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ABSTRACT

In this work, an industrially scalable method was developed for the preparation of multifunc-
tional nanocomposite filaments. Polylactic Acid (PLA) polymer matrix was enriched with
Multi Wall Carbon Nanotubes (MWCNT) at various concentrations, to fabricate 3D-printed
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parts by the Fused Filament Fabrication (FFF) technology. The effect of the nancfiller loading
at the mechanical, thermal, electrical, thermomechanical, and antibacterial performance of
the novel nanocomposites fabricated in this work was investigated. The filler loading of
5wt.% was also tested to reveal its electrothermal Joule heating performance. The antibac-
terial properties of the nanocomposites were examined through a screening process, against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). For loadings of 1wt.% and
higher the mechanical properties were significantly improved. The 5wt.% loaning showed
measurable antibacterial performance. The nanocomposites prepared herein can be charac-
terized as multifunctional materials, suitable for various industrial applications, such as sen-
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sors fabrication, health monitoring devices, etc.

GRAPHICAL ABSTRACT

1. Introduction

Nanomaterials have at least one dimension in the
nanometre scale and nanocomposites are mixtures
between a matrix material and nanofillers [1]. The
result of the nanoparticles’ addition to the matrix,
often leads to improvement in its inherent proper-
ties; namely the strength and stiffness, electrical con-
ductivity, thermal conductivity and/or thermal
stability, chemical resistance, gas separation, etc.,
amongst others [2,3]. Conductive nanofillers for
example can be used to transform an insulating
polymer matrix into a conductive material, as it has
been several times reported to date [4-6].

Carbon nanotubes (CNTs) are used as fillers to

improve properties of the resulting polymer

nanocomposites [7], such as the electrical conductiv-
ity and the Young’s modulus; both of them known
to be achieved above a critical CNT volume fraction,
which is defined and often reported as percolation
threshold [8]. Polymers are widely used as matrix in
nano- and micro-scale reinforced composite materi-
als, due to their low cost, light-weight nature and
ease of processability [1,9]. Polylactic Acid (PLA) is
a linear, aliphatic polyester synthesized from lactic
acid, which can be produced from renewable resour-
ces [10-14]. It’s a biodegradable thermoplastic poly-
ester [15] and one of the most promising polymers
because of its unique physical properties that make
it ideal for countless applications [16-21], making it
also very popular in 3D printing [22].
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Three-dimensional printing belongs to the
Additive Manufacturing (AM) technologies family
[23,24] and is one of the most widely used AM
processes in medicine, packaging and printing, due
to being a low cost, rapid and facile process [25].
Extrusion-based AM, also known as Fused Filament
Fabrication (FFF) [26,27] create structures by
extruding material initially in filament form, from a
nozzle and depositing it onto the 3D printing plat-
form. The interest for FFF 3D printing is growing,
due to the wide range of applications that can be
used [28-30].

Novel materials with antimicrobial properties
have a vital role in treating infectious diseases that
are caused by bacteria and viruses [31-33].
Biomaterials with antibacterial properties are the
construction materials for medical devices with the
ability to inhibit the growth or kill the pathogenic
microorganisms. Polymer materials have shown
potential as antibacterial and antiviral agents
[34,35]. PLA is a thermoplastic polymer well-known
for its biocompatibility and biodegradability proper-
ties, while it is one of the most widely used materi-
als nowadays for FFF 3D printing applications [30].

Conductive polymer composites (CPCs) have
recently attracted a significant interest in 3D print-
ing Additive Manufacturing (AM) processes.
Carbon nanoallotropes introduced in a polymer
matrix can convert its inherently insulating nature
into a conductive one, yielding lightweight and flex-
ible conductors with variable electrical properties
that can be typically tuned by (i) the nanoparticle
filler loading, (ii) the particle aspect ratio, (iii) the
surface area and surface chemistry, as well as (iv)
the processing/mixing parameters that could signifi-
cantly affect the micro- and nano-dispersion quality.
CPCs are known for their sensing functionalities,
i.e. (i) gas or liquid chemical and/or electrochemical
sensors, (ii) strain sensors for wearables or touch/
pressure sensors via a piezoresistive or a piezoelec-
tric underlying mechanism, (iii) temperature sen-
sors, etc. [36]. Polymeric filaments with carbon
nanoadditives have been fabricated both for mech-
anical properties enhancement [37] of the resulting
FFF 3D printed parts, as well as utilizing the elec-
trically conductive properties of the fillers towards
biomedical sensors [38], piezoresistive strain sensors
[39], actuators [40], and resistors for Joule-heat-
ing [41].

Patanwala et al. [37] reported on 3D printed
PLA/CNT nanocomposites focusing only on the
mechanical properties of the 3D printed constructs.
Relatively, the inclusion of CNTs increased the
Young’s modulus by 30% at 5% CNT loading but
reduced the tensile strength and overall toughness
of the FFF parts. Recently, Yang et al. [42] reported
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on the preparation of PLA/CNT nanocomposites for
FFF application, pointing out that the CNT content
has a significant influence on the mechanical prop-
erties and conductivity properties. Namely, the add-
ition of 6 wt.% CNT resulted into a 64.12% increase
in the tensile and a 29.29% increase in the flexural
strength, respectively. The electrical resistivity varied
from approximately 1 x 10'* Q/sq to 1x 10* Q/sq
for CNT contents ranging from Owt.% to 8wt.%,
while lower filling velocity, higher liquefier tempera-
ture and greater layer thickness were found to be
the optimum 3D printing process parameters to
obtain 3D printed constructs with the highest elec-
trical conductivity properties. In another work,
Mora et al. [43] developed a micromechanics model
to determine the electrical conductivity of melt
blended PLA/CNT and HDPE/CNT 3D printed
nanocomposites, being in good agreement and cor-
roborating experimental results in the same study.
Namely, the electrical conductivity of 3D printed
PLA/CNT and HDPE/CNT composites was meas-
ured for various CNT loadings, while low percola-
tion thresholds were obtained ie. 0.23vol. % and
0.18 vol. % of CNTs for PLA/CNT and HDPE/CNT
nanocomposites with the highest conductivity values
reaching ~1.0S/m at filler loading higher than
1.0 vol.% fraction.

PLA/carbon black (CB) CPC filaments for FFF
3D printing and electrically conductive 3D objects
have been reported also by Vidakis et al., focusing
on the electrical, electrothermal, mechanical and
antibacterial properties of the 3D printed nanocom-
posites [44]. Namely, the electrical percolation
threshold was studied, with the nanocomposites
exhibiting an electrically conductive behavior
already from 2.5wt.% loading. An anisotropic
behavior was reported for the ‘through’ thickness
and ‘cross-layer’ 3D printing specimens’ measure-
ment directions with the highest electrical conduct-
ivity (o) at the ‘cross-layer’ direction for the PLA/
CB (5.0wt.%) nanocomposite (~1.0S/m). Finally,
the highest reinforcement especially in tensile and
flexural tests was observed for the PLA/CB nano-
composites with 0.5wt.% filler loading (~17.1%
increase for the tensile strength and ~14.1%
increase for the tensile modulus).

Gnanasekaran et al. reported on 3D printing of
CNT- and graphene-based CPCs based on a polybu-
tylene terephthalate (PBT)/PLA blends, while they
have reported the highest electrical conductivity of
10.0-12.0S/m for the CNT (at 0.35% vol. fraction)
and 1.0-4.0S/m for the graphene (at 0.85% vol.
fraction) nanocomposites, respectively [45]. Also,
the authors pointed out that at least ~0.49 wt.% of
CNT (pc ~ 0.31vol%) and ~52wt% (pc ~
3.3vol.%) of graphene are required for the FFF
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fabrication of CNT- and Graphene-based conductive
filaments. Aumnate et al. reported on reinforcing
polypropylene (PP) with reduced graphene oxide
(rGO)- polylactic acid microcapsules for FFF 3D
printed objects. At very low graphene loading
(0.75wt.%), the 3D printed construct showed nei-
ther shrinkage nor warping, while the Young’s
Modulus (E) of the 3D printed graphene nanocom-
posites increased from 220 MPa (neat PP matrix) to
450 MPa (>100% increase) [46]. In another study
related to isotactic polypropylene/graphene 3D
printed nanocomposites, the presence of graphene
induced shear thinning during extrusion (improved
processability aspect), while at 5% and 10% of gra-
phene loading, the storage modulus decreased con-
siderably; namely nearly 50% for the 10%
loading [47].

PLA/CNT conductive nanocomposite could be
ideal feedstock material for FFF 3D printing proc-
esses, and therefore systematic investigations are
required to highlight the fundamental process-struc-
ture-property relationship. Moreover, the advantage
for using MWCNTs in PLA is that CNTs as one-
dimensional (1D) nanofillers can easily create net-
works in the polymer matrix allowing for the charge
carrier transport and realising thus a relatively high
conductivity at generally low filler loadings. To the
best of the author’s knowledge, a detailed study of
PLA/CNT conductive nanocomposites focusing on
(i) the electrical percolation threshold as a function
of the filler loading, (ii) the effect of filler loading
on the 3D printed constructs’ electrical conductivity
with respects to the interlayer fusion, as well as (iii)
thorough static mechanical and thermomechanical
analyses of the 3D printed samples has not been
reported yet.

In this study, PLA was mixed with Multi-Walled
Carbon Nanotubes (MWCNTSs) at various concen-
trations, to produce 3D printing PLA/MWCNTs
nanocomposite filaments using a thermomechanical
melt mixing method. This method is employed
because of its versatility, the relatively low-cost of
the production facilities, the compatibility with
industrial processes and its low environmental
impact i.e. nanofillers are mixed with the polymer
matrix in the melt state without any use of organic
solvents as for the solvent-mixing nanocomposites’
fabrication [30]. The produced filaments were 3D
printed with the FFF process. Specimens were pre-
pared, and then tested for their mechanical, thermal,
electrical, electrothermal and antibacterial perform-
ance, to fully characterize the novel 3D printed
nanocomposites of this work. The nanocomposites’
performance was improved as revealed by the ana-
Iytical techniques carried out, compared to the pure
PLA material, especially for filler loadings from

1.0 wt.% and above. PLA/MWCNT nanocomposites
prepared herein can be considered as multifunc-
tional materials, that can easily be industrialized for
various types of demanding applications, requiring
enhanced performance in various fields.

2. Materials and methods
2.1. Materials

Polylactic Acid used as the matrix material in this
work was industrial grade PLA (PLA 3052D) in fine
powder form procured from Plastika Kritis S.A.
(Heraklion, Crete, Greece). According to the suppli-
er’s technical specification the polymer’s molecular
weight was 116,000 g/mol, its Melt Flow Index 14 g/
10 min (ASTM D1238), its Tensile Strength at Yield
62MPa (ASTM De638), its Melting Temperature
153°C (ASTM D 3418), and its Glass Transition
Temperature 57.5°C (ASTM E1356). MWCNTs
(NC 7000) were received from Nanocyl S.A.
(Sambreville, Belgium). According to the supplier
technical data sheet, MWCNTs (NC7000) is a highly
conductive grade material with purity higher than
90%, while the nanotubes exhibit average diameters
of 9.5nm, average lengths of 1.5 um, density, p []
2.1g/cm’®, surface area 250-300m°/g and volume
resistivity 107* Q cm.

2.2. Methods

The methodology followed in this study for the
development and characterization of the PLA/
MWCNT nanocomposites is shown in Figure 1.

PLA/MWCNT nanocomposites at 0.1, 0.5, 1.0,
2.5 and 5.0wt.% were prepared. Initially, the pow-
ders were mixed via a mechanical mixing process.
Then, to eliminate moisture adsorbed by the con-
stituent materials, powders were dried overnight in
a conventional oven. Different drying scenarios were
followed between the pure PLA and nanocomposite
materials. Pure PLA powder was dried for 24h at
50°C. PLA/MWCNTs nanocomposite materials
were dried for 5h at 50°C. A suitable filament of
1.75mm diameter was produced for every material
concentration, using a 3D Evo (3D Evo B.V,
Utrecht, the Netherlands) single screw extruder. The
produced filament is going through quality control
during the filament production procedure, with the
real time diameter measurement system of
the extruder.

Intamsys Funmat HT (Intamsys Technology ltd,
Shanghai, China) 3D Printer was employed using an
extruder’s nozzle of 0.4mm for the manufacturing
of the specimens. Figure 2 shows the 3D printing
parameters used for the specimens’ fabrication. All
other parameters were set to their default values in
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Figure 1. The methodology followed in this work to produce PLA/MWCNT nanocomposites and photos of the electrical/mech-
anical and antibacterial properties evaluation tests.

Tension specnmen ASTM D638 Standard, Type V

Parameters Value Units
Printing orientation 45 Deg.
Layer thickness 0.200 mm
d 0
Flexion speamen ASTM D790 Standar | Bl teipaEtiite 85 c
Z A Nozzle temperature 255 (&
P | Number of perimeters 2
Charpy Notched specimen: ASTM D6110 Standard Top solid Ia.yers 4
- - Bottom solid layers 4
‘ //A‘/ 7 / Fill Density 100 %
N Travel speed 40 mm/s

Prlntlng orientation

Figure 2. Settings used to fabricate the specimens in the 3D printer.

each case. Tensile tests were conducted on an Imada
MX2 (Imada Inc., Northbrook, Illinois, United
States) quasi-static testing apparatus, at a crosshead
speed of 10mm/min and room tempera-
ture conditions.

the Intamsuite software tool, which was used as the
slicer software tool for this study.

2.3. Characterization techniques

American Society for Testing and Materials (ASTM)
D638-02a international standard was followed in the
tensile testing procedure. According to the standard,
a type V specimen of 3.2mm thickness was chosen,
and five specimens were 3D printed and tested for

ASTM D790-10 (three-point bending test with
52.0mm support span) international standard was
followed in the flexural testing procedure. Tests
were conducted at room temperature, with speed of
10 mm/min, on 64.0 mm length, 12.4 mm width, and
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3.2mm thickness specimens. Six specimens were
tested for each material studied, on an Imada MX2
machine in flexural mode setup.

ASTM D6110-04 international standard was fol-
lowed in the impact testing procedure. Notched
specimens were tested in a Terco MT 220 (Terco,
Kungens Kurva, Sweden) Charpy’s impact appar-
atus. Release height of the apparatus hammer was
the same for all the experiments (367 mm) and six
specimens with the dimensions of 80.0 mm (length)
x 80mm (width) x 10.0mm (thickness) were
tested for each material prepared in this work.

Microhardness measurements were conducted
according to the ASTM E384-17. The specimens’
surface was fully polished before each set of meas-
urements. An Innova Test 300-Vickers (Innovatest
Europe BV, Maastricht, The Netherlands) apparatus
was employed, while the applied force was set to
100 gF and duration of 10s was selected for inden-
tation. Imprints were measured under six different
specimens for each one of the PLA and PLA/
MWCNTS nanocomposites.

Dynamic Mechanical Analysis (DMA) was per-
formed using a TA Instruments DMAS850 instrument
(New Castle, Delaware, United States). Samples were 3D
printed in dimensions of length 58.0-60.0 mm, width
14.0-15.0mm, and thickness 2.7-3.2 mm. Because of
the samples having rough side edges from the FFF man-
ufacturing process, all samples were polished in two
steps using 240 and 400 grain sandpaper under water
flow. Prior to testing, samples were dried at a tempera-
ture of 35°C for 48 h minimum. DMA testing proced-
ure consisted of a temperature ramp from room
temperature to 130 °C (and in some cases up to 135 °C),
at a rate of 3°C min~ . Testing was conducted using the
three-point bending fixture. Samples were preloaded to
0.IN. A sinusoidal displacement was applied to the
samples with a constant amplitude of 30.0 pm and a fre-
quency of 1.0 Hz throughout the tests. Data were col-
lected by the instrument at a sampling rate of 0.33 Hz.
The recorded parameters were the storage modulus, loss
modulus, temperature, time, tan J, and oscillation angu-
lar frequency.

Scanning Electron Microscopy (SEM) characteriza-
tion was used to analyze the nano/micro structuring of
the 3D printed specimens’ side surface, and the frac-
tured surfaces of 3D printed tensile specimens. The
SEM analysis was carried out using a JEOL JSM 6362LV
(Jeol Ltd., Peabody, Massachusetts, United States) elec-
tron microscope in high-vacuum mode at 20 kV acceler-
ation voltage on gold sputtered specimens.

The through-thickness (through-layer) as well as
in-plane (cross-layer) electrical conductivity of 3D
printed PLA/MWCNT nanocomposite samples was
determined using square-shaped samples of
10.0 x 10.0mm® and 3.2mm thickness. Ag paste

(room temperature fast curing curing/drying silver
paste received from Agar Scientific Ltd, Essex,
United Kingdom) was applied in the appropriate
surfaces to contact the samples for the respective
through-layer and cross-layer conductivity measure-
ments. Afterwards, 2-point probe electrical resist-
ance measurements were performed with an Agilent
Multimeter (Agilent 34401A6!5, Agilent, Santa
Clara, United States) to derive the electrical resistiv-
ity (p) and conductivity (o), respectively, consider-
ing the specific sample dimensions.

Thermogravimetric analysis (TGA) was carried out
for neat PLA, as well as the PLA/MWCNTSs nanocom-
posites in nitrous (N,) gas atmosphere, under a flow
of 200 ml/min, with a Perkin Elmer Diamond TG/
TDA (PerkinElmer, Inc., Waltham, Massachusetts,
United States) device with a heating cycle from 40 °C
to 550 °C and a heating step of 10 °C/min.

Raman spectroscopy was performed for the pure
PLA, MWCNTs, and the PLA/MWCNT nanocom-
posite 3D printed specimens [48], using a Labram
HR-Horiba (Kyoto, Japan) using a 514.5nm line of
an Ar" ion laser. The laser power was set to
1.5mW for all measurements at the focal plane to
obtain the corresponding Raman spectra. For deliv-
ering the excitation light as well as collecting the
back-scattering Raman activity, an optical micro-
scope equipped with a 50x long working distance
objective lens was used.

Antibacterial performance of the nanocomposites
studied in this work, was investigated with the agar
well diffusion method [49], caried out in a micro-
biological lab, for two different bacteria, E. coli and
S. aureus. Petri dishes (85mm in diameter) with
suitable for each bacterium growth material (MC.2,
C.010066 for the E. coli and Chapman, C.010068 for
the S. aureus), were employed. Two rectangular
specimens of 124mm x 124mm and 3.2mm
height were 3D printed from pure PLA and the
nanocomposite materials. The bacteria with the
specimens were placed in an oven at 37°C for 24h
for the diffusion of the antimicrobial agent into the
nanocomposite and inhibit germination and growth
of the test microorganism and the developed
Inhibition Zone (IZ) was measured afterwards.

3. Results and discussion
3.1. Mechanical properties

3.1.1. Tensile test results

Figure 3 depicts the tensile properties [50] of each
nanocomposite tested. Figure 3(a) shows tensile
stress (MPa) to calculated Strain (mm/mm) graphs
of a typical specimen tested of each sample. In
Figure 3(b), the average tensile strength at break
(MPa) for each material studied is shown to filler
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percentage (wt.%). The calculated average tensile
modulus of elasticity (MPa) to filler percentage of
each material tested is presented in Figure 3(c).

As shown in Figure 3, the MWCNTs do not sig-
nificantly affect the tensile strength and modulus val-
ues up to 1.0wt.% filler loading, while for loadings of
1wt.% and higher the tensile properties are improved,
compared to neat PLA. It should be mentioned that
the tensile loading direction is 45° off-axis to the sam-
ple’s printing direction, and therefore properties domi-
nated and significantly affected by the adhesion
between filaments. Specifically, an increase of both the
tensile strength and the elastic modulus at 1.0, 2.5 and
50wt.% filler loading could be observed. Namely,
~34% increase for the tensile strength and ~33%
increase for the modulus of elasticity are the highest
achieved improvements at 1.0 wt.% filler loading, while
both at 2.5 and 5.0 wt.%, the tensile properties do not
show any further improvement (revealing that at
1.0wt.%, we have already achieved the mechanical
percolation threshold for the tensile stress field). The
slight decrease of the tensile properties at 2.5 and
5.0 wt.%, might be caused due to the hampering of
the filamentous interfacial strength between adjacent
filaments in the bulk 3D printed sample and/or lim-
ited interdiffusion of the polymeric chains from one

filament to another by the presence of MWCNTs fill-
ers that could prevent extended polymer chain mobil-
ity in the melt state.

3.1.2. Flexural results

In Figure 4 the flexural properties [51] of each nano-
composite tested are presented. Figure 4(a) shows repre-
sentative Flexural Stress (MPa) to Strain (mm/mm)
curves for each material tested. Figure 4(b) shows the
average Flexural Stress (MPa) to material’s filler percent-
age (wt. %). Figure 4(c) shows the specimens’ average
calculated Flexural Modulus of Elasticity to the concen-
tration of the filler for each material fabricated (wt.%).
Regarding the flexural test results, the nanocomposites
with 0.1 wt.%, 0.5wt.% and 1.0 wt.% MWCNT's concen-
tration showed a slight knock down effect when com-
pared to pure PLA specimens. The highest flexural
stress was measured at samples with 2.5 wt.% MWCNTs
loading and 5.0 wt.%, representing an increase of ~12%
for the flexural strength and ~7% for the flexural modu-
lus for 2.5 wt.%, while for the 5.0 wt.% filler loading, the
flexural strength increased ~49% and the flexural
modulus ~43%. Overall, the introduction of MWCNT
nanoparticles renders the PLA matrix more brittle. A
plausible explanation behind this could be that CNTs
are acting in general as nucleating agents and could
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increase thus the crystallinity of PLA, reflected to the
increased modulus values, as have been similarly
reported in previous studies [52].

3.1.3. Impact and microhardness results

Figure 5 illustrates the impact and micro-hardness prop-
erties of 3D printed PLA/MWCNTs nanocomposites
and pure PLA. Figure 4(a) shows the average values of
the Charpy’s notched impact strength (kJ/m?) results for
each filler concentration. Figure 4(b) shows the average
Vickers microhardness (HV) to material’s filler percent-
age (wt.%). Regarding the average impact strength val-
ues (Figure 5a), in all filler loadings the impact strength
is increasing. The highest increase of the impact strength
was found in the 0.5 wt. % nanocomposite (~31%). The
increasing of the micro-hardness is associated with the
stiffening of the material induced by the MWCNTs
nanocomposites in the PLA polymer matrix. Micro-
hardness slightly decreases for the 0.1 and 0.5wt.%
nanocomposites, while it slightly increases for the 1.0
and 2.5 wt.%, with a slight decrease finally at the highest
filled PLA at 5.0 wt.%. The most improved micro-hard-
ness performance (Figure 5b) was observed for the
2.5wt.% (~19%) nanocomposite.

3.2. Thermomechanical analysis

Figure 6 shows the 3D printed specimens’ thermo-
mechanical response, the storage modulus (MPa),
loss modulus (MPa) and Tan (), as a function of
temperature, derived from the DMA thermome-
chanical experiments, for the different filler loadings
studied in this work. The values of storage modulus
at low temperatures (~30°C) coincide with the flex-
ural modulus of the 2.5wt.% nanocomposite. The
nature of the DMA set-up conditions and the sam-
ples’ significantly lower dimensions are the reason
of this samples’ behavior. The increase in the stor-
age moduli for the 2.5wt.%, found by the DMA
experiments (~12.5%) is associated with the reduced

mobility of the polymeric chains in the presence of
MWCNT nanofillers.

As the temperature is increased, the storage modu-
lus values drop. The Tan ¢ values for all samples
tested show an increasing trend up to the temperature
range of 55°C to 63 °C, signifying that up to this tem-
perature for each material, the mechanical energy is
stored elastically in the polymeric macromolecular
chains. On the other hand, Tan ¢ values drop for tem-
peratures above the range of 61°C to 63 °C revealing
the softening of the material before fusion, and the
transition to the viscoelastic regime.

3.3. SEM microstructural analysis

Figure 7 shows the side surface at 30x and 150x
magnifications, while Figure 8 depicts the fractured
area of tensile test specimens at 30x and 1000x
magnifications, to illustrate the 3D printed speci-
mens’ microstructure characteristics. The 3D printed
sample’s microstructure, investigated from the side
surface (Figure 7), could reveal the quality of 3D
printing, showing the sample layers interface charac-
teristics and interlayer fusion. This could lead to 3D
nanocomposite parts with high mechanical perform-
ance, due to the presence of these specific nanofil-
lers. The high-quality interlayer fusion proves that
in this work the optimum 3D printing parameters
were used to manufacture all the specimens and
plausibly MWCNT nanofillers were homogeneously
dispersed in the PLA produced filaments.
Nanofiller’s aggregations in the utilized filament
could significantly affect the 3D printing quality by
introducing inhomogeneities, discontinuities, etc.
Such phenomena were not observed in this work.
Micrographs of the fractured area (Figure 8)
reveal some discontinuities in the specimen’s
internal structure which become worst with the
increase of the nanofillers’ concentration. Such phe-
nomena could be attributed to the failure effect dur-
ing testing on the 3D printing structures. Overall,
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Figure 6. Storage modulus, loss modulus (MPa) and Tan() plots of pure PLA and PLA/MWCNTs.

the fracture surfaces reveal a rather brittle failure of
the filament strands.

3.4. Electrical conductivity

Figure 9 shows the procedure followed to determine
the electrical conductivity of the 3D printed PLA/
MWCNT nanocomposites. Figure 9(a) shows sche-
matically the 2-probe electrical resistance to evaluate
the electrical conductivity of the nanocomposites. In
order to examine any anisotropic electrical conduct-
ivity behavior, which is significant in additive manu-
facturing produced specimens’ behavior [53], the
electrical conductivity has been measured in two dif-
ferent directions; one in the filamentous printing
plane however off-axis of the 3D printed filaments
(defined as ‘cross-layer’; specifically off-axis at 45
degrees compared to the 45 degrees printing direc-
tion of the 3D printed samples), and one out-of-
plane; perpendicular to the 3D printing direction
and through the thickness of the 3D printed samples

(defined as ‘through-layer’ of the printed samples).
Figure 9(b) shows the electrical conductivity of the
PLA/MWCNTSs nanocomposites at 1.0, 2.5 and
5.0wt.% MWCNTS’ concentrations in the nanocom-
posites. “Through layer’ and ‘cross layer’ are the two
different measurement directions of the electrical
conductivity implemented in this work. Figure 9(c)
represents the electrical conductivity percolation
curve for the 3D printed PLA/MWCNTSs nanocom-
posites at different MWCNTS’ concentrations, while
as it can be observed the higher the CNT conduct-
ive filler loading, the higher the electrical conductiv-
ity achieved (in both directions), being in good
agreement with previous studies about graphene
nanoplatelet (GNP) 3D printed conductive nano-
composites [54].

Figure 9(d) shows the joule heating electrother-
mal performance of the highest electrically conduct-
ive  PLA/MWCNTs  nanocomposite  sample
(5.0wt.%). The operation of a LED device when
current is passing through a 5.0wt.% filler loading
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Figure 7. SEM images of the side surface for different filler loadings at two different magnifications: (a, b) PLA/MWCNTSs
1.0wt.%, (c, d) PLA/MWCNTSs 2.5wt.%, (e, f) PLA/MWCNTSs 5.0 wt.%.

(more electrically conductive nanocomposite sam-
ple) in a closed circuit when a voltage bias (Vj;,s) of
15V is applied is presented in Figure 9(e).

It is interesting to mention that for all 3D printed
nanocomposites at different MWCNT contents, the
‘cross-layer’ conductivity values were a bit higher
than the ‘through-layer’ ones, most likely attributed
to the nature of the FFF 3D printing process
endowing an ‘anisotropic’ character to the electrical
properties of the final nanocomposites. More pre-
cisely, a plausible explanation for the slightly higher

electrical conductivity in the cross layer direction
could be that (i) the 3D printing process induces
some extent of CNT orientation in the print depos-
ition direction, resulting thus in a slightly better
‘bulk’ electrical conductivity, as reported elsewhere
for 3D printed CPCs [55], and (ii) the existence of
some slight inhomogeneities, not perfect contact of
the filaments at the different layers in the ‘through-
layer’ direction, which might result in some evolu-
tion of slight contact resistance (this is not the case
for the ‘cross-layer’ deposited/3D printed filaments).
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Figure 8. SEM images of the fracture area of tensile test specimens for different filler loadings at two different magnifications:
(a, b) PLA/MWCNTSs 0.5wt.%, (c, d) PLA/MWCNTs 1.0 wt.%, (e, f), PLA/MWCNTs 2.5 wt.%., (g, h) PLA/MWCNTs 5.0 wt.%.

Regarding Figure 9(b), it can be observed that for
all 3D printed PLA/MWCNTSs nanocomposites, the
cross-layer conductivity values are higher than
the through thickness values. This is a proof that all
the 3D printed nanocomposite samples exhibit
anisotropic electrical transport properties induced
by the FFF process. The highest conductivities were
determined for the 5.0wt.% PLA/MWCNTSs nano-
composites. The small difference in the electrical
conductivity values at the ‘through layer’ and ‘cross-
layer’ directions, is a proof for the electrical

conductivity behaviour of the manufactured

nanocomposites.

3.5. Thermogravimetric analysis (TGA)

Figure 10 depicts the TGA (Figure 9a), and the
DTG (Figure 9b) graphs of the 3D printed pure
PLA, and PLA/MWCNTs nanocomposites. In the
TGA graph three thermal windows can be observed.
Figure 10 shows that PLA/MWCNTSs nanocomposite
materials are thermally stable up to almost 270°C
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without any observed weight loss (%), this is the
first temperature window. From 270°C up to
390°C, there is a second temperature window, cor-
responding to the materials’ thermal degradation
and decomposition with the onset temperature of
decomposition (Ton) at 273°C. In the third tem-
perature window (>390°C up to 550°C), all the
PLA substance for all samples’ formulation has been
fully decomposed.

3.6. Raman analysis

Figure 11 shows the Raman spectra of pure PLA,
MWCNTs and the PLA/MWCNT nanocomposite at
2.5wt.% filler loading. PLA presents a typical poly-
mer Raman spectrum. On the other hand, PLA/
MWCNTs (2.5wt.% filler loading) nanocomposites,
show totally different Raman fingerprints compares
to the pure PLA. The unique D band at
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~1330cm ™" due to disorder-induced sp® hybridized
carbon, and G band at ~1582cm™' due to Raman
spectrum, allowed tangential sp” hybridized carbons
to be observed for the PLA/MWCNTSs samples, con-
firming the existence of MWCNTs in the 3D
printed materials. According to literature, intense G
band relates to better nanotube dispersion in the
polymer matrix [56], in this study the G band is
very intensive indicating good dispersion of
MWCNTs and corroborating the results by the SEM
morphological analyses.

[

Figure 12. Pictures after the agar well diffusion method 24 h culture, showing the Inhibition Zone (1Z) of (a) E. coli against
PLA/MWCNT (5.0 wt.%) (b—d) S. aureus against PLA/MWCNT (5.0 wt.%) (e, f).

3.7. Antibacterial properties

Figure 12 presents the antibacterial results after
the 24h bacteria culture of the 5.0 wt.% concentra-
tion PLA/MWCNTs nanocomposite. The addition
of MWCNTs in the PLA matrix material can
introduce antibacterial properties to the polymer
at least for the two bacteria tested in this study.
The developed Inhibition Zone (IZ) was almost
the same for both bacteria tested (Staphylococcus
aureus and Escherichia Coli). The developed
nanocomposite was 3D printed, so it is possible
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Figure 13. Summary of the mechanical properties results for all materials tested in this study.

to be employed in building parts for biomedical
applications.

4. Conclusions

PLA/MWCNTs nanocomposites at 0.5, 1.0, 2.5 and
5.0wt.% filler loadings were prepared; a melt mixing
method followed by a filament extrusion process were
implemented, to produce novel multifunctional materi-
als for application in the FFF 3D printing technology.
Figure 13 summarizes the mechanical properties deter-
mined in the study for all the samples printed at
45 degrees).

The addition of MWCNTs in the PLA matrix
improved the mechanical properties and rendered the
nanocomposites electrically conductive, while a mild
antibacterial performance was determined for the higher
filler loading tested in this work. Such materials can be
employed in industrial applications requiring enhanced
properties in multiple fields, such as in sensors, medi-
cine, etc.

It is believed that the best reinforcing mechanism
should theoretically arise from the 5.0wt.% filler
loading for all the different mechanical properties
reported. However, this is the case only for the flex-
ural properties investigated in our study, and espe-
cially not for the tensile, Impact and Microhardness
properties that a knock-down effect has been
observed for filler loadings >1.0 wt.%. This could be
more precisely attributed to the fact that at 5.0 wt.%,
already some aggregates of CNTs might appear in
the PLA matrix, which negatively affect the tensile,
Impact and Microhardness properties. Moreover,
the strain field generated during the flexural experi-
ments ie. combined bending and tension strain
fields, in conjunction with the 3D printed nature/
structure of the samples is not getting affected by
the presence of these plausible microstructural

defects (CNT aggregates), resulting into an experi-
mentally obtained enhancement in flexural modulus
and strength of the resulting PLA/CNT 3D printed
nanocomposites.

As a future work, a significant challenge might be
to investigate thoroughly and enhance the disper-
sion and/or possible some alignment of MWCNTs
in the PLA matrix during the FFF filamentous
extrusion based process, since MWCNTs tend to
agglomerate due to Van der Waals forces and it is
extremely difficult to disperse them in the polymer
melt (especially for loadings above 1.0wt.% as it
might be also the case of our study).
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