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The development of cost-effective multipurpose nanocomposites with a superior mechanical response is of key
importance in a variety of industries, such as the ones in the aircraft and the medical field. Such enhancement
contributes to the reduction of the weight and dimensions of the part, which are critical parameters for the
design. To achieve that, herein, Titanium Nitride (TiN) in nanopowder form was used as an enhancement agent
for the Polycarbonate (PC) polymer. Nanocomposites were fabricated with Fused Filament Fabrication (FFF),
which is a Material Extrusion (MEX) 3D printing process. The aim was to evaluate the effect of the additive in the
polymeric matrix, in an effort to produce superior filaments for demanding applications. Samples were produced,
to be assessed for conforming to the corresponding standards, as well as to be characterized regarding their
mechanical, thermal, and spectroscopic responses. The impact of the filler concentration was also considered.
Their morphological characteristics were documented via Atomic Force Microscopy (AFM), as well as Scanning
Electron Microscopy (SEM). It is found that the introduction of the TiN nanopowder acts as an enhancement of
the matrix material’s mechanical properties. The nanocomposite with 3 percent weight-to-weight (wt.%) addi-
tive concentration exhibited overall the most enhanced mechanical response. The processability and the thermal
properties of the Polycarbonate matrix were kept almost intact, making the process easily upgradable for in-
dustrial use.

material extrusion (MEX) [11] and inkjet printing [12]. The aim is to
improve and optimize its performance for acoustic [13], bio-based [14],

1. Introduction

Polycarbonate (PC) is a common thermoplastic polymer that is uti-
lized in a variety of applications, including aircraft and trains [1], op-
tical applications [2, 3], membranes [4], photovoltaics [5], and medical
applications [6]. This is mainly due to its superior mechanical and aging
performance, making it one of the most commonly used polymers [1].
Research for the PC polymer is related to its mechanical properties, such
as its impact strength [7], the improvement of its mechanical response,
with the addition of suitable fillers and the development of composites
[8, 9], its stability as a polymer [10], and the improvement of its
physical properties, such as its flammability [1], that will further expand
its fields of applications. As expected, its performance in Additive
Manufacturing (AM) is a popular research topic in the literature, in
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and manufacturing [15] applications, among others. Research in the
field is focusing on the effect of the 3D printing parameters on the me-
chanical properties of the PC polymer [11, 16, 17], while computational
[18] and statistical modeling tools have also been employed to optimize
the process [19]. Such tools are commonly used in MEX to optimize the
process [20, 21]. The thermal performance of the 3D printed parts is also
critical for specific types of applications and has been reported in the
literature [22]. For the improvement of its properties and to induce a
multi-functional behavior, that will further expand its fields of appli-
cation, composites have been developed, using PC as the matrix mate-
rial, with various fillers [23-25], showing strong potential for use in
different industrial and medical applications. The addition of fillers for
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Fig. 1. Current study process.

Parameters Value Units
Printing orientation +45 Deg.
Layer thickness 0.200 mm
Bed temperature 115 e
Nozzle temperature 260 26
Champer temperature 65 G
Number of perimeters 2

Top solid layers 4

Bottom solid layers 4

Fill Density 100 %
Print speed 25 mm/s

Printing orientation
DMA specimen: ASTM D4065-12 Standard

- -

12.7 mm Thickness 5.0 mm

Tensile specimen: ASTM D638 Standard, Type V

e o
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Notched Charpy specimen: ASTM D6110 Standard

o
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Fig. 2. Settings for the fabrication of the specimens of this work with 3D printing. On the right side of the figure, the manufactured specimens’ dimensions

are presented.

the improvement of the final part performance is a common approach in
the literature [26-33]. Additionally, design approaches for
multi-materials components have also been presented in the literature
[34]. The effect of introducing different materials in AM, on the man-
ufacturability and metrics has also been investigated [35].

Titanium nitride (TiN) is a material used in various applications. It is
widely used in coatings for increasing the wear resistance of surfaces

[36-38], in medical implants [39] and energy applications [40], as a
shield for electromagnetic interference [41], and atmosphere control
[42], and in optical applications [43-47], mainly due to its temperature
depended on optical properties. Although it is widely used in applica-
tions, in AM its use is still limited. Research in the field is focusing again
on AM for coatings [48], metal medical implants [49], and optical ap-
plications [50]. TiN has been applied as a coating to PC for bio-electrode
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Table 1
Mechanical characterization tests.
DMA
Test Three-point-bending
Range of 30-200 °C
Temperature
Rate of Temperature 5 °C/min
Oscillation 30 pm
magnitude
Frequency 1Hz
Preload 0.1N
Standard ASTM D4065-12
Device TA Instruments, model DHR 20 (TA Instruments, New Castle,
DE, USA)
Tensile
Samples Type V (3.2 mm thickness)
Strain rate 10 mm/min
Standard ASTM D638-02a
Device Imada, model MX2 (Northbrook, IL, USA)
Flexural
Type of test Three-point-bending
Span length 52 mm
Strain rate 10 mm/min
Standard ASTM D790
Device Imada, model MX2 (Northbrook, IL, USA)
Impact
Type of test Charpy
Samples Notched
Release height 367 mm
Standard ASTM D6110
Device Terco, model MT 220 (Kungens Kurva, Sweden)
Microhardness
Method Vickers
Applied load 200 gF
Indentations’ 10s
duration
Standard ASTM E384-17
Device Innova Test, model 300 (Maastricht, The Netherlands)

applications [51] and as a hardening coating [52]. No research has been
presented so far utilizing TiN as a filler in the PC polymer, let alone in
AM or 3D printing.

In this work, TiN in nanoparticles (NPs) form was introduced to the
PC polymer matrix and nanomaterials were developed at various filler
concentrations, suitable for 3D printing with the MEX process. The aim
was to prepare nanocomposites with improved mechanical properties,
which are in high demand nowadays in AM since they contribute to the
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expansion of the fields of application of the process. In this direction, for
the first time, the effect of TiN as an enhancement agent in the PC
polymer was investigated, with the nanocomposites prepared in a form
suitable for MEX 3D printing. The feasibility and the processability of
the nanocomposites developed within the contents of this work were
also evaluated. As expected, the porosity and the 3D printing structure
negatively affect the properties of the materials in the mechanical tests
[53]. The improvement of the strength of the materials contributes to
the reduction of the parts’ weight, and the material consumption, which
are essential parameters in the parts’ design. The nanomaterials in this
work were prepared with a thermomechanical process, which is mate-
rial extrusion. With this process specimens were then 3D printed con-
fronting mechanical testing international standards. Apart from the
mechanical characterization, the morphological characteristics were
also investigated with scanning electron microscopy (SEM) and with
atomic force microscopy (AFM). The thermal properties were assessed,
to confirm that the process implemented herein does not affect the
stability of the nanocomposites. To this end, Thermogravimetric Anal-
ysis (TGA) and Differential scanning calorimetry (DSC) were employed.
Raman analysis was employed to reveal the spectroscopic response of
the nanocomposites. The addition of TiN had a positive effect in all cases
studied, verifying that it can be applied as a reinforcement additive in
the PC polymer. The highest improvement in the mechanical properties
was found at the nanocomposite with a 3 percent weight-to-weight TiN
concentration (wt.%). This nanomaterial had overall the most enhanced
mechanical response. The processability or the thermal properties of the
PC polymer were not negatively affected in MEX 3D printing by the filler
addition. So, the nanomaterials developed herein are expanding the use
of the 3D printing process in applications requiring polymeric materials
and at the same time improved mechanical properties.

2. Material and methods

The current study’s workflow is depicted in Fig. 1.

2.1. Materials

In this work, nanocomposites were prepared from raw materials. To
achieve that, the material extrusion process was employed. The matrix
material was PC, procured in pellets form (type EMERGE 8430-15,
density 1.20 g/cm?, tensile strength 70.0 MPa, and maximum strain
110%), from Styron Europe GmbH (Horgen, Switzerland). Titanium
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Fig. 3. TGA graphs of the materials tested: (A) weight (%) vs. temperature ( °C); (B) mass degradation rate (dw/dT) vs. temperature ( °C).
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Fig. 4. Exotherm and endotherm heat flow curve (W/g) to temperature ( °C) in DSC for PC: (A) pure, (B) with TiN 1 wt.%, (C) with TiN 2 wt.%, (D) with TiN 3 wt.%,

(E) with TiN 6 wt.%, and (F) exotherm curves comparison.

nitride (TiN) in nanopowder (purity 99.2+%, size 20 nm, cubic, specific
Surface Area 50-80m2/g, true density 5.3 gr/cm® melting point
2950 °C) powder form, sourced from Nanographi (Ankara, Turkey), was
used as the additive in the nanomaterials.

2.2. Nanocomposites preparation

Raw materials were initially diverted into nanocomposites in a 1.75
mm diameter filament form suitable for MEX 3D printing (one different
filament for each nanocomposite, i.e., filler loading). To this end, raw
materials were initially dried to remove any moisture in them. The
process was implemented in a laboratory furnace at 60 °C for 24 h. Then,
four separate mixtures of the PC polymer and the TiN additive were
prepared. Each mixture contained the matrix material and the additive
in different weight-to-weight (wt.%) concentration, i.e., 1.0, 2.0, 3.0,
and 6.0 wt.%. A high-power blender was used for the mixing process. It
was placed in a glove box to restrict the powder spread in the atmo-
sphere. Mixtures were further dried before they were poured into a
single screw extruder Noztek (Shoreham-by-Sea, UK). This was neces-
sary for an initial spreading of the additive in the PC polymer. This
filament was then diverted into pellets with a 3devo shredder (Utrecht,
The Netherlands). With these pellets, filament for MEX 3D printing was

then produced in a 3devo Composer (Utrecht, The Netherlands) single
screw extruder. This extruder has, according to its manufacturer, a screw
geometry specially designed for materials and additives blending. It
produces a 1.75 mm diameter filament for MEX 3D printing. Heating
zones 1-3 (1 is close to the nozzle) were set at 200 °C, while heating zone
4 was set at 240 °C. The screw was rotating at 4.8 rpm. These conditions
were determined experimentally for the materials before the production
of the filament for the current work. This process with the two extrusion
steps, with the second extruder specially designed for materials mixing,
was aiming to improve the dispersion of the additive in the matrix. Pure
PC polymer filament was also produced with the extrusion process, from
pure PC pellets, without any additives, to fabricate pure PC specimens,
for evaluation purposes in the study.

2.3. Specimens manufacturing

With the produced filament in the previous step for all the PC/TiN
nanocomposites and pure PC, specimens were manufactured for me-
chanical testing, according to international standards. A 3D printer
sourced from Intamsys, model Funmat HT (Shanghai, China) was
employed, with settings determined experimentally for these materials
before the fabrication of the specimens of this work (Fig. 2). G-codes
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Table 2
Major Raman peaks identified and their related assignments.

Wavenumber (cm™!) Raman peak assignment

573 Phenyl ring vibration

633 phenyl ring vibration

703 C-H out-of-plane bending

731 C—H out-of-plane bending

826 phenyl ring vibration

886 v[0—(C = 0)-0], (C—CH3), r(CH3), v(ring)
1109 C-0O-C stretching

1176 C—O0—C stretching

1234 C-O-C group asymmetric vibration
1602 phenyl ring vibration

2874 CHavg or C—H

2912 CHavag or C—H

2971 CH/CHj stretch modes polarized
3073 C-H stretching

were prepared with the Intamsuite software platform (Shanghai, China).
Five specimens were manufactured for each mechanical test, following
the corresponding standard (Fig. 2). The 3D printing parameters values
were experimentally determined, before the manufacturing of the
samples for this work. A similar approach for parameter selection is
proposed in the literature [54].

2.4. Thermal and spectroscopic properties

The thermal properties of the materials were investigated using TGA
and DSC, to evaluate the temperatures employed in the extrusion pro-
cess and the materials’ thermal stability. The spectroscopic reaction of
the materials was also revealed by Raman’s investigations. TGA was
performed in a Perkin Elmer Diamond apparatus (Waltham, MA, USA)
(temperature cycle 40 °C to 550 °C, temperature step 10 °C/min, a Ni-
trogen atmosphere). DSC was performed in a TA Instruments DSC 25
apparatus (New Castle, DE, USA) (temperature cycle 25-225-25 °C, 5
min at 225 °C, step 15 °C/min).

A modified LabRAM HR Raman Spectrometer (HORIBA Scientific,

Kyoto, Japan) was used to perform Raman spectroscopy on the samples.
The microscope is based on a 532 nm central wavelength solid-state
laser module, with a 90 W maximum laser output power. The micro-
scopic objective lens used had a magnification of 50 x and a numerical
aperture of 0.5. It had a long working distance of 10.6 mm (LMPlanFL N,
Olympus) and was used to deliver the excitation light and collect the
Raman signals. On the sample, the laser spot had dimensions of proxi-
mately 1.7 pm laterally, and 2 pm axially. The power of the laser was
controlled through a neutral density (ND) filter. In this experiment, 5%
of laser light was allowed to go through, which resulted in 2 mW power
on the samples. The spectrometer used 600 groves grating resulting in a
spectral resolution of ~ 2 em L. To acquire the 300 to 3100 cm ™! Raman
spectral range, the microscope had to use two optical windows or two
acquisitions for every point. The acquisition time used was 10 s with five
accumulations per measurement. LabSpec 6 (HORIBA Scientific, Kyoto,
Japan) was used to process all Raman Spectra. The processing steps
started by removing the background using an internal function based on
polynomial fit. In the next step, data were normalized using Unit Vector
for a better comparison between the samples.

2.5. Filament evaluation

Before the fabrication of the 3D printed specimens, the filament was
evaluated for its diameter, its tensile strength, and its surface morpho-
logical characteristics. The diameter was measured using the extruder’s
closed-loop real-time diameter measuring system and manual mea-
surements in random spots with a high-quality caliper. Tensile tests were
performed using an Imada MX2 tensile test instrument (Northbrook, IL,
USA). To fix the filament in the instrument during the experiments,
custom grips were developed. The findings of the tensile tests can also be
used to assess the impact of the 3D printing process on materials. Using
AFM, the morphological properties of the filament’s side surface were
studied. The microscope used was a MicroscopeSolver P47H Pro (Mos-
cow, Russia) (300 kHz resonant frequency). The effect of the filler on the
morphological form is related to the quality of the filaments produced.
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2.6. Mechanical characterization 2.7. Characterization of the morphology of the specimens

The tests performed and their parameters for the characterization of The characterization of the 3D printed specimens’ morphology
the nanocomposites’ mechanical properties are listed in Table 1 below. assessed the specimens’ 3D printing quality (by examining the side
The tests were performed at room temperature. surface of the specimens) as well as their fracture mechanism in tensile
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tests. Scanning electron microscopy (SEM) images were obtained in
high-vacuum mode on a JEOL JSM 6362LV (Peabody, MA, USA) (20
kV). Gold-sputtered specimens were used. The elements in the nano-
composites were also verified by energy dispersive x-ray analysis (EDX).
Specimens were not coated in this case.

3. Results
3.1. Thermal properties and spectroscopic analysis

The weight loss vs temperature curves, derived from the TGA, are
presented in Fig. 3. As it is shown, the addition of the filler does not
significantly affect the thermal behavior of the pure polymer material.
The intense weight loss starts at about 465 °C for all the materials
assessed. This verifies that the temperatures employed in the study for
material extrusion are not in a range that affects the thermal behavior of
the materials. The maximum weight loss rate occurred at about the same
temperature for all materials (Fig. 3b). The 3 wt.% loading showed the
maximum weight loss rate. No trend was observed connecting these
parameters to the filler loading. The weight loss over temperature and
the respective weight loss over time graphs for the nanocomposites

studied herein, provide valuable information about the thermal prop-
erties of the produced materials. Additionally, they confirm that the
addition of the filler in the matrix does not compromise the thermal
stability of the matrix material. The corresponding DSC curves are
presented in Fig. 4. In all cases, a similar response is observed, with the
addition of the filler having no important effect on the material’s
characteristic temperatures. The only significant discovery was that
adding the filler enhanced the absorbed energy in both the endotherm
and exotherm phases, with changes with filler loading being minor.

Fig. 5A shows the Raman spectra graphs for all materials tested.
Through the analysis of PC pure, the major Raman peaks were identi-
fied, and their related assignments were found in the literature. Raman
peaks identified are between the range of 573 cm™! and up to 3073
cm L. The spectrum measured matched that of polycarbonate [55-58].
The results are presented in Table 2.

3.2. Filament evaluation

The real-time filament diameter values recorded by the filament
extruder integrated feature are presented in Fig. 6a. As it is shown, the
diameter of the produced filament is with acceptable deviation, making
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Fig. 10. Flexural experiment graphs (following the standard, the experiment was terminated at 5% strain): (A) stress vs. strain, (B) average flexural strength and
deviation calculated for the five samples tested, and (C) average flexural modulus of elasticity and deviation calculated for the five samples tested.

it suitable for MEX 3D printing. Figs. 6b and 6d show the results from the
tensile tests of the filament, while Fig. 6¢ shows the corresponding
experimental setup. From the test results, it is reported that the filler
addition improves the tensile strength of the pure PC polymer. The
highest improvement of a noTable 29.2% was achieved for the nano-
composite with 2 wt.% loading, which also had the highest improve-
ment in its stiffness, about 24.2% higher than the pure PC polymer. In
the nanocomposite with 6 wt.% filler concentration, the tensile test
values start to decrease, indicating that saturation of the filler is ex-
pected by slightly increasing the filler concentration. Still, even at this
loading, the response of the nanocomposite is higher than the pure PC
polymer. Results from the morphological analysis results of the side
surface of the filament acquired with AFM are depicted in Fig. 7. The
introduction of the additive in the matrix increases the filament surface
roughness, with its values further increasing, when increasing the ad-
ditive concentration.

3.3. Results of 3D printed specimens’ mechanical characterization

DMA test results are depicted in Fig. 8. The addition of the filler has
no substantial effect on the material’s response, as seen by the graphs,
with the curves following a similar pattern. The addition of the filler
slightly decreased the glass transition temperature (Tg) of the polymer,
with the filler loading having no significant effect on Tg. The Storage
Modulus was increasing with the filler concentration increase. Overall,
adding the filler did not significantly affect the viscoelastic behavior of
the polymer. These results indicate the response of the materials under
dynamic loading and different temperature ranges. Such conditions are
quite common when using the parts in industrial and real-life environ-
ments, so the behavior of the prepared materials under such conditions
should be known and is considered critical for the mechanical charac-
terization of the materials.

Fig. 9 shows the tensile experiment outcome obtained in this work.
The inclusion of the filler resulted in the polymer being reinforced. In
comparison with the pure PC polymer, the tensile test values were raised
in all loadings investigated. The nanocomposite with 3 wt.% filler
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concentration had the highest reinforcing, 35.5% more than pure PC.
The nanocomposite was also found to be 29% stiffer than pure PC. In
tensile testing, the greatest loading of 6 wt.% exhibited a reduced me-
chanical response, although it showed roughly 20% higher tensile
strength than the matrix material. The flexural test results presented in
Fig. 10 do not follow the same trends as the tensile tests. The addition of
the filler has a negative effect on the flexural strength for loadings up to
2 wt.%. In flexural tests, the 3 wt.% filler concentration results in a
13.6% increase in the response when compared to the corresponding
results for the pure PC material and a 3.7% rise in the flexural modulus
of elasticity. The flexural test results decrease at the nanocomposite with
6 wt.% additive concentration (the highest loading investigated),
compared to the 3 wt.%, but still are marginally increased when
compared to the corresponding values of the pure PC polymer. The
values for the tensile and the flexural toughness are derived as integrals
of the corresponding stress versus strain graphs. These values indicate
the amount of energy absorbed by the material during the testing. The
calculated average values with their deviations for this work are pre-
sented in Fig. 11. As it can be observed, they follow a similar trend to the
corresponding strength values. The 3 wt.% loading nanocomposite
achieved 66.1% higher values than the pure PC in the tensile toughness
and 16.1% in the flexural toughness.

The impact test results do not follow the same trend as the other

mechanical tests (Fig. 12). Low filler loadings increase the impact
strength of the PC polymer, with the highest enhancement of 16.2%
calculated for the nanocomposite with 2 wt.% filler loading. At higher
filler concentration nanocomposites showed an inferior response in this
test when compared to the corresponding values of the pure PC polymer.
Regarding the Vickers microhardness measurements, also the trend of
this mechanical property is not similar to the other mechanical char-
acterization tests. When compared to pure PC, the Vickers microhard-
ness values are lower at low filler concentrations. The highest
enhancement was recorded for the highest additive concentration
nanocomposite of 6 wt.% investigated in this work (20.2% improvement
compared to the pure PC material).

3.4. Characterization of the morphology of the specimens

SEM images for pure PC from the side and the fracture surface at two
zoom levels are presented in Fig. 13. The fracture surface (Figs. 13a and
13b) shows areas without any deformation in the filament strands,
indicating a brittle failure (right side of Fig. 13a), and areas with visible
deformation in the filament strands, indicating a more ductile failure
(left side of Fig. 13a). The side surface images (Figs. 13c and 13d) show
an excellent 3D printing quality without defects or voids and a perfect
layer interfusion. This shows that the 3D printing settings employed in
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Fig. 13. Pure PC SEM images: (A) fracture surface at a magnification of 30 x, (B) fracture surface at a magnification of 300 x, (C) side surface at a magnification of

30 x, (D) side surface at a magnification of 150 x.

Fig. 14. Side surface of the PC/TiN nanocomposites captured with SEM at 150 x magnification: (A) nanocomposite with 1 wt.% filler concentration, (B) nano-
composite with 2 wt.% filler concentration, (C) nanocomposite with 3 wt.% filler concentration, and (D) nanocomposite with 6 wt.% filler concentration.

the work were the appropriate ones for the material and no process-
ability issues occurred. The same can be concluded from the side surface
SEM images of the nanocomposites tested in this work (Fig. 14). The
fracture surface of the nanocomposites was inspected also with SEM and
images at two magnifications are presented in Fig. 15. At the 1 wt.%
loading a ductile response can be observed, with visible deformation of
the filament strands (Figs. 15a and 15b). At 2 and 3 wt.% loading, the
fracture is ductile with minimum to no deformation observed in the
filament strands (Figs. 15¢-15f). A mixed fracture surface can be seen at
the filler loading of 6 wt.% (the highest concentration studied), with
certain strands exhibiting deformation, mostly on the sides of the
specimen, and a brittle behavior in the middle with no obvious
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deformation, demonstrating how the fracture evolved in the specimen in
the test. To check the dispersion of the nanoadditive in the PC polymer,
SEM images of 5000 x were captured, to examine the materials for
possible agglomerations (Fig. 16). In the majority of the cases, no sig-
nificant agglomerations were discovered. The EDS graph was captured
in the specimen with a 3 wt.% filler loading agglomeration area
(Fig. 16¢). In the EDS graph, a high peak for titanium was obtained,
suggesting, as expected, a high concentration of this element.

4. Discussion

In the mechanical tests conducted, in the nanocomposite with 6 wt.%
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Fig. 15. Fracture surface of the PC/TiN nanocomposites captured with SEM: (A) nanocomposite with 1 wt.% filler concentration at 30 x, (B) nanocomposite with 1
wt.% filler concentration at 300 x, (C) nanocomposite with 2 wt.% filler concentration at 30 x, (D) nanocomposite with 2 wt.% filler concentration at 300 x, (E)
nanocomposite with 3 wt.% filler concentration at 30 x, (F) nanocomposite with 3 wt.% filler concentration at 300 X, (G) nanocomposite with 6 wt.% filler
concentration at 30 x, and (H) nanocomposite with 6 wt.% filler concentration at 300 x .

filler loading, the mechanical strength started to decrease, achieving
values still improved compared to the pure PC material. This indicates
that higher additive concentrations in this range are most likely the
saturation point for the PC polymer’s filler. The highest mechanical
response overall is reported in the nanocomposite with 3 wt.% loading.
The mechanical test results are summarized in Fig. 17.

The pure MEX 3D printed PC, as expected, had a lower mechanical
response than the bulk material (53 MPa, rather than 60 MPa of the bulk
material). This is due to the porosity and anisotropy in the parts caused
by the MEX 3D printing process. The introduction of the additive
resulted in higher values than that of the pure PC. So, the nano-
composites developed herein can advance 3D printing, further
expanding the fields of application of the process. No similar compound
is available in the literature to correlate the results of the study for bulk
or 3D printed polymers. The filament produced in the study was tested in
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tensile experiments. These results do not follow a standard, so they
cannot be directly compared to the equivalent results of the 3D-printed
parts. Still, the fact that all the examples investigated show the same
trend of improvement is an indication of the study’s credibility.

The pure PC thermal stability was not affected by the introduction of
the TiN nano additive, and it was verified that the temperatures used do
not cause any degradation effects in the materials. The elements in the
nanocomposites were confirmed in the EDS analysis. The morphological
characteristics of the specimens were evaluated with SEM, while in the
higher magnification images negligible agglomerations were found,
even at the nanocomposite with 6 wt.% filler concentration. Finally, the
deviation in all the mechanical tests was within a small margin, indi-
cating that a well-distributed NPs network was formed in the nano-
composites of the study, with the methodology followed.

The comparison of the samples with the PC-Pure shows the effect of
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Fig. 16. Fracture surface at 5000 x magnification of the PC/TiN nanocomposites: (A) nanocomposite with 1 wt.% filler concentration (B) nanocomposite with 6 wt.
% filler concentration, (C) nanocomposite with 3 wt.% filler concentration, and (D) EDS graph of the nanocomposite with 3 wt.% filler concentration, acquired on the

micro-agglomeration depicted in Fig. 16C.
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Fig. 17. The mechanical tests’ results are summarized in a spider graph. The pure PC is presented in the shaded area. Highest performed material in each test is

presented on the right side of the figure.

Table 3
The Raman spectra behavioral differences between the PC-Pure and the TiN
samples.

Wavenumber Assignment Change

(em™)

607 Unassigned Decrease of peak for TiN samples

932 C-H in-plane Increase of peak for TiN samples

bending

1498 CHj; deformation Decrease of the peak for TiN
samples

2934 C—H stretching Increase of peak for TiN samples

the additive in the Raman peaks. A decrease of the peak for the PC-TiN
specimens is depicted at the (607 cm_l), and the CH3 deformation (1498
cm™1). There is a gradual increase in the C—H plane bending (932
cm’l), and the C—H stretching (2934 crn’l). The aforementioned peaks
are presented in Table 3 as well. One interpretation of those results could
be that the decrease in the methylated parts of the molecule (1498 cm’l)
found in TiN samples, refers to a decrease in the CH3 concentration. The
additional increase of C—H peaks (932, 2934 cm 1) could be explained
that the bond released from CH3 has been replaced with C—H bonds.
Based on the fact that the dissociation energy of C—H is higher than the
one of CHgs, explains the increase in the sample’s mechanical properties
[59].
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Regarding the distribution of the filler in the matrix, apart from the
SEM images, in which no agglomerations were found, the deviation in
the mechanical tests was within reasonable limits, showing insignificant
differences between the samples assessed, which also confirms a similar
distribution of the filler in the matrix. As the filler concentration in-
creases, the maximum effect of the filler in the mechanical properties is
reached. In higher loading than this, it is expected that the mechanical
response starts to decrease until the saturation threshold of the filler in
the matrix is reached. This is typical behavior. In this work, loadings up
to 6 wt.% were studied, which achieved a lower mechanical response
than the nanocomposites with lower filler loading (verifying that the
maximum effect of the filler in the matrix was achieved), but still no
indication that the 6 wt.% loading is reaching a saturation threshold, can
be assumed. Hence, the differences in the morphology presented in the
SEM images, are not significant, which is the expected response, when
the filler loading reaches the saturation threshold. Identifying the
saturation threshold of the filler in the matrix was not the purpose of the
work. The work aimed to investigate the effect of the filler in the me-
chanical response of the matrix and the maximum enhancement was
found to be at the nanocomposite with 3 wt.% filler loading.

5. Conclusions

For the first time, in this work, the effect of using TiN as a mechanical
reinforcement in the PC polymer for MEX 3D printing was investigated.
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TiN in nanopowder form was added to the matrix material with a
thermomechanical process at various concentrations, up to 6 wt.%, to
evaluate the effect of the additive concentration on the mechanical
properties. PC/TiN nanocomposites in a form suitable for MEX 3D
printing were prepared, to investigate its performance, exploiting 3D
printing advances in an attempt to expand its fields of applications. A
thorough mechanical characterization process was followed, and it was
verified that TiN can be employed for PC polymer enhancement in MEX
3D printing. Overall, the best performance was achieved by the nano-
composite having a 3 wt.% filler concentration. More specifically, in the
3 wt.% additive nanocomposite the tensile strength was improved by
35% and the Tensile Modulus of Elasticity by 29.0%. It also exhibited
enhanced flexural, impact, and microhardness responses.

In addition to mechanical testing, the thermal properties, and the
spectroscopic response of all the produced nanocomposites were studied
to further comprehend their properties. In all tests, the stability of the
materials was verified. No significant processability issues occurred,
making the process easily adapted for industrial environments. The
main drawback of the 3D printed parts, which is their inferior me-
chanical response compared to the bulk materials, can be overcome by
the development of nanocomposites, such as the ones prepared and
studied in this work.

Additionally, the development of such nanocomposites is a cost-
effective process, since the only additional cost in the process, is the
cost of the filler. For laboratory-scale use, the cost of the specific ma-
terials used is roughly 0.04 EUR/gr for the matrix and 0.9 EUR/gr for the
TiN additive. For filler concentrations of 3 wt.%, which had the highest
enhancement effect in the study, the cost per gram of the nano-
composites is 0.067 EUR (0.04 EUR/gr for the matrix, plus 0.9 x 0.03
EUR/gr for the additive). This increase is not significant in the overall
cost of the process. The cost of the raw materials is not the main cost of
the process, considering that the masterbatch to filament cost ratio is 1/
10, with the same amount of filament cost being ten times the cost of the
same amount of raw material. These costs can be further optimized for
industrial-scale use. In future work, the process and the filler loading can
be further optimized, additional properties can be investigated and the
necessary adaptions for industrial-scale use can be determined.
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