.3 Rheological Analysis

The rheological analysis of PLA/PA12 composites with varying concentrations of WA ceramic particles (5, 10, and
15 wt.%) at different temperatures (140°C, 150°C, and 160°C) is illustrated in Fig. 6. The graphs exhibit
pseudoplastic behavior, characterized by a decrease in viscosity with increasing shear rate. This behavior is
advantageous in 3D printing as it facilitates the smooth deposition of material during printing, preventing issues
such as filament backflow, die swelling, buckling, and nozzle clogging (4). Pseudoplastic or shear-thinning
behaviour is a non-Newtonian fluid behavior where the viscosity decreases with increasing shear rate. This
characteristic is beneficial in 3D printing because it allows the material to flow easily through the nozzle under
high shear rates and regain viscosity after deposition, thus maintaining the shape and stability of the printed
structure (19). Comparing the viscosity ranges of all composites, it is evident that the addition of WA particles
increases the viscosity, with the highest viscosity observed in the 15 wt.% WA composite. However, all composites
exhibit a significant decrease in viscosity with increasing shear rate, consistent with pseudoplastic behavior
ensuring good flowability (20).

For 3D printing applications, the ideal viscosity range typically falls between 10% and 10° Pa.s at the shear
rates encountered during printing (21). For example, the PLA/PA12 composite with 5, 10, and 15 wt.% WA at
140°C exhibited viscosities of 8472 Pa.s, 5919 Pa.s, and 20710 Pa.s, respectively, which fall within this range,
suggesting their suitability for 3D printing. However, the higher viscosity of the 15 wt.% WA composite at lower
temperatures, where the range significantly deviates from those of the 5 wt.% WA and 10 wt.% WA composites,
might pose challenges such as increased resistance to flow, potentially leading to issues like nozzle clogging.
Generally, viscosity decreases with increasing temperature because higher temperatures enhance the mobility of
polymer chains within the material, facilitating easier flow.
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Fig. 6 Rheological analysis of PLA/PA12 composite with (a) 5 wt.% WA; (b) 10 wt.% WA; (c) 15 wt.% WA

The flow behavior index, n is crucial in rheological analysis as it indicates the type of flow behavior exhibited
by the material. For pseudoplastic fluids, the n value typically falls between 0 and 1, reflecting a decrease in
viscosity with increasing shear rate. This behavior is advantageous for 3D printing as it ensures smooth material
deposition, reducing the risk of printing defects (22). The n value is derived from the Power-Law equation as
stated in Equation (1), where 1 represents viscosity, Kstands for consistency, y denotes shear rate, and n is the
exponent representing the flow behaviour index. The n values for PLA/PA12 composites with varying
concentrations of WA (5, 10, 15 wt.%) at different temperatures (140°C, 150°C, and 160°C) confirm this
pseudoplastic behavior.

n =Ky"! (1)

Based on the provided data in Table 2, all composites exhibit n values between 0 and 1, confirming their
pseudoplastic nature. At 140°C, the composites exhibit the lowest n values (0.108 for 5 wt.% WA, 0.073 for 10
wt.% WA, and 0.123 for 15 wt.% WA), indicating higher viscosity at this temperature. This observation aligns with
the rheological graphs in Fig. 6, where higher viscosities are noted at lower temperatures. Conversely, higher n
values were observed at 150°C and 160°C, indicating lower viscosity at these higher temperatures. For example,
at 160°C, the n values are 0.277 for 5 wt.% WA, 0.439 for 10 wt.% WA, and 0.283 for 15 wt.% WA. Notably, the 15
wt.% WA composite exhibits fluctuating n values, which could indicate inconsistencies in its flow behaviour at
different temperatures. Specifically, the n value of 0.439 at 160°C for the 10 wt.% WA composite is within the
optimal range, suggesting stable and desirable flow properties for 3D printing.

Table 2 Flow behaviour index, n of all composites

Composites Temperature (2C) Flow behaviour index, n

140 0.108

PLA/PA12/5 wt.% WA 150 0.162
160 0.277

140 0.073

PLA/PA12/10 wt.% WA 150 0.205
160 0.439

140 0.123

PLA/PA12/15 wt.% WA 150 0.312
160 0.283

The rheological analysis graph and the flow behavior index, n for all PLA/PA12 composites with varying WA
concentrations (5, 10, and 15 wt.%), the 10 wt.% WA composite emerges as the most optimal for 3D printing
applications. It demonstrated that all composites exhibited pseudoplastic behavior, characterized by a decrease
in viscosity with increasing shear rate, which is advantageous for smooth material deposition and minimizing
printing defects. The n values for all composites fall within the range of 0 to 1, confirming their pseudoplastic
nature. Notably, the 10 wt.% WA composite exhibited consistent n values across different temperatures, with an
nvalue of 0.073 at 140°C, 0.297 at 150°C, and 0.439 at 160°C. This trend indicates that the 10 wt.% WA composite
maintains a balanced pseudoplastic behaviour across the temperature spectrum, ensuring reliable flow
characteristics. In contrast, the 5 wt.% WA and 15 wt.% WA composites showed more variability in their flow
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behaviour, with the 15 wt.% WA composite, in particular, exhibiting fluctuating n values. Therefore, considering
the consistent pseudoplastic behavior observed, the PLA/PA12/10 wt.% WA composite is deemed optimal for 3D
printing applications with constant n value and lower viscosity which support better layer adhesion and
dimensional stability during FDM printing.

3.4 Physical Observation of Extruded Composite Material

Based on Fig. 7 of the extruded materials of PLA/PA12 composites with varying concentrations of WA (5 wt.%
WA, 10 wt.% WA, and 15 wt.% WA) from rheological analysis, several key insights can be derived. The extruded
composite with 5 wt.% WA exhibits a rough surface with inconsistencies in its circular cross-section, indicating
an uneven flow and potential issues with the uniformity of the material during the extrusion process. Similarly,
the 15 wt.% WA composite displays the roughest surface among the three, with visible clusters of ceramic
particles embedded, further suggesting significant challenges in achieving a smooth and consistent extrudate (17).
In contrast, the 10 wt.% WA composite demonstrates the most promising characteristics: a smooth surface,
consistent diameter, and persistent circular cross-section, indicating a more stable and controlled flow during
extrusion. Moreover, a higher concentration of ceramic particles causes the colour to become yellowish (10).

The rougher surfaces observed in the 5 wt.% WA and 15 wt.% WA composites can be attributed to the
imbalance in the distribution and interaction of WA particles within the PLA/PA12 matrix. For the 5 wt.% WA
composite, the lower concentration of WA particles may lead to insufficient reinforcement, causing irregular flow
patterns and surface roughness as illustrated in Fig. 7 (a). On the other hand, the 15 wt.% WA composite's high
concentration of ceramic particles likely results in agglomeration, leading to increased resistance to flow, which
manifests as surface roughness and inconsistencies (23,24). The 10 wt.% WA composite, however, strikes an
optimal balance in the distribution of WA particles within the matrix. This balance minimizes agglomeration while
providing adequate reinforcement, resulting in a smooth and consistent extrudate.

These physical observations are crucial as they directly impact the next steps in the 3D printing process,
including filament fabrication and deposition. A smooth and consistent extrudate ensures uniform filament
quality, essential for precise and reliable 3D printing. It also reduces the likelihood of nozzle clogging and other
printing defects, thereby enhancing the overall performance and reliability of the 3D-printed structures. The
superior quality of the 10 wt.% WA extruded composite can be attributed to its optimal rheological properties.
The balance of WA concentration likely provides the right viscosity and flow behaviour, allowing for smooth and
consistent extrusion.

Based on this analysis, the 10 wt.% WA composite emerges as the best-performing material for subsequent
processing and 3D printing applications due to its superior flow characteristics and physical consistency. The
smooth and consistent nature of the 10 wt.% WA extruded composite suggests it would be ideal for producing
high-quality filaments with uniform diameter and surface finish. This consistency is crucial for ensuring reliable
feeding through the 3D printer nozzle and achieving precise layer deposition. Conversely, the rougher surfaces
and inconsistent profiles of the 5 wt.% WA and 15 wt.% WA composites could lead to filament production and 3D
printing challenges. Irregular filaments may cause inconsistent extrusion rates, potential nozzle clogs, and
variations in layer thickness during printing, all of which can compromise the quality and structural integrity of
the printed parts.

(b) (©
Fig. 7 Extruded material of PLA/PA12 composite with (a) 5 wt.% WA; (b) 10 wt.% WA; (c) 15 wt.% WA

4. Conclusion

A comprehensive analysis was conducted on the material characterization and rheological properties of
PLA/PA12 composites with different concentrations of WA (5%, 10%, and 15%). SEM analysis revealed a more
uniform morphology in the 10 wt.% WA composite, with well-dispersed WA particles, compared to the
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agglomeration observed in the 15 wt.% WA composite and the insufficient particle distribution in the 5 wt.% WA
composite. The consistent n values across different temperatures of 10 wt.% WA composite, 0.073, 0.297, and
0.439 indicated a pseudoplastic behavior optimal for 3D printing applications, providing a balance between
viscosity and flow. Additionally, the extruded material of the 10 wt.% WA composite exhibited a smooth surface,
consistent diameter, and a persistent circular cross-section, which are crucial for high-quality filament fabrication
and reliable 3D printing. In contrast, the 5 wt.% WA and 15 wt.% WA composites showed rougher surfaces and
inconsistencies attributed to insufficient or excessive WA content, respectively. Overall, the integration of
rheological and material characterization analyses underscores the 10 wt.% WA composite's balanced
composition and optimal performance, making it the most promising candidate for efficient and effective 3D
printing processes. This composite's superior material properties and rheological behaviour ensure high-quality
filament production and consistent 3D printed structures. Nonetheless, the mechanical testing of this composite
and actual 3D printing assessment need to be explored in future research.
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