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Abstract: In this study, nanocomposites were fabricated with polycarbonate (PC) as the matrix
material. Cellulose Nanofiber (CNF) at low filler loadings (0.5 wt.% and 1.0 wt.%) was used as the
filler. Samples were produced using melt mixing extrusion with the Fused Filament Fabrication (FFF)
process. The optimum 3D-printing parameters were experimentally determined and the required
specimens for each tested material were manufactured using FFF 3D printing. Tests conducted for
mechanical performance were tensile, flexural, impact, and Dynamic Mechanical Analysis (DMA)
tests, while images of the side and the fracture area of the specimens were acquired using Scanning
Electron Microscopy (SEM), aiming to determine the morphology of the specimens and the fracture
mechanism. It was concluded that the filler’s ratio addition of 0.5 wt.% created the optimum
performance when compared to pure PC and PC CNF 1.0 wt.% nanocomposite material.

Keywords: polycarbonate (PC); cellulose nanofiber (CNF); nanocomposites; three-dimensional (3D)
printing; additive manufacturing (AM); fused filament fabrication (FFF); tensile test; flexural test;
charpy’s impact test; vickers microhardness

1. Introduction

The technology of Additive Manufacturing (AM), in which three-dimensional (3D)
printing belongs, is a method utilized for the processing of a wide range of materials to
build parts [1]. In most cases, materials are polymers and polymer-based composites [2].
Through AM implementation, it is possible to manufacture parts with complex geometry
without the need for special tools and molds [3]. With the employment of a 3D printer,
the desirable parts are fabricated in a layer-by-layer manner [4], while it is possible to
further tune the final part’s properties by choosing appropriate materials and 3D printing
parameters [5]. Additive Manufacturing gives the opportunity to manufacture geometries
in products that conventional manufacturing methods are not capable of achieving [6]. In
addition, there is also the ability to utilize the AM technology to fabricate already existing
products in an optimized way through redesigned processing [7]. Some of the fundamental
parameters that would result in optimum performance of the final fabricated part are the
material selection [8], the accuracy of the 3D-printing process [9], the 3D-printing speed [8],
the geometry characteristics of the slicing process, etc. [7].

Fused Filament Fabrication (FFF) belongs to the material extrusion category [10,11]
of the existing AM available technologies. In this method, parts are usually made of
a thermoplastic material. Raw material is in filament form, and the manufacturing of
part is achieved by its continuous flow through the 3D printer’s extrusion head. The
extrusion head is heated to a temperature at which the material is in a melted state and
is electronically driven to specific paths [12]. Each path followed by the head to fabricate
the requested geometry is determined by computer control, and it is inserted in the 3D
printer’s control panel in G-code file type [13].
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Polycarbonate (PC) in its pure state is a transparent thermoplastic polymer with chem-
ical structures consisting of carbonate groups. When it comes to engineering applications,
PC material is commonly used, as it is strong, tough, and durable [14]. In addition, the
ease of processing PC in conventional manufacturing methods such as injection molding,
thermoforming, etc. is an additional asset [15]. Polycarbonate has the benefit of being stiff,
with good thermal resistance and high viscosity when being processed [7].

The selected nanofiller for the purposes of this study is Cellulose Nanofiber (CNF),
and it is one of the most advanced biomass materials, renewable, biodegradable, and
of low cost, arising from plants, algae, and bacteria. It is possible to isolate from wood-
derived fiber (pulp) [16], which was firstly micro refined to the size of hundredths of nano
pieces [17].

The innovation of Additive Manufacturing is mainly in its ability to produce complex
geometry parts without raising manufacturing costs [18], while the cost–part quantity
graph remains flat [19]. Such assets are creating the potential for AM implementation in a
wide range of engineering applications, where high complexity exists for the requested
parts. For AM technologies, the reported disadvantages are mainly related to poor fu-
sion [13,20] and anisotropic behavior [8], which is usually due to layer-by-layer adhesion
quality issues. To improve the performance of the 3D-printed parts, much research has
been conducted regarding the selection of 3D printing parameters [21], such as layer
height [20–24], extrusion temperature [22–26], infill pattern [4,27] and ratio, etc. Another
way to improve such anisotropy in mechanical and other properties is to create new com-
posite materials [28–31]. Such materials can improve fusion in the 3D-printing structure
while at the same time contribute to the improvement of mechanical [13,32–34] and/or
other properties [6,35–42].

Research on PC with CNF as an additive in a wide range of forms (micro, nano
scale, etc.) has been presented in the literature [37–40], which is probably due to the
enhanced performance of the matrix material and the low cost, mechanical strength, and
eco-friendly nature of the filler. Nevertheless, it should be mentioned that such studies are
focused on conventional manufacturing methods (injection molding, thermoforming etc.),
while according to the authors’ knowledge, there has been no implementation so far of
such nanocomposite materials in Additive Manufacturing. CNF addition was selected to
be at low, up to 1 wt.%, “loadings” in this study. This selection was made to ensure that
nanocomposites will not be affected by the high temperatures of processing required to
keep PC in a melt state.

Cellulose Nanofiber (CNF) was used as a filler in different “loadings” in the polycar-
bonate (PC) matrix to fabricate the nanocomposite materials with a thermomechanical melt
mixing process. Filler percentages of 0.5 wt.% and 1.0 wt.% were selected. Specimens were
manufactured using FFF 3D printing AM technology. Tensile, flexural, and impact tests
were conducted, and Vickers microhardness measurements were taken. All the mechanical
tests’ experimental results were thoroughly analyzed. Morphological analysis was also
implemented on the 3D-printed specimens through Scanning Electron Microscopy (SEM).
Dynamic Mechanical Analysis (DMA) and Differential Scanning Calorimetry (DSC) were
conducted to aid better comprehension of the other test results. It was found that specimens
with 0.5 wt.% filler percentage had the highest mechanical response, depicting a low filler
percentage threshold for this specific filler on the PC polymer matrix.

2. Materials and Methods
2.1. Materials

This study was conducted using polycarbonate (PC) and more specifically EMERGE
(PC) 8430, which was procured from Styron Europe GmbH (Horgen, Switzerland). Accord-
ing to the manufacturer’s technical datasheet, the density is 1.20 g/cm3, the tensile stress at
fracture is 70.0 MPa, and the elongation at fracture is 110%. Cellulose nanofibers (Cellulose
Nanofibril, Nanofibrillated Cellulose, CNFs), which were procured from Nanografi Nan-
otechnology (Ankara, Turkey), with 329 ◦C decomposition temperature and 1.50 g/cm3
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density, were also used for the purposes of this study in two different filler’s weight-to-
weight quantities which were 0.5 wt.% and 1.0 wt.%. Pure polycarbonate (PC) was also
tested in the study.

2.2. Methods

Figure 1 below summarizes and presents in brief the methods and steps that were
implemented during the current study.
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Figure 1. A graphical presentation of the processing workflow adopted in this study, from filament fabrication to specimens’
fabrication, testing, and characterization: (a) PC polymer drying process, (b) Filaments drying process, (c) Extrusion process
for filament fabrication, (d) Filament quality control, (e) 3D-printed tensile test specimens’ fabrication, (f) 3D-printed
tensile test specimens’ quality control, (g) Thermogravimetric analysis of the samples, (h) Three-point bending test on the
specimens, and (i) Scanning Electron Microscopy on the fracture surface of the tensile test specimens.

2.2.1. Fabrication of Filaments and FFF 3D-Printing Process of PC and PC/
CNF Nanocomposites

The PC granules were initially placed in an industrial oven at 120 ◦C for 4 h to dry.
Then, nanocomposites were dry mixed using a lab mixer before each extrusion process.
The extrusion of the granules followed using a 3D Evo Composer 450 (3D Evo B.V., Utrecht,
The Netherlands) to fabricate filaments with 1.75 mm diameter. Temperatures set to heat
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the four different zones of the extruder were 245 ◦C for heat zones 1, 2, and 3 (with heat
zone 1 being the one closer to the extruder’s nozzle), while heat zone 4 (the one closer
to the extruder’s hopper) was set at 200 ◦C. The rotation speed of the extruder’s screw
was set to 6.5 rpm, and the cooling fans after the nozzle were set to 50% speed. These
data were kept constant in the production of all the different filaments (pure PC, PC/CNF
nanocomposites with 0.5 wt.% and 1.0 wt.% loadings). Then, the filaments produced were
dried under the same conditions before their usage for specimens’ production with the 3D
printing process.

Fused Filament Fabrication (FF) was the method chosen for the manufacturing of the
specimens, and the FFF 3D printer used was an Intamsys Funmat HT (Intamsys Technology
Co., Ltd., Shanghai, China). Figure 2 shows the exact parameters that were set for the
3D-printing process. This specific 3D printer has a total-closed chamber to reach and
keep a steady temperature, which is a necessity for PC processing during the 3D-printing
procedure. Parameters not included in Figure 2 were kept in their default values by
selecting the PC polymer as the 3D-printing material in the Intamsuite software platform,
which is the slicing software utilized in this study.
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2.2.2. Mechanical Properties Testing

To test the tensile response of the specimens of this study, the American Society for
Testing, and the Materials (ASTM) D638-02a international standard [43] was followed.
Five (5) type V specimens, according to the standard, with a thickness of 3.2 mm for each
material, were tested. The device utilized for the tensile testing was an Imada MX2 (Imada
Inc., Northbrook, IL, United States) with the elongation speed set at 10 mm/min, while the
room temperature conditions were of 22 ◦C, ≈50% RH.

For the flexural tests of the specimens, ASTM D790-10 [44] was followed. The five (5)
produced specimens of each material (a total of 15) were of 3.2 mm thickness. All were
tested using a three-point bending setup on the apparatus stated in Section 2.2.2., with
10 mm/min elongation speed, at room temperature conditions (22 ◦C, ≈50% RH).

ASTM D6110-04 [45] was the standard for the impact tests. Notched Charpy’s speci-
mens were prepared and tested. The specimens’ length was 80 mm, the width was 10 mm,
and the height was 8 mm. The utilized device for the tests was a Terco MT220 Charpy
(Terco AB, Kungens Kurva, Sweden). The release height of the hammer for all tests was
367 mm and during the experiments, the room temperature was 22 ◦C, and the humidity
was ≈50% RH.

Microhardness is a material’s property associated with its mechanical response and
its plasticity [46]. The international standard used for the Vickers Microhardness mea-
surements on the specimens was the ASTM E384-17 [47]. Specimens were randomly
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picked through all fabricated specimens (tensile, flexure, and impact). Their surfaces were
fully polished before the measurements. The machine used for the test was an Inova
Test 300- Vickers (Innovatest Europe BV, Maastricht, the Netherlands). The indentations
duration was set at 10 s. Five imprints were measured for each of the different fabricated
materials. Measurements conditions were room temperature of 22 ◦C and humidity of
≈50% RH. The applied force for the indentation was 100 gF.

For a thorough investigation of the mechanical performance, Dynamic Mechani-
cal Analysis (DMA) was also performed on 3D-printed specimens, according to ASTM
D4065-12 [48] international standard. A Hybrid TA Instruments rheometer DHR 20 (TA
Instruments, New Castle, DE, USA) was utilized. Specimens were placed on a three-point
fixture by applying a preload of 0.1 N. A temperature ramp rate of 5 ◦C/min was followed
for a range from 30 to 200 ◦C.

2.2.3. Morphology and Thermal Analysis

For the morphology analysis, Scanning Electron Microscopy (SEM) was utilized. The
machine used for the SEM investigations was a JEOL JSM 6362 LV (Jeol Ltd., Peabody,
MA, USA) electron microscope with a 20 kV acceleration voltage on sputtered gold-coated
samples in high vacuum mode. Images were taken at two magnification levels. SEM
images were acquired at the side surface of the tensile specimens, while images were
also acquired from the fractal area of a random specimen of each tested material after the
tensile test.

Thermogravimetric Analysis (TGA) was conducted in samples taken from the tensile
specimens. For the testing, a Perkin Elmer Diamond TGA/DTGA (Waltham, MA, USA)
machine was utilized. Tests were conducted from 40 to 550 ◦C using a constant temperature
ramp of 10 ◦C/min. During the tests, a forced flow of nitrogen gas was kept constant
at 200 mL/min.

A Perkin Elmer Diamond DSC (Waltham, MA, USA) laboratory equipment was
utilized to perform differential scanning calorimetry (DSC) measurements on samples. A
thermal cycle from 30 to 230 ◦C was selected, keeping a constant temperature ramp of
10 ◦C/min, which was followed by a cooling phase back to 30 ◦C. The increase and the
decrease of temperature were performed on air.

3. Results
3.1. Mechanical Properties Results

Figure 3 is a presentation of the results calculated after the tensile tests. A representa-
tive stress (MPa) to strain (mm/mm) curve is shown for each tested material in Figure 3a.
Figure 3b shows the average calculated tensile stress values at fracture (MPa) for PC pure
and its CNF nanocomposites fabricated in the study. Figure 3c depicts the calculated
average tensile modulus of elasticity (MPa) values for all the materials at different filler
loadings. In Figure 3a, it can be observed that regarding the strain before fracture, little
differences exist between the different materials, while a slightly more brittle behavior
was observed at 1.0 wt.% filler’s ratio. A significant decrease of the tensile strength was
exhibited for the PC CNF 1.0 wt.% nanocomposite material. On the contrary, according to
Figure 3b, a nanocomposite with a filler loading of 0.5 wt.% manifested an approximately
10% increase in tensile strength compared to the pure polymer (PC). Figure 3c shows a
similar trend for the tensile modulus of elasticity for all materials tested.

Figure 4a presents stress (MPa) to strain (mm/mm) curves for all the materials tested.
According to the ASTM D790-10 standard instructions and the fact that no fracture occurred
at the specimens, the maximum strain is 0.05 mm/mm (or 5%) on the graphs. Figure 4b
presents the average maximum flexural stress (MPa) calculated at 5% strain by all materials
tested. Figure 4c depicts the average calculated flexural modulus of elasticity (MPa) values.
In Figure 4b, it can be observed that 0.5 wt.% CNF concentration exhibits the highest
flexural stress value at 5% strain, which is almost 4% higher than the pure PC, while the
nanocomposite with 1.0 wt.% CNF content exhibited an almost 25% decrease in values
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compared to the pure PC. The flexural modulus of elasticity for the pure material and
nanocomposite with 0.5 wt.% CNF exhibited little differences, as shown in both Figure 4a,c.
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Figure 4. Flexural test results: (a) A representative stress (MPa) to strain (mm/mm) curve for each tested material,
(b) Average flexural strength (MPa) to filler concentration in the nanocomposites, (c) Average flexural modulus of elasticity
(MPa) to filler’s loading percentage.

Figure 5a presents the toughness values (MJ/m3) for each material, which was cal-
culated as the integral of the stress to strain curve. Toughness is an indication of the
energy required for each specimen’s deformation. Such values are useful to describe the
fracture mechanism and create a “safe-fail” procedure in applications. Figure 5b depicts the
results from the Charpy’s notched impact tests and more specifically the impact strength
(KJ/m2) of each material prepared in this work. Figure 5c shows the values from the
microhardness measurements.

In Figure 5a, it is observed that the average calculated toughness of PC CNF 0.5 wt.%
is increased by almost 10% compared to the pure PC, while the corresponding composite
containing 1.0 wt.% CNF decreased by 30% compared to the pure PC. The impact strength,
according to Figure 5b, increased almost 15% in the case of 0.5 wt.% CNF and decreased
almost 20% for the 1.0 wt.% filler’s percentage, compared to pure PC. The microhardness
values (HV) presented in Figure 5c for the 0.5 wt.% filler concentration do not differ
significantly from the corresponding values for the pure material. At 1.0 wt.% concentration,
a 10% decrease was measured compared to the pure PC.
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In Figure 6c,d, the DMA results for pure PC material (Figure 6c) and PC CNF 0.5 wt.%
nanocomposite material (Figure 6d) are presented. The enhancement in mechanical per-
formance due to the CNFs addition was also verified through the DMA as in the entire
temperature range employed in the tests; the measured storage modulus increased by
almost 100% compared to neat PC. CNFs do not exhibit any effect on the thermomechanical
performance of the nanocomposites. The ability to increase the stiffness of the nanocom-
posite without degrading its thermomechanical performance is desirable in fabricated
nanocomposites and can be of great importance in a wide range of applications.
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3.2. Morphology and Thermal Analysis Results

SEM microstructural analysis of the tensile tested 3D-printed samples was carried out
at two magnifications of the side surfaces, as well as of their fractal area. In Figure 7a,b,
two different magnifications of the morphology of the sides of neat PC specimens are
presented. In Figure 7c,d, the side surfaces at magnifications of 30× and 150× of PC/CNF
0.5 wt.% nanocomposite are presented and the corresponding magnifications are shown in
Figure 7e,f for the PC/CNF 1.0 wt.% nanocomposite.
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A fine quality of the side surface can be observed in the images almost for all studied
cases. For all the tested materials, each layer is in good agreement with the 3D printer’s
layer thickness setup (200 microns). A fine interlayer fusion is presented for neat PC and
PC CNF 0.5 wt.%, while in the case of PC CNF 1.0 wt.%, minor voids can be observed.
From these SEM images, a rather fine processing quality is observed. The matrix material
flow behavior was not significantly affected by the CNFs addition, even in the case of
1.0 wt.%. Such minor discontinuities can be mostly attributed to slight agglomeration or
saturation of the filler.
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After the tensile test experiments, fractographic microstructural investigations of the
FFF 3D-printed PC/CNF nanocomposites was carried out. The SEM images helped in
the evaluation of the fracture mechanism of the specimens and also depicted the internal
structure quality. Figure 8 shows two magnifications of each one of the materials studied:
Figure 8a,b for the neat PC, PC/CNF 0.5 wt.% in Figure 8c,d, and PC/ CNF 1.0 wt.%
in Figure 8e,f.
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From these SEM images, fine internal structures were observed on the fractured
surfaces of all specimens. Fusion in the intralayer geometry is at fine levels. Some minor
voids were observed in Figure 8e,f for the case of the 1.0 wt.% filler’s ratio. Such voids are
attributed to slight agglomeration of the filler in the matrix material. Moreover, it should
be mentioned that the PC melt state temperature is high. Selecting high temperatures
during the mixing and the extrusion process could plausibly burn CNFs. Minor voids
and discontinuities exhibited in the case of 1.0 wt.% percentage are mainly attributed to
such local temperature increases, which probably had driven CNF to burn. This effect
had no further effect on the matrix material or caused flow difficulties. Finally, voids can
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be attributed to the failure mechanism on the specimens during the experiments, as the
material undergoes extreme conditions prior to its failure.

Thermogravimetric Analysis (TGA) investigated the thermal behavior of pure PC and
its CNF nanocomposites. Figure 9 presents the sample weight (%) to temperature (◦C)
graph. On the right side (Figure 9b), the DTG graph is presented for the temperature range
of 50–550 ◦C.
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Figure 9. Thermogravimetric analysis results: (a) Sample’s weight (%) to temperature (◦C) and (b) Derivative of weight loss
to temperature (◦C) for all tested materials.

From the curves presented, it is obvious that the addition of CNF in the PC matrix
material affects the thermal stability and performance of the material. For the 0.5 wt.% filler
ratio, the degradation temperature was decreased by almost 100 ◦C. This was expected,
since CNFs are usually derived from organic sources, which are not able to withstand high
temperatures. CNF addition to the PC material decreased degradation rates. As shown
in Figure 9b, degradation occurred at lower temperature, but its duration was higher
compared to the corresponding duration for the pure PC polymer. PC material is shown to
be fully undecomposed even at temperatures higher than 500 ◦C. At temperatures higher
than these, pure PC and each tested nanocomposite tend to have similar behavior.

In Figure 6a,b, the heating–cooling cycle of neat PC (Figure 6a) and PC CNF 0.5 wt.%
(Figure 6b) are presented. Measurements were taken during the DSC analysis. As al-
ready stated, CNF loadings are not affecting the thermal performance of these specific
nanocomposites. DSC analysis also confirmed this thermal behavior, as almost no effect
was recorded during the tests. Glass transition temperature (Tg) was measured to be
slightly (approximately 1.0%) decreased by the addition of CNFs. Generally, the heat
flow was also not affected, indicating that CNFs could act as an enhancement filler in PC
matrices without compromising the thermomechanical excellence of the PC material.

Figure 10a,b depict images acquired from the fracture area of PC CNF 0.5 wt.%
specimen at 1000× and 5000× magnifications, respectively. Figure 10c,d present the
corresponding images for PC CNF 1.0 wt.%. CNFs are clearly visible, and a fine dispersion
can also be observed in the images.
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4. Discussion

According to the mechanical tests results presented in Section 3.1 of the current
study, it was shown that the addition of Cellulose Nanofibers in a polycarbonate matrix
material results in mechanical performance enhancement for the 0.5 wt.% loading. In
Figure 3, it was shown that a filler loading of 0.5 wt.% could enable an improvement of
the tensile stress at fracture as well as an increase in the tensile modulus of elasticity. A
similar behavior was depicted according to Figure 4 for the flexural stress and the flexural
modulus of elasticity. In Figure 5, an improvement was also presented for the calculated
toughness (Figure 5a), the measured impact strength (Figure 5b), and the measured Vickers
microhardness (Figure 5c). A rather negative effect on the mechanical performance was
observed for filler ratio of 1.0 wt.% in all tests conducted, indicating that for this polymer
matrix and specimens’ preparation methodology, the 0.5 wt.% filler loading is a threshold.

The effect of the 3D-printing process on the PC polymer can be evaluated by comparing
the mechanical response of the pure 3D-printed PC with the properties of the bulk PC
material in the vendors’ datasheet. As expected, 3D printing has a negative effect on the
mechanical response of the polymer. Although the mechanical properties on the bulk
material datasheet were calculated with different standards than the ones implemented
in the current study, comparing the values provides indicative qualitative information on
the effect of the 3D-printing process on the material. The tensile strength calculated in the
experiments was on average 12% lower than the bulk material, with the highest values
determined being much less than 10% lower than the bulk material. Other mechanical
properties were significantly lower; for example, the impact strength was lower than the
bulk material by about 38%, verifying the need for thorough investigation in the 3D-printed
parts’ mechanical response.

From literature [49], it was found that the addition of CNFs in polymeric matrices
results in an increase in the stiffness of the composite material, which is in accordance with
what was found in the current study. Specifically, Weinan et al. [49] have implemented
a similar experimental approach for the film manufacturing of reinforced PC material in
a wide range of CNFs ratio loadings. In the study, it was found that while the tensile
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strength increased through the addition of fillers, the strain at break was reduced. Such
behavior is imposing a more brittle fracture mechanism, which was observed in this study
as well. A study of Dong et al. [50] used CNF as an additive to polylactic acid (PLA) matrix
material, with specimens fabricated utilizing the FFF method. Through the analysis of
Dong et al. [51], an enhancement in the mechanical performance of composites of 1.0 wt.%
CNF filler ratio was presented when compared to pure PLA. Research on the CNF effect
on the polymeric matrices has been conducted also by various authors, who reported in
most cases an improvement in the mechanical performance in various CNF loadings and in
different polymeric matrices and manufacturing methods. Kowalczyk et al. [51] reported
on PLA CNF 2.0 wt.% composite, which exhibited an increased storage modulus of 25%
when compared to pure PLA. Belgacem et al. [52] reported an increase of 24% in the tensile
modulus of elasticity for filler ratio of 30 wt.%.

An increase of the mechanical performance was presented in the current study for
the PC/CNF 0.5 wt.% nanocomposite, while the mechanical performance of the 1 wt.%
PC/CNF nanocomposite was decreased compared to neat PC. Such behavior is mainly at-
tributed to the extended heat during the melt mixing and the 3D-printing extrusion process.
CNF is not a capable material for high-temperature processing, as its burning temperature
is close to the processing temperature of PC. Plausible local temperature increase could
lead to local burns of the additive and consequently lead to the nanocomposite’s degra-
dation. This is supported by results from the morphology analysis, in which minor voids
were observed, as seen in Figures 6 and 7, as well as from the thermal analysis conducted
through TGA (Figure 9), in which degradation temperatures of the nanocomposites were
lower compared to neat PC.

5. Conclusions

The mechanical performance of FFF 3D-printed PC polymer and its PC/CNF nanocom-
posites at low filler loadings (0.5 wt.% and 1.0 wt.%) was studied. Figure 11 summarizes
the results from the mechanical tests conducted. As presented in this study, PC/CNF
0.5 wt.% nanocomposite material exhibited the highest mechanical performance in almost
all the tests conducted, while for the remaining mechanical properties (flexural modulus
of elasticity), the material response was very close to the highest calculated value in the
experiments. From the morphology analysis, it was found that the addition of CNF did not
affect the material flow and the general processing, since the final featured geometry is of
fine quality.
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As for the study’s conclusion, a method is presented for the preparation of PC/CNF
nanocomposites with enhanced mechanical properties for use in AM applications requiring
such specifications. PC is a high-performance polymer that is able to support significantly
higher loads than the common polymeric materials, and with the addition of the low-cost
eco-friendly CNF at low concentration, its mechanical performance is further improved.
This is important, especially since the materials in this work are prepared and studied for
use in FFF 3D printing, which has obvious advantages, already mentioned above, over the
conventional manufacturing methods. Additionally, such nanocomposites should be of
low CNF concentration to reduce any potential degradation due to the high processing
temperatures of the PC.

The thermal stability of PC and mechanical reinforcement from the CNF addition are
creating the necessary optimum material specifications of a nanocomposite engineering
grade material. Employing these materials in AM applications is further extending their
potential applications, and solutions could be given in industries such as automotive,
aerospace, medical, etc. The ability of AM to manufacture geometries with extreme
complexity, in addition to the high mechanical performance and adequate thermal stability
are creating the optimum combination for a high-quality nanocomposite material.

Under all circumstances, it should be considered that the thermal strength of CNFs is
not high enough to withstand PC’s processing temperatures, and when processing is with
FFF, high temperatures are required (both in the melt mixing procedure as well as during
3D-printing extrusion). Such conditions are creating a plausible negative effect on the CNF
loading in the PC matrix for implementation through the FFF method, and in this case, low
ratios should be taken as a necessity for the potential nanocomposites.

Finally, it should be mentioned that in many studies, filler addition is creating a
general decrease in the mechanical performance in order to tune other properties of the
composite material (e.g., electrical conductivity [36], antibacterial [53]), while degradation
was reported also in recycling processing [54]. The results of the mechanical performance
presented in this study, in combination with the neutral effect of the CNF addition on
the PC processing through FFF, are creating the foundations for further investigation of
this filler to create multifunctional nanocomposite materials or enhance the properties of
recycled polymers.
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