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Abstract: In this study, innovative nanocomposite materials for material extrusion (MEX) 3D printing
were developed using a polypropylene (PP) polymer with tungsten carbide (WC) nanopowder. The
raw materials were converted into filaments using thermomechanical extrusion. The samples were
then fabricated for testing according to the international standards. Extensive mechanical testing
was performed on the 3D-printed specimens, including tensile, impact, flexural, and microhardness
assessments. In addition, the impact of ceramic additive loading was examined. The thermal and sto-
ichiometric characteristics of the nanocomposites were examined using thermogravimetric analysis,
energy-dispersive X-ray spectroscopy, differential scanning calorimetry, and Raman spectroscopy.
The 3D-printed shape, quality, and fracture process of the specimens were examined using scanning
electron microscopy. The results showed that the filler significantly enhanced the mechanical char-
acteristics of the matrix polymer without reducing its thermal stability or processability. Notably,
the highest level of nanocomposite mechanical responsiveness was achieved through the inclusion
of 6.0 and 8.0 wt. % fillers. The 10.0 wt. % loading nanocomposite showed significantly increased
microhardness, indicating a possible high resistance to wear.

Keywords: additive manufacturing (AM); material extrusion (MEX); mechanical properties;
polypropylene (PP); tungsten carbide (WC); ceramics; nanocomposites

1. Introduction

A variety of techniques for building 3D objects are referred to collectively as “additive
manufacturing or processing” (AM) [1,2] due to the layer-by-layer procedure followed for
building parts from 3D digital geometrical data [3-5]. Compared with conventional produc-
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tion techniques, this technology’s main benefits are faster cycle times and lower costs [6]. Ad-
ditionally, the value of AM becomes increasingly obvious as product complexity increases [7].
Consequently, AM offers considerable advantages to both customers and industries, including
automotive [8-10], aerospace [11-13], and biotechnology [14-17] sectors.

Thermoplastics are in increasing demand across a range of industries, including the
automotive and electronics sectors, owing to their lightweight, simple-to-process nature,
and affordable price [18]. Recently, high-performance polymers in pure or composite forms
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have also been investigated for use in advanced applications, thereby expanding the field of
3D printing [19,20]. The heated extrusion process utilized in the fused filament fabrication
(FFF) method solidifies a polymer extruded via a nozzle to create a three-dimensional
object [21]. The operator must properly set up several process parameters before the 3D
printing process begins, including the part orientation (PO), layer thickness (LT), and
temperature (chamber, nozzle, and bed), to produce 3D printing results successfully and
accurately [22-27]. In FFFE, the optimization of process parameters is a widely sought-after
research area [28,29]. However, by selecting the optimal set of process variables through
parameter analysis, the characteristics of a part can only be improved to a certain extent [30].
This is because of the limitations of the fundamental material characteristics of the raw
thermoplastic materials utilized in the FFF process [31].

The filament composition, in combination with the 3D printing settings, directly influ-
ences the mechanical characteristics of 3D-printed specimens [32]. Exploring innovative
filament materials that can be used to create components of superior quality and broaden
applications is crucial as the procedure parameter analysis improves. There is potential for
the evaluation of composite materials, particularly polymeric matrix composites, as feasible
alternatives to employing pure thermoplastics as filament materials [31]. Researchers have
used different additives, such as particles and fibers, with thermoplastic polymers to gener-
ate composite materials in filament forms with exceptional characteristics [33]. Research is
directed in different directions, according to the requirements of each application. Owing
to their distinct characteristics and accessibility, composite materials for FFF filaments
have gained substantial attention over the years [24,34]. To enable successful 3D printing
utilizing the FFF technique, several elements must be considered while creating composite
filaments, such as meeting particular specifications, including the glass transition tempera-
ture, melting temperatures, ductility, crystallinity, viscosity, and tensile qualities [31]. The
adherence of the polymer and additives is also essential to the quality of the composite.
Choosing the proper matrix and enhancement combinations is crucial for the production
of composite filaments because it affects a variety of component characteristics, such as
bonding and void content [35].

One commonly used commodity polymer with a wide range of applications is polypropy-
lene (PP) [36,37]. It is widely utilized as a matrix material in numerous industrial applications,
especially in the automobile industry. PP is frequently used in the production of parts, includ-
ing covering panels, vehicle door sides, and interior coverings for cars [38]. Owing to its high
heat resistance, excellent strength and manufacturing properties, nontoxic nature, insulation,
and affordability, PP plastic has long been a common material in daily life [39]. However,
mechanical improvement is still needed for polypropylene to expand its use as an engineer-
ing material [40—43]. One of the most common solutions to this problem is fiber-reinforced
polypropylene [44—48]. Short carbon-fiber-enhanced polypropylene (SCE/PP) composites
were developed and suggested by Rezaei et al. to replace steel bonnets. They found that the
characteristics of the SCF/PP composite, which included 10.0 wt. % SCF were equivalent to
those of carbon steel [49].

Ceramic composites are also attractive because they combine relatively high strength
and low crack-resistant features and are becoming more prevalent across a variety of indus-
tries [50,51]. Owing to their superior mechanical performance, ceramics are popular for
demanding applications, such as in the coating of cutting tools [52]. Additionally, owing
to their high hardness, wear resistance, and temperature stability, carbide ceramics are
frequently used in numerous applications, such as cutting and drilling tools, providing
efficient and accurate machining of numerous materials across a variety of industrial ap-
plications [52]. Tungsten carbide (WC) is among the most promising ceramic materials
because of its strength, high hardness, good chemical stability, low density, high stiffness,
and upgraded elasticity at high temperatures [53]. The mechanical characteristics of com-
posite materials have been reported to be improved with the inclusion of tungsten carbide
nanoparticles [54,55]. Owing to the high hardness of tungsten carbide, this composite dis-
plays outstanding wear resistance and strength [56]. A composite that results from adding
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tungsten carbide reinforcement to the matrix also provides better mechanical characteristics,
making it very suitable for applications in which hardness, strength, and wear resistance
are important considerations [57]. The addition of tungsten carbide (WC) nanoparticles
to epoxy polymer nanocomposites has been shown to alter their mechanical and physical
characteristics. The results showed that, with a particle loading of 2 wt. %, both tensile and
flexural strength were improved. However, a reduction in the mechanical characteristics
was observed when the particle percentage was further increased [58].

The incorporation of ceramic fillers in material extrusion (MEX) 3D printing (3DP)
has demonstrated a notable ability to substantially enhance the performance of polymeric
matrices. This enhancement has been investigated and documented in studies involving
acrylonitrile butadiene styrene (ABS) [11] and medical-grade polyamide 12 (PA12) [59].
The observed increase in tensile strength, attributed to the reinforcing impact, ranges
from slightly below 20% to over 45% [59]. In MEX 3D printing, WC has been used as
a reinforcement agent for acrylonitrile butadiene styrene (ABS) polymer with impressive
results, especially in the microhardness of nanocomposites with a loading of 10.0 wt. % [60].

In this study, the mechanical characteristics of PP-based composites enhanced with
tungsten carbide particles were investigated. The purpose of this study was to develop
nanocomposites with enhanced mechanical performance comparable to that of the MEX
3D printing technique. The hypothesis was to evaluate the reinforcement effect of the WC
nanoparticles on the PP polymeric matrix. We also sought to assess the mechanical and
thermal properties of the samples. A detailed series of thermomechanical experiments was
carried out on both the 3D-printed objects and the fabricated filaments to comprehensively
evaluate the mechanical behavior of the newly discovered compounds. According to ASTM
regulations, these tests allowed for a thorough examination of the mechanical properties of
the materials at various temperatures and stress levels. Thermogravimetric analysis (TGA),
which measures weight fluctuations with temperature and offers information on the thermal
stability and degradability of the materials, was utilized to evaluate the thermal stability of
the generated composites at high temperatures. Moreover, the chemical structures of the
substances were examined using Raman spectroscopy and energy-dispersive spectroscopy
(EDS) to identify and describe the specific components contained in the samples. In addition,
scanning electron microscopy (SEM) was used to inspect the surface microstructure of
the 3D-printed items and filaments. To better understand the surface characteristics and
structural qualities of the materials, this study focuses on understanding how the amount
of tungsten carbide influences the quality and shape of the finished products.

2. Materials and Methods

A schematic of the investigational process utilized to create the specimens for testing
and the subsequent examination of their rheological, morphological, mechanical, and
thermal characteristics can be found in the Supplementary Materials (Figure S1).

2.1. Materials

Nanocompounds were fabricated from raw materials using a material extrusion proce-
dure. KRITILEN PP, a coarse powder purchased from Plastika Kritis S.A. (Heraklion, Crete,
Greece), was used as the matrix material in this study. According to the manufacturer’s
datasheet, polypropylene is supplied in the form of an unstabilized, free-flowing pow-
der. However, the exact particle size is not determined. According to the manufacturer’s
datasheet, the melting temperature derived from the differential scanning calorimetry
(DSC) is 161 °C.

The PP polymer was mixed with a tungsten carbide additive to create nanocomposites.
WC nanopowder, obtained from Nanographi, located in Ankara, Turkey, has a purity level
of 99.9%. Its particle size ranges between 150 and 200 nm, while its specific surface area
measures from 1.5 to 2.0 m?/g. Notably, it possesses a true density of 15.7 g/cm?, a high
melting point of 2870 °C, and is characterized by its hexagonal crystal phase.
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2.2. Development of Nanocompounds

Field-emission SEM (JSM-IT700HR, Jeol Ltd., Tokyo, Japan) was used to inspect the
WC nanopowder. Figure 1 displays the outcomes of the SEM, EDS elemental analysis,
and EDS mapping investigations employed to ascertain the morphological and chemical
composition (EDS was performed using the same SEM apparatus). When the elemental
composition of WC powder was examined, it was found to include large quantities of
tungsten (W) and carbon (C), as shown by the separate peaks in the EDS data in Figure 1B.
Unexpectedly, oxygen (O) (approximately 1.62% of the total mass) was also detected. This
oxygen most likely originated from the moisture that was present during the examination.
According to the EDS graph, elemental analysis of the WC particles and ingredients
specified in the producer’s powder formulation was carried out. Additionally, the SEM
images, as shown in Figure 1C,D, corroborated the form of the WC particles. Figure 1E
illustrates the EDS map of the tungsten (W) element in the WC particles, which indicates
that it is uniformly distributed throughout the particles, with only a few tiny gaps or
isolated areas, suggesting minor variations in W concentration or areas without particles in
the observation area.
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Figure 1. (A) SEM image of 10,000x WC nanopowder; (B) EDS graph; (C) 50,000 SEM image;
(D) 100,000x SEM image; (E) EDS map for the W element.

The raw ingredients underwent a crucial drying procedure at 60 °C for 24 h before
fabricating the nanocomposites. This process was essential to eliminate any remaining
moisture and to ensure the excellent quality and integrity of the final nanocomposites.
After drying, the first step in the fabrication process was to prepare nanocomposites with
different amounts of fillers. The WC filler was combined with raw PP thermoplastic
material at concentrations of 2.0, 4.0, 6.0, 8.0, and 10.0 percent. A high-wattage (500 W)
blender operating at 23 °C was initially used to scatter WC nanoparticles within the PP
polymer. While the blender was running at 4000 rpm for 30 min, each mixture comprising
a specific concentration of the raw components (WC and PP) was stirred. The resulting
mixtures underwent an additional drying cycle in the subsequent phase. It should be noted
that to specify the filler loadings prepared herein, nanocomposites were prepared with
2 wt. % filler loading. Mechanical tests were also conducted. Then, nanocomposites were
prepared and tested as the filler loading was increased by 2 wt. %. This process continued,
and the experiments were stopped when the mechanical performance started to constantly
decrease in the prepared nanocomposites. The saturation of the filler had a negative effect
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on the mechanical response of the composites, and this was the outcome in most of the
tests with the highest filler loading (10.0 wt. %). Therefore, no further increase in filler
loading was attempted, as it would provide no useful information.

A two-step approach was used to obtain the best possible distribution of WC filler
in the matrix material. First, a Noztek Pro (Noztek, Shoreham, UK) extruder was used to
combine the pure materials. In this thermomechanical extrusion process, the materials are
mixed inside the chamber with the screw of the extruder and converted into a nanocompos-
ite filament. Filaments were produced for each nanocomposite. The filaments were then
processed using a shredder manufactured by 3devo (located in Utrecht, The Netherlands) to
produce pellets. These pellets were subsequently subjected to a second extrusion procedure
using a 3D Evo composer (from 3devo located in Utrecht, Netherlands), which had a screw
with a geometry intended for effective material blending. The result of this operation was
the production of a filament appropriate for the FFF 3DP method. Then, filaments with a
nominal diameter of 1.75 mm were prepared. Identical extrusion parameters were used for
all PP/WC compounds and pure PP. Preliminary tests were performed to determine these
conditions. Zones 1 and 4 of the heating system in the extruder chamber were maintained at
195 °C, while zones 2 and 3 were adjusted to a constant temperature of 205 °C. For filament
extrusion, the screw rotation speed was 3.0 rpm, and the fan speed was 45%. A schematic
of the filament production process in the extruder is presented in Supplementary Materials
(please see Figure S2).

2.3. Manufacturing the 3D-Printed Specimens

The two extrusion processes were used to fabricate filaments of PP/WC nanocompos-
ites and a pure PP polymer, which were used to assess the mechanical characteristics of the
composites. An Intamsys Funmat HT 3D printer (manufactured by Intamsys, Shanghai,
China) was used to produce 3DP specimens utilizing the filaments obtained from the extru-
sion process. The 3D printer parameters were defined before 3D printing by running tests
on the Intamsuite software platform. For each experiment, the specimens were required
to meet the dimensional requirements outlined in relevant ASTM standards. A relevant
standard was applied to each mechanical test. A summary of the 3D printing settings,
specimen shapes, and 3D printing infill patterns is shown in Figure 2.

Parameters Value Units Tensile specimen: ASTM D638 Standard, Type v
PP WC content 0.0-2.0-4.0-6.0-8.0-10.0 % g I
Printingorientation ~ +45 deg S )
NozzleTemperature 230 °C < Thickness 3.2 mm
65 mm

Bed T t 90 °Cc
ec emperatire Flexural specimen: ASTM D790 Standard

Layerthickness 0.2 mm
Numberofperimeters 2 - q
FillDensity 100 % i

Travelspeed 40 mm/sec —Thickness 3.2 mm

12.7 mm

64 mm
Charpy Notched specimen: ASTM D6110 Standard

-

'—Thickness 5.0 mm

12.7 mm

122 mm

Figure 2. The settings of 3D printing that were utilized to create the samples and the related ASTM
standards utilized for each test. The different colors in the lines and arrows in the specimens highlight
the different orientations in the 3D printing structure in the successive layers.

2.4. Assessing Thermal and Rheological Characteristics

TGA was carried out in a nitrogen environment using Perkin Elmer Diamond equip-
ment (Waltham, MA, USA). The goal was to determine the extent to which the composite
materials retained their structural integrity at high temperatures. Part of the analysis
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involved observing the weight loss as the temperature progressively rose from ambient
temperature to 550 °C at a rate of 10 °C/min. A nitrogen atmosphere was used for all the
measurements throughout the analysis. TGA measurements were conducted according to
the ASTM E1131 standard and the literature [61]. The literature suggests temperatures of
up to 600 °C for polymers; however, we used 550 °C in this study because the PP polymer
was fully decomposed at this temperature. WC nanoparticles have a melting point of
2867 °C; therefore, TGA is not expected to be affected by the temperature range applied.

Differential scanning calorimetry (DSC) measurements were also performed using a
Discovery Series DSC-25 device manufactured by TA Instruments (New Castle, DE, USA).
The DSC analysis temperature cycle consisted of an initial rise to 300 °C, a drop to 25 °C,
and a final rise to the starting temperature in a cyclic range of 25-300-25 °C. The specimens
were heated at a constant rate of 15 °C/min during the measurements. Differential scanning
calorimeter measurements were conducted following ASTM D3418. Because the nominal
melting point of the PP polymer is approximately 160 °C, there is no point in applying
temperatures higher than 300 °C, and the temperature range is from room temperature to
300 °C and cooling to room temperature again. This is common practice, as indicated in
the literature [62].

Furthermore, two parallel plates, namely a temperature-controlled environmental test
chamber and a DHR-20 Rheometer from TA Instruments (specifically, Discovery Hybrid
Rotational Rheometer, New Castle, DE, USA), were used for the rheological analysis. The
objective was to evaluate the flow behavior of the polymer through a hole with predeter-
mined dimensions under particular pressure and temperature conditions. Each data point
during the tests was logged for ten seconds to prevent overheating or other problems.

2.5. Evaluation Using Raman Spectroscopy

Measurements for Raman Analysis were performed under laboratory conditions using
a LabRAM-HR Raman Spectrometer (HORIBA Scientific, Kyoto, Japan) with a laser module
with 90 mW of power at 532 nm irradiated samples. Microscopic excitation and imaging
were achieved using a 50x Olympus objective lens (LMPlanFL N) with a Numerical
Aperture and a 10.60 mm working distance.

The resulting laser energy on the sample was 2 mW utilizing a 5.0% neutral density
filter, the Raman spectral resolution was approximately 2.0 cm !, and the imaging resolu-
tion was measured to be 1.7 um horizontally and 2.0 um axially. The spectral acquisition
range was between 50 and 3900 cm ! with a 5 s exposure time per point and five accumula-
tions. All irradiated areas were visually inspected using a microscope for any discoloration
or degradation.

2.6. Quality Evaluation of the Filaments

Researchers completed several experiments before using the filaments created for
3D-printed test samples. These tests were used to assess the tensile strength, diameter,
and surface structure of the filaments. A closed-loop system of controls was used to
constantly monitor the filament diameter during its production to ensure compliance
with requirements, employing a 3devo Composer extruder from 3devo, Utrecht, The
Netherlands. Additionally, the diameter was measured at random cross-sections after the
production of the filaments using a digital caliper. The tensile strength of the filaments was
assessed using an Imada MX-2 device (Imada Inc., Northbrook, IL, USA). The experiments
were performed at a constant speed of 10.0 mm per minute, with the samples held firmly
in the apparatus using conventional grips. Testing was carried out on five samples of
each composite.

2.7. Mechanical Evaluation

Ambient conditions were maintained at 23 °C and 55% humidity during all tests.
During the testing process, the consistency of the results may be affected by environmen-
tal consistency. The 3D-printed specimens in terms of characteristics such as strength,
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toughness, and capacity of deformation were evaluated using a range of tests following
ASTM standards. These experiments were performed to comprehensively evaluate the
fundamental mechanical characteristics of these materials.

Five samples of PP composites with WC particles were prepared and subjected to a
variety of tests using different instruments and guidelines. An Imada MX-2 machine, which
was provided by Imada Inc. (Northbrook, IL, USA), was used for tensile testing along with
standard grips. In the flexural test, the Imada MX2 apparatus was used in a three-point
bending arrangement with a support span of 52 mm and a strain rate of 10 mm/min.
Charpy notched samples were used for the impact tests, which were conducted using
a Terco MT-220 apparatus (Kungens Kurva, Sweden). A height of 367 mm was used to
remove the hammer. An InnovaTest-300 apparatus (from Maastricht, The Netherlands)
was used to measure the microhardness. Vickers tip measurements were performed with a
200 gF load over 10 s for each measurement. All mechanical properties determined from
the data derived from the experiments were calculated following the instructions of the
corresponding standards. The toughness was calculated using the stress—strain curve. This
is the area below the curve, which is the energy absorbed by the material during the test. It
was calculated as the integral of stress vs. strain for each specimen tested, and the average
value and deviation for each case studied were then calculated [63].

2.8. Morphology and Structure of 3D-Printed Specimens

The shape and structure of the 3D-printed materials were examined using a field-
emission scanning electron microscope (JSM-IT700HR) provided by Jeol Ltd. (Tokyo, Japan).
A 20 kV voltage and high vacuum were used. Scanning electron microscopy was used to
capture images of the samples at various magnifications, closely observing the fractured
and side surfaces of the gold-sputtered specimens.

3. Results
3.1. Results from Raman Spectroscopy
The Raman spectra of raw PP and PP/WC mixtures are shown in Figure 3. Table 1 lists

the associated Raman peaks from the pure PP specimens found in the literature. No clear
differences were observed with the addition of tungsten carbide to the pure PP samples.
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Figure 3. (A) Raman spectra from PP pure, PP/WC 2.0 wt. %, 4.0 wt. %, 6.0 wt. %, 8.0 wt. %, and

10.0 wt. %; (B) Raman spectral differences from PP pure. PP/WC 2.0 wt. %, 4.0 wt. %, 6.0 wt. %, 8.0 wt. %,
and 10.0 wt. %.
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Table 1. Significant Raman peaks and their related assignments from PP pure.

Wavenumber (cm~1) Intensity Raman Peak Assignment
398 Medium O-C-O bending [64]
809 Major
839 Major Y(C-OH)ying [65,66]
940 Small C-H bending [64,67]
973 Medium
998 Small C-H in-plane bending [67]
1036 Small C-CHj stretching [68]
1151 Medium Skeletal deformation [69]
1168 Medium Skeletal vibrations, C—-O-C bonds [69]
1329 Major C-O-C stretch [64]
1360 Medium C-C-H, C-O-H, and O-C-H [69]
1435 Medium C-Hj3 deformation [68] C- Hy deformation [67,70]
1457 Major C- H3 symmetric bending [64,67,68];
2721 Small C=0 stretching [71]
2841 Major C-H, symmetric stretching [69]
2869 Major C-H, symmetric stretching [69]; C-H symmetric stretching [72]
2885 Major CH; symmetric stretching [69,72]
2907 Major CH vibration [69]
2926 Major CH,; asymmetric stretching [69]
2954 Major CH; asymmetric stretching [69]
2964 Major Asymmetric vibration of v,5(CH3) [73]

3.2. Thermogravimetric and Differential Scanning Calorimetric Analysis

Figure 4A shows the TGA plots, which indicate how the weight loss varies with
temperature for both the composites under study and pure PP. These graphs provide
important details regarding the thermal properties and disintegration patterns of the
material. According to the findings displayed in Figure 4A, the integration of WC particles
did not affect the PP material’s thermal stability. At approximately 390 °C, all composites
began to show acute weight loss (except for the 10 wt. % nanocomposite). The unfilled
PP showed a response at a slightly lower temperature than that of the nanocomposites.
The increase in the filler loading in the nanocomposites shifted the temperature at which
the acute weight loss occurred to slightly higher values. This was more intense for the
10.0 wt. % nanocomposite, which starts to drastically decompose at about 450 °C. Figure 4A
bar graphs show the weight remaining after TGA. These quantities agree with the WC
amount (concentration) of each nanocompound. The results of the DSC investigation are
shown in Figure 4B. The addition of WC nanoparticles negligibly changed the phase-change
temperature of the unfilled PP. It should be mentioned that the melting temperature derived
with DSC in the study was very close to the nominal melting temperature of the PP polymer
provided in its datasheet. This indicates that the results of this study are reliable.
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Figure 4. Utilizing (A) TGA curves and (B) heat-flow curves at various temperatures; a study of the
thermal performance of pure PP and PP/WC compounds is shown.
3.3. Rheometric Assessment

The viscosity and stress of the samples are displayed on logarithmic axes versus the
shear rate in Figure 5A. As the shear rate increased, the viscosity generally decreased for all
samples, suggesting a non-Newtonian, pseudoplastic, or shear-thinning tendency [74]. The
rheological charts in Figure 5A show that the viscosity decreases as the shear rate increases.
The mobility and intermolecular relationships of the polymer chains can be affected by an
increase in the WC content, which can reduce the viscosity of the compounds at higher
shear rates. At low shear rates, the unfilled PP polymer had a lower viscosity than that of
the nanocomposites. As the shear rates increased, this changed, and 4.0, 6.0, and 8.0 wt. %
nanocomposites had lower viscosity than the unfilled PP thermoplastic, as shown in the
graphs. However, these outcomes should also be correlated with MFR measurements to
be conclusive.
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Figure 5. The rheological research on pure PP polymer and PP/WC composites is shown in (A) vis-
cosity and stress versus shear rate and (B) melt flow rate versus WC filler percent by weight in the
nanocomposites.
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PP Pure Filament

The melt flow rate (MFR) of each sample is shown in Figure 5B as a function of the
additive weight percentage. Comparing the PP/WC composites and pure PP, it was found
that the raw PP had the greatest MFR. The correlation of lower viscosity with a greater
MER suggests that the viscosity of the WC nanoparticles included in the composites overall
decreased. This finding is consistent with the rheological charts (especially at lower shear
rates), which showed that the inclusion of WC nanoparticles reduced the viscosity and, in
turn, increased the MFR.

3.4. Filament Performance Analysis

Close-loop filament diameter monitoring was performed on a 3devo composer ex-
truder (supplied by 3devo B.V,, situated in Utrecht, The Netherlands). As a result, the
filament diameter remained approximately constant and within a predetermined range,
guaranteeing its homogeneity and compliance with the MEX 3D printing process.

Different filament segments are shown in Figure 6A,B, along with the in-process
diameter measurements. An OZR-5 optical stereoscope (Kern & Sohn GmbH, Albstadlt,
Germany) was used to capture the images. The outcomes for the two distinct composites,
pure PP and PP/WC (4.0 wt. %), are shown in these figures. The findings demonstrate
that all the filaments produced have minor variations in their diameter, which are deemed
appropriate for MEX 3D printing at 200 pm. This fluctuation was not exceeded by any of the
real-time diameter volumes obtained through the extrusion method, which highlights the
accuracy of the experimental setup and method. Optical stereoscopic views in Figure 6A,B
show that the side surface of the filaments is roughly smooth with small flaws. These
findings support the fact that the filaments generated were of good quality and integrity,
making them appropriate for 3D printing using the MEX method.
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Figure 6. Two filament mixtures are presented: (A) pure PP and (B) PP/WC 4.0 wt. %. (C) Findings
of the filaments’ tensile test and (D) tensile modulus of elasticity.
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Figure 6C,D show the evaluation of the tensile strength of the filaments. The PP/WC
composite with 6.0 wt. % had the highest tensile strength of all the concentrations tested,
measuring 33 MPa, 14.1% over the pure PP filament. Notably, compared with the pure PP
filaments, all the composite filaments exhibited higher tensile strengths. Figure 6C also
displays the outcomes for the elastic tensile modulus of the filaments. Again, it is clear that
all the composite filaments showed higher values of the modulus of elasticity than pure PP.
However, the PP/WC 10.0 wt. % composite was the only combination showing a small
reduction in elasticity modulus. The PP/WC composite with a weight percentage of 4.0 was
found to have the highest modulus of elasticity, 380 MPa, 14% greater than that of pure
PP. This proves that the addition of WC to the composite improves the overall mechanical
properties of the filaments by increasing their tensile strength and elastic modulus.

3.5. Mechanical Characterization

The tensile properties of the 3D-printed products were studied using an experimental
procedure performed in accordance with the ASTM D638-02a standard. Comparing the
strain (calculated in mm/mm) and tensile stress (calculated in MPa) measured in the
specimens of each mixed material as well as raw PP, respective graphs were plotted
and are shown in Figure 7A. Figure 7B shows the mean tensile strength of each tested
nanocomposite. The tensile strength and filler content of the composite materials are
correlated in this graph.
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Figure 7. (A) Tensile stress—strain graphs of randomly selected 3D-printed samples from each
nanocompound material; (B) tensile strength outcomes; (C) tensile modulus of elasticity.

According to the experimental findings, each 3D-printed nanocompound had a higher
tensile strength than the virgin PP material. The addition of 6.0 wt. % increased the tensile
strength by 11.9%. The tensile modulus of elasticity for all filler ratios, including that of
pure PP, is shown in Figure 7C. The findings of the experiment showed that, in comparison
to the virgin PP polymer, all specimens with different filler concentrations exhibited higher
tensile stiffness values. The sample with 8.0 wt. % WC had a 14.5% increase over pure PP,
which was the most notable improvement.

The flexural properties of the specimens constructed of both virgin PP and PP/WC
composites are presented in Figure 8, with the tests carried out according to ASTM D790-10
specifications. Figure 8A displays the stress—strain curves for each material evaluated for
flexural strength up to an ultimate strain of 5%, following the instructions of the standard.
The nanocomposite with 6.0 wt. % WC had the greatest flexural strength of 45.8 MPa,
which was improved to pure PP by 15.1% (Figure 8B). The nanocomposite with the highest
flexural modulus of elasticity, 18.5% more than that of the raw PP material, was also loaded
with 8.0 wt. % of WC (Figure 8C). The specimen with 10.0 wt. % WC, however, showed a
drop in both flexural strength and elastic modulus in all tests, which is a noticeable trend
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that can be seen. This implies that, beyond this range of loading, the results may lead to
lower performance owing to the saturation of the filler in the matrix.
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Figure 8. The results of the flexural testing performed on the 3D-printed samples: (A) stress—strain
curves assessed using a representative sample from each nanocompound’s five printed samples.
The test ended at 5% strain in compliance with ASTM D790 specifications; (B) the outcomes for the
flexural strength and its standard deviation; (C) the findings for the flexural modulus of elasticity
and its standard deviation.

The toughness values (MJ/m?) of the fabricated specimens are shown in Figure 9. The
energy consumption of the material in the test was determined by computing the area under
the stress—strain curves. In addition to the samples containing 10.0 wt. % of WC particles,
which exhibited the same value as pure PP in flexural toughness (as shown in Figure 9B), all
composite materials showed higher tensile and flexural toughness values than the virgin PP
polymeric material. In particular, considerable improvements in tensile and flexural toughness
were observed. The PP/WC 4.0 wt. % nanocomposite showed a 19.3% increase in its tensile
toughness compared to pure PP. The PP/WC 8.0 wt. % nanocomposite showed a 15.3%
improvement in its flexural toughness compared to pure PP. These findings show that the
addition of WC particles improves the toughness characteristics of the nanocomposites.
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Figure 9. (A) Tensile toughness; (B) flexural toughness for all generated samples.

The findings of the impact trials are shown in Figure 10A, and the findings of the Vickers
microhardness measurements are shown in Figure 10B. For all the materials investigated, the
average Charpy impact strength and Vickers microhardness were analyzed for different filler
concentrations. Figure 10A shows that the impact strength increases with filler percentage up
to a point of 6.0 wt. %, beyond which no further gains are seen. Figure 10B, on the other hand,
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Charpy Impact Strength (kJ/m?)
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shows a consistent and linear increase in microhardness as the percentage of filler increases.
The microhardness achieved a value of 20.9 HV at the greatest proportion of 10.0 wt. %, which
is 24.8% more than that of raw PP. These results suggest that as the filler content increased,
the hardness of the materials improved. Such performance increases the wear resistance of
the parts built with this specific nanocomposite.
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Figure 10. (A) Charpy impact strength; (B) Vickers microhardness for all specimens created.

3.6. Morphological Evaluation

SEM was used to assess the surface morphology of the 3D-printed parts, allowing
for a thorough analysis of the fractured and lateral surfaces of the specimens. The SEM
images of the lateral surfaces of the 3D-printed specimens, which were PP/WC compounds
with 0.0 wt. %, 4.0 wt. %, and 10.0 wt. %, are exhibited in Figure 11A,D,G. Flaws in the
layer thickness and irregular layer morphologies in the side surface photos are observed,
especially in the case of PP/10.0 WC wt. % (Figure 11G). In contrast, the layer structure
appears to be continuous for all samples examined. Small clusters are observed on the
surfaces of the samples. The fracture surfaces of the selected samples are illustrated in
Figure 11B,E,H at magnifications of 30, and in Figure 11C,EI at a magnification of 300,
for a thorough examination of their morphological traits.

Microvoids were found when all the fracture surfaces of the samples were examined
(Figure 11B,E,H), which are expected in the 3D printing structure [75]. A notable finding
was the presence of larger voids in samples with 10.0 wt. % of WC particles. This finding
suggests that a higher concentration of WC particles may result in the production of
larger voids or flaws within the 3D-printed structure of the respective samples, which
may have an impact on the material’s general mechanical characteristics and fracture
behavior [76]. The pure PP sample exhibited a more ductile mechanism than the other
samples under investigation in a higher magnification SEM image (300 x) (Figure 11C),
with lower deformation observed on the fracture surface.

The distribution of the additive (WC particles) within the PP matrix is shown in
Figure 12, which allows us to identify any potential clustering or agglomeration of nanopar-
ticles. This is crucial because agglomeration affects the mechanical performance of parts.
Moreover, they could be the cause for the increased porosity presented above in the
10.0 wt. % nanocomposite [77]. Finally, the lack of agglomeration before the saturation
of the filler verifies the sufficiency of the nanocomposite preparation method. The SEM
image of the PP/WC compound with 6.0 wt. % WC is shown in Figure 12A. The absence
of agglomerations of WC particles in this image suggests that either the dispersion was
uniform or the amount present was rather low. However, the existence of WC particle
agglomerations becomes clear when the investigation is expanded to the PP/WC com-
pound with 10.0 wt. %, displayed in Figure 12B. Figure 12C magnifies the same region as
Figure 12B to enable an in-depth view of the particle distribution.
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Figure 11. The SEM images for (A) a side view of a virgin PP specimen at a magnification of 150,
(B) a fractured surface of a virgin PP specimen at a magnification of 30 x, (C) a fractured surface of a
virgin PP specimen at a magnification of 300, (D) a side view of a PP/WC 4.0 wt. % specimen at a
magnification of 150 %, (E) a fractured surface of a PP/WC 4.0 wt. % specimen at a magnification
of 30, (F) a fractured surface of a PP/WC 4.0 wt. % specimen at a magnification of 300%, (G) a
side view of a PP/WC 10.0 wt. % sample at a magnification of 150x, (H) a fractured surface of a
PP/WC 10.0 wt. % sample at a magnification of 30, and (I) a fractured surface of a PP/WC 10.0 wt.
% sample at a magnification of 300x.

A graph from EDS is also shown in Figure 12E, with a focus on the region shown in
Figure 12B,C. The EDS examination of the PP/WC composite with 10.0 wt. % in Figure 12E
shows the presence of both W and C elements, proving that the WC particles were successfully
detected. The EDS mappings for W and C are shown in Figure 12EG, respectively, showing
that these elements are distributed uniformly across the sample.
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Figure 12. (A) PP/WC 6.0 wt. % at 1000 x magnification; (B) PP/WC 10.0 wt. % at 1000 x magnifi-
cation; (C) PP/WC 10.0 wt. % at 5000 x magnification; (D) EDS mapping in the region indicated in
(D); (E) EDS analysis of PP/WC 10.0 wt. % obtained from an area containing a large quantity of WC
particles; (F,G) EDS mapping of W and C elements dispersion in the nanocomposite, respectively.

4. Discussion

The TGA results demonstrated that the thermal behavior of the PP polymer was
slightly affected by the addition of the WC nanoparticles. Furthermore, it was proven that
the temperatures generated in the proposed method do not cause material degradation
during extrusion and the MEX 3DP process, which may influence the 3D printing procedure
or the subsequent mechanical properties of the parts fabricated using the produced compos-
ites. The nanocomposites prepared in the current study included a polymeric material (PP)
and a ceramic filler in a nanoparticle form (WC). A filler is a material with high resistance
to thermal loads. In the nanocomposites, the addition of the filler reduced the percentage
of the matrix. The thermal stability of the prepared nanocomposites was investigated
via TGA. Corresponding curves were formed for each nanocompound prepared and the
unfilled PP thermoplastic sample. Subsequently, the curves were compared and evaluated.
The curves follow a similar path, and the intense degradation of all the nanocompounds
tested and the unfilled PP started at similar temperatures. This response indicates that no
chemical reactions occurred between the matrix and filler, which could compromise the
thermal response of the PP matrix. The process followed (mixing the materials within the
extruder’s chamber with a thermomechanical process) involves no chemical processing of
the materials, and it is a straightforward process. The challenges of the process are mainly
related to the processability of the nanocomposites and the dispersion of the filler in the
matrix. The effect of the addition of WC nanoparticles in the PP matrix on the thermal
properties of the matrix was evaluated by investigating the thermal properties with TGA
and DSC. Both methods showed that the changes in the thermal response of the PP matrix
owing to the addition of WC nanoparticles were minimal.

Figure 13 provides a summary of the mechanical performance of both the pure PP
material and the composite mixtures (PP/WC). The main finding was that the mechanical
responses of the material improved as a result of the addition of WC particles to the
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PP matrix. Increased toughness, strength, and other desirable qualities are among these
advantages. Several compounds were identified and evaluated in this study. Materials
containing 6.0 wt. % and 8.0 wt. % of WC particles, however, showed the most enhanced
mechanical performance throughout the various mechanical properties investigated.

Tensiie pasneth BN PP Pure NN PP/2.0% WC W PP/4.0% WC
Micro Hardness 325 Tensile Modulus of
Vickers (HV) Elasticity (MPa) I PP/6.0% WC [ PP/8.0% WC I PP/10.0% WC
130
PP vs Tungsten Carbide percentage (wt.%)
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Figure 13. Spider graph showing the mechanical test results. The green zone represents the ther-
moplastic PP’s raw mechanical performance. The right side displays the mechanical properties
shown in the spider graph in a list form. The nanocomposite that achieved the highest results in each
mechanical property is indicated with a color scale. Each nanocomposite is presented with a different
color according to the provided legend in the figure.

Specifically, in terms of tensile, flexural, and impact strengths, the test specimens loaded
with 6.0 wt. % of WC particles demonstrated the greatest improvement. On the other hand, the
greatest improvement in tensile and flexural moduli of elasticity, as well as enhanced tensile
toughness, was observed in the test specimens with an 8.0 wt. % loading of WC particles. The
results demonstrated that the addition of 6.0 wt. % and 8.0 wt. % of WC particles improved
the mechanical behavior of the PP matrix, albeit in different ways. The 6.0 wt. % loading led to
notable gains in strength-related properties, whereas the 8.0 wt. % loading greatly improved
stiffness-related features and tensile toughness. These results help in selecting the best WC
particle loading for particular applications because different mechanical properties may be
assigned more weight depending on how the composite material is used. From the average
values, it can be inferred that the addition of WC nanoparticles led to noticeable strengthening
properties. By inspecting the deviation, we found that some mechanical property values were
within the error range of each other. The deviation was calculated from the five samples tested
in each experiment following the standards. The deviation was not high in most mechanical
tests, indicating a similar material composition in the specimens. Still, again following the
standards, the mechanical properties were assessed using the average value of the five samples
tested, and the outcome was the value of the respective mechanical properties. In addition,
data with high deviations were neglected according to the instructions of the standards.

The microhardness showed a consistent increasing trend up to an additive loading
of 10.0 wt. %, with an increase of 24.8% compared with the raw PP. Introducing a very
hard ceramic such as WC in a soft polymeric matrix such as PP explains the reason why
the hardness of the nanocompound is higher than that of the unfilled matrix material. This
increase is attributed to the presence of WC nanoparticles in the matrix. Although no wear
tests were conducted in this study, the hardness and microhardness were related to the
wear resistance of the material [78-81]. In applications where high mechanical wear is
expected, such nanocomposites could be considered to have strong potential to replace
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other pure polymeric filaments. Common polymeric filaments with limited resistance to
these types of loads can be replaced with such nanocomposites, exploiting the advantages
of the 3D printing process and expanding their potential applications. Such applications
can potentially be considered in moving parts that interact with each other.

Based on the behavior of nanoparticles, increasing the concentration of fillers within
the matrix leads to the formation of a network among the polymer chains, reducing their
mobility and consequently resulting in enhanced mechanical characteristics [82-84]. Both
the strength and stiffness of the materials increased owing to the reinforcing mechanism
triggered by the addition of WC nanoparticles in the matrix. Beyond a certain threshold
filler concentration, there is a point at which the matrix can no longer accommodate
additional fillers, leading to a decline in its mechanical responsiveness [85,86]. The specific
filler-to-matrix ratio at which this transition occurs depends on various factors and is not
universally evident. Determining this precise saturation point necessitates an investigation
tailored to each unique filler-matrix combination. It is worth noting that identifying the
exact saturation point was not the focus of this study.

It should be noted that the extrusion and 3D printing settings were determined in
the study based on the results from preliminary tests and following the corresponding
literature on these materials. Both the extrusion and 3D printing processes were optimized
for the unfilled PP polymer, and the same settings were used for the nanocomposites as
well, to enable comparison of the specimens produced with this process. Optimizing the
extrusion and 3D printing settings for each nanocompound would achieve better results
regarding strengthening properties, but these results would not be comparable because
they would have been acquired under different processing conditions. The processability
of nanocomposites is an issue in this type of research. No processability issues were
encountered up to the filler concentrations studied. It should be noted that no other
additives were used in the nanocomposites to have a clear effect on the WC nanoparticles
in the PP matrix. The reduction in the MFR in the nanocomposites compared with the
unfilled PP polymer suggests that the 3D printing settings need to be optimized for each
nanocomposite. The quality of the 3D printing process and the final printed shapes were
evaluated by inspecting the lateral surfaces of the specimens using SEM. Perfect layer
fusion was observed for the unfilled PP polymer. The layers had a uniform thickness, and
no differences, voids, or defects were observed on the lateral surfaces of the samples. With
the addition of WC particles, the layer thickness was not the same in all layers, and no
uniform layer structure was observed. However, the fusion between the layers was without
issues, and no defects were visible on the outer surface of the samples.

From the microstructure analysis of the fracture surfaces of the samples using SEM, it
can be observed that the 4.0 wt. % nanocomposite, which showed improved tensile and
flexural strength compared with the unfilled PP polymer, had a more solid 3D printing
structure than the unfilled PP polymer. On the fracture surface of the 10.0 wt. % nanocom-
posite internal voids are visible in the 3D printing structure, attributed to the increased
filler concentration in the matrix, which affected the processability in this case. This had
a negative effect on the mechanical properties of the 10.0 wt. % nanocomposites, which
were decreased compared with the nanocomposites with lower filler loading. Nevertheless,
the mechanical properties of the 10.0 wt. % nanocomposite were improved compared
with the unfilled PP matrix. This is due to the presence of the WC nanoparticles, which
still contributed to the reinforcement of the PP matrix, despite the increased size of the
internal voids compared with the unfilled PP, which negatively affected the mechanical
performance of the specimens built with the 10.0 wt. % nanocomposite.

According to the available information, there are no publications on the mechanical
characteristics of comparable compounds. This underlines the novelty and originality of
this research, as it closes a sizable knowledge gap and presents novel viewpoints on the
mechanical properties of the composites under investigation and the effect of ceramics
as reinforcing agents in polymeric matrices in MEX 3DP. The reinforcement outcomes
demonstrated in this study, such as the 11.9% enhancement in tensile strength, are similar
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to the effect achieved by introducing another ceramic (titanium nitride (TiN)) as an additive
to the ABS thermoplastic, as documented in reference [11]. Notably, when the same
ceramic additive was applied to another polymeric material (medical-grade polyamide
12), a significantly greater reinforcement effect was observed, leading to a remarkable
increase of over 45% in the tensile strength of the original polymer [61]. These disparities
underscore the distinct interactions between each polymer matrix and filler material,
underscoring the rationale for conducting such investigations. Owing to their superior
mechanical performance and relatively higher cost than common metal additives, ceramic
fillers are expected to greatly enhance polymeric matrices, especially at low concentrations
as additives. Therefore, the knowledge of the reinforcing effect of each ceramic in each
polymeric material is useful information to be considered before the use of these composites
in industrial applications.

Regarding the environmental aspects of this study, WC is considered a sustainable
material that is recycled and reused [87-89]. Regarding the process followed for the
preparation of nanocomposites, no environmental impact is expected. This is a typical
filament extrusion and MEX 3D printing process. The only additional step was the initial
mixing of raw materials. Since powders are potentially mixed in this step, this could have
an environmental impact from the possible spread of the powders in the atmosphere. To
overcome this issue, the powders were mixed in the study inside a closed box. Any powder
cloud formed during the mixing of the raw materials was kept inside the box and did not
spread in the room atmosphere.

It is crucial to emphasize the cost-effectiveness of the research methodology. Cost-
effectiveness can be derived by considering several variables during production. The crucial
cost-saving feature of this research is that, in addition to the costs involved in purchasing
the PP matrix material, the inclusion of WC particles as a filler material constitutes the
main additional expense. The project aims to upgrade the mechanical properties of the
compound by adding WC particles to the PP matrix without incurring major additional
expenditures in the primary matrix material. The total process still provides an affordable
method for creating composite products with enhanced mechanical properties owing to the
MEX 3D printing technique and the effective use of WC particles. This methodology can be
applied directly for industrial use. Such processes are common in industrial environments
for the production of filaments from raw materials in extruders. The only additional step
is the mixing of the raw materials, which is a simple and common process in industrial
environments. In such environments, twin-screw extruders are commonly used to further
improve the mixing of the materials and dispersion of the filler in the matrix. The cost
of the process is expected to increase because of the cost of the mixing process, which is
expected to be negligible, as well as the additional cost of the WC filler. The cost of raw
materials is expected to significantly decrease in industrial-scale quantities. Considering
the low concentrations of WC additives in the nanocomposites, the additional cost is not
expected to increase significantly. No additional costs or challenges are expected during
the industrialization of the process.

5. Conclusions

The possibility of using tungsten carbide (WC) ceramic as a PP polymeric material
strengthening agent in MEX 3DP was investigated in this study. This hypothesis has
been proven previously. The thermomechanical extrusion method was used to create
nanocomposites, which led to the production of filaments that function effectively with
MEX 3DP and are compatible with it. When comparing the PP/WC composite with
6.0 wt. % loading to pure PP, the tensile and flexural strengths were both enhanced by
11.9% and 15.1%, respectively. The tensile and flexural moduli of elasticity were also
improved by the addition of WC, increasing the respective metrics by 14.5% and 18.5%
in the PP/WC 8.0 wt. % composite. The 10.0 wt. % nanocomposite showed significantly
enhanced microhardness properties (24.8% increase), indicating a good wear resistance for
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the parts built with this specific nanocompound, making them suitable for applications
with respective specifications.

Overall, the results pave the way for real-world applications and future improvements
in composite materials by providing insights into the potential of WC-reinforced PP com-
posite materials, notably at the 6.0 wt. % and 8.0 wt. % loading levels. In future work,
the exact saturation percentage of WC nanoparticles in the PP matrix can be specified. In
addition, the extrusion and 3D printing settings can be optimized for each nanocompound
to maximize the reinforcing effect of the filler. In the current study, the same parameters
were used for all the nanocompounds to obtain comparable results. Additionally, both
matrix materials and additives are often used in biomedical applications. Therefore, the
potential applications of such nanocomposites can also be expanded in this area. For this
purpose, in future work, additional tests related to the biocompatibility, cytotoxicity, and
antibacterial performance of the nanocomposites will be required.

Supplementary Materials: The following supporting information can be downloaded at: https://
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control; (F) filament mechanical testing; (G) sample 3D printing; (H) sample inspection; (I) sample
mechanical testing (three-point bending); (J) sample mechanical testing (impact test); (K) rheology
testing; (L) morphological analysis with SEM; Figure S2: Schematic for the filament production process
in the extruder.
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