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Abstract: In the present study, polylactic acid (PLA) enriched with carbonaceous particles like
multi-walled carbon nanotubes (MWCNTs), graphene nanoplates (GNPs) or a combination of both
up 12 wt % of loading are used for producing 3D-printed specimens with fused deposition modeling
(FDM) technology which are then experimentally and theoretically investigated. The goal is to propose
a non-conventional filaments indicated for additive manufacturing process with improved dielectric
and thermal properties, compared to the performances exhibited by the unfilled polymer. In the light
of the above, a wide dielectric spectroscopy and a thermal analysis, supported by a morphological
investigation, are performed. The results highlight that the introduction of 1-dimensional filler
(MWCNTs) are more suitable for improving the dielectric properties of the resulting materials, due to
the enhancement of the interfacial polarization and the presence of functionalized groups, whereas
2-dimensional nanoparticles (GNPs) better favor the thermal conduction mechanisms thanks to the
lower thermal boundary resistance between the two phases, polymer/filler. In particular, with a
loading of 12 wt % of MWCNTs the relative permittivity reaches the value of 5.35 x 10°> much greater
than that of 3.7 measured for unfilled PLA while for the thermal conductivity the enhancement with
12 wt % of GNPs is about 261% respect the thermal behavior of the neat polymer. The experimental
results are correlated to theoretical findings, whereas a design of experiment (DoE) approach is
adopted for investigating how the different fillers influence the dielectric and thermal performances
of the 3D-printed parts, thus assisting the design of such innovative materials that appear promising
for development and applications in the electromagnetic (EM) field and heat transfer.

Keywords: MWCNT; GNP; hybrid composites; PLA-based filament; 3D printing (FDM); thermal
conductivity; dielectric properties; design of experiment

1. Introduction

Additive manufacturing (AM), also known as 3D-printing or rapid prototyping, has been growing
rapidly given the amazing feature to convert a digital 3D model into a solid structure, without shape
complexity limits, by depositing suitable materials layer by layer [1]. Among the several AM
technologies, the fused deposition modelling (FDM) is the most popular one and it is particularly
straightforward since based on thermoplastic polymer composites that are properly melted, deposited
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in the form of pasty-state fillets and then promptly cooled on a building plate until the designed
object is completed [2]. The greatest benefits of AM, compared to traditional fabrication processes
that are generally of subtractive nature, are cost and processing waste reduction, freedom of design,
lower weight parts, increased quality and greater efficiency [3]. As a consequence, the additive
manufacturing technology is being used more and more in a variety of applications in different
areas like in aerospace and defense as fast prototyping technology during the components design
and development [4], in pharmaceutical and medical applications as implants during surgery and
especially in oral appliances [5,6], as well as in electronic industry for passive components based
on polymers for electromagnetic (EM) issues [7]. While several breakthroughs have been made
on the development of AM techniques [8] and in fact, selective laser sintering, [9], solvent-cast 3D
printing [10], stereo-lithography [11] are just a few of the many different methods available today,
less progress has been achieved as concerns the materials designed to be used with them. Even today,
poly(lactic) acid (PLA), nylon, acrylonitrile butadiene styrene (ABS), polycarbonate (PC) still remain
the basic materials when it comes to additive manufacturing and therefore the lack of advanced
materials is the main bottleneck hampering this manufacturing process from having the right impact on
real-practical applications. The recourse to the nanotechnology can help to overcome such drawback
and to meet the actual material development requirements including good electrical and thermal
conductivity properties [12,13]. Composite scaffolds of different materials (including PLA due to its
biocompatibility) for the next generation design and manufacturing of medical implants, especially in
bone tissue engineering, were proposed, produced and then structurally and mechanically investigated
in micro and nanoscale [14-16]. Additive Manufacturing technology is increasingly adopted in
medical for different applications and its contemporary and future benefits are analyzed in Javaid
and Haleem [17]. Multifunctional performance of polyether ether ketone (PEEK) filled with carbon
nanotubes (CNTs) and graphene nanoplatelets (GNPs) suited for FDM technology are investigated in
Arif et al. [18]. Improvements in the mechanical properties achieved by dispersing carbon nanotubes
in filaments of ABS polymers for fused deposition modeling are discussed in Cholletti and Jibson [19].
Investigation of dielectric properties of three types of PLA-based materials that can be used for the
realization 3D-printed antennas are presented in Huber et al. [20]. A specific formulation of composite
filaments for FDM obtained with ABS containing ferroelectric barium titanate BaTiO3 suited for
electromagnetic applications since characterized by high relative dielectric permittivity is proposed in
Wau et al. [21]. Recent findings in additive manufacturing (AM) on several types of novel materials are
presented and reviewed in Li et al. [22].

In our previous papers electrical and thermal conductivities was investigated for PLA-based
nanocomposites including a single filler (MWCNTs or GNPs) [23] or both in equal proportion (MWCNTs
+ GNPs 1:1) [24]. In the present study, differently from the aforementioned papers, a morphological
characterization, a wide dielectric spectroscopy and a thermal analysis are performed on 3D-printed
specimens with FDM technology. As feedstock for such AM technique non-conventional filaments
of PLA reinforced with multi-walled carbon nanotubes (MWCNTs), graphene nanoplates (GNPs)
or combinations thereof, in different weight ratios (i.e., 1:1; 3:1, 1:3), up to 12 wt % of loading have
been formulated and then developed. The novelty is that the experimental results are interpreted
on the basis of theoretical findings, whereas a design of experiment (DoE) approach is used for
numerically exploring the influence of each individual fillers (MWCNTs and GNPs), or their combined
presence, on the dielectric and thermal performances of the 3D-printed parts. The proposed theoretical
investigations aim to support the experimental activity in the design of these novel materials that
appear promising candidates for multifunctional applications related to EM compatibility, conductivity
and heat transfer.

2. Materials and Methods

PLA Ingeo™ Biopolymer PLA-3D850 (Nature Works, Minnetonka, MN, USA) is an ideal resin
formulated for 3D printing monofilament applications and here adopted for the experimental activity.
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It highlights specific 3D printing features such as odorless, remarkable thermal properties and faster
crystallization rate, which lead to a clear improvement of the adhesion to platform plates and to an
increasing of the printing speed. Physical properties include a glass transition temperature (i.e., Ty)
of 55-0 °C and a peak melt temperature of 165-180 °C, whereas among mechanical properties it is
worth mentioning a tensile yield strength of 51 MPa and a tensile elongation of 3.31% (both evaluated
according to D1238 American Society for Testing and Materials (ASTM) Method). Asnano carbonaceous
fillers, graphene nanoplates (TNIGNP, Times Nano, Chengdu, China) and multiwall carbon nanotubes
(TNIMH4, Times Nano, Chengdu, China) are used. Such commercial fillers have been selected on the
basis of their cost effectiveness and their physical properties which are summarized in the schematic
representation of Figure 1.

Dlameter 57 um] Main features

Commercial Cde:TNIGNP

O AR=240
O Purity: > 90 [wt%]
Layers ! O Volume resistivity: < 0.15 [Q2-cm]
< 30 i 0O Density: 2.2 [g/cm3]
1

Average Length Main features

10-30 [pm] O AR=1000
O Purity: 95 [wt%]
0O OH-content: 2.48 [%)]
Outer Diameter O Density: 2.1 [g/cm?]

10-30 [nm] \

Figure 1. Main features of the adopted graphene nanoplates and multiwall carbon nanotubes.
2.1. Preparation of Nanocomposites and Test Samples

Melt extrusion technique was adopted for the production of the nanocomposite compounds.
The PLA pellets were blended with nanofillers in a twin scew extruder (COLLIN Teach-Line ZK25T,
Maitenbeth, Germany), keeping the temperatures in the range 170-180 °C and a screw speed of 40 rpm.
As a masterbatch, nanocomposites based on single-filler (GNP/PLA and MWCNT/PLA) at 12 wt %
of contents were obtained, whereas in a second extrusion run, mono-filler and bi-filler composites
(GNP/MWCNT/ PLA) of 1.5-12 wt % total filler content were prepared by mixing the two mono-filler
masterbatches with neat PLA in right proportions. Pellets of all compounds investigated in the present
study (summerized in Table 1) are the result of two extrusion runs.

In particular, two types of test specimens are prepared for the experimental characterization:
filaments and 3D-printed samples. The FDM filament with a diameter of 1.75 mm was produced
from the nanocomposite pelets by single screw extruder (Friend Machinery Co., Zhangjiagang, China).
A speed of 20 rpm was adopted with a temperature maintained between 170-220 °C whereas a
quenching in water bath at 60 °C follows to ensure gradual cooling. The 3D-printed, disk shape
specimens of diameter 50 mm and thickness 10 mm (see Figure 2) are produced from the upper
filament by additive manifactuirng process based on fused deposition modeling (FDM) by using
German RepRap 3D printer X-400 Pro (German RepRap GmbH, Feldkirchen, Germany), whose printing
parameter setting are summarized in Table 1, whereas each specific formulation is reported in Table 2.
The production line of the test samples manufactured by filament extrusion and 3D printing (DFM) is
schematically illustrated in Figure 2.
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Table 1. Printing parameters setting.

Parameter Value Unit
Nozzle Temperature 210-220 °C
Nozzle Diameter 0.4 (PLA)-0.5 (PLA with filler) mm
Bed Temperature 65 °C
Extrusion Speed 17 mm/s
Extrusion Multiplier 0.8 -
Extrusion Width 0.4 mm
Primary Layer Height 0.25 mm
Internal Infill Pattern Rectangular -
External Infill Pattern Rectangular -
Retraction Length (Distance) 1 mm
Retraction Speed 30 mm/s
Infill Density 100 %
Cooling 100 %

Samples
for testing

German RepRap
3D printer
X-400 Pro

Screw Extruder
Friend Machinery

Figure 2. Schematic illustration of production line of the test samples. From left to right: screw extruder
for filaments manufacturing to be used with a 3D printer in order to obtain specimens for testing.

Table 2. List of mono-filler and bi-filler nanocomposite compounds under investigation in the

present study.
Sample Filler Content GNP Content MWCNT Content GNP:-MWCNT
wt % wt % wt % Ratio
PLA 0 - - 0
1.5GNP 1.5 1.5 - 0
3GNP 3 3 - 0
6GNP 6 6 - 0
9GNP 9 9 - 0
12GNP 12 12 - 0
1.5MWCNT 1.5 - 1.5 0
3SMWCNT 3 - 3 0
6MWCNT 6 - 6 0
IMWCNT 9 - 9 0
12MWCNT 12 - 12 0
1.5GNP/1.5MWCNT 3 1.5 1.5 1:1
3GNP/3MWCNT 6 3 3 1:1
1.5GNP/4.5MWCNT 6 1.5 4.5 1:3
4.5GNP/1.5MWCNT 6 4.5 1.5 3:1
3GNP/6MWCNT 9 3 6 1:2
3GNP/OIMWCNT 12 3 9 1:3
6GNP/6MWCNT 12 6 6 1:1
9GNP/3MWCNT 12 9 3 3:1
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2.2. Experimental Methods

2.2.1. Scanning Electron Microscopy (SEM)

The dispersion state of the nanofillers within the PLA was investigated by means of a field
emission SEM apparatus JSM-6700F (JSM-6700F, Jeol, Akishima, Japan) on ad-hoc fractured, etched
and gold-sputtered specimens as already reported in Spinelli et al. [24] and here, for the sake of clarity
and completeness, briefly outlined in Figure 3.
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Figure 3. Summary steps for the morphological analysis.
2.2.2. Electrical Impedance Spectroscopy (EIS)

The electrical impedance spectroscopy (EIS) is performed in the frequency range [100 Hz-1 MHz]
by using a Quadtec7600 precision LCR meter (QuadTech, Maynard, MA, USA) by applying a sinusoidal
stimulus of amplitude 1 V. Such instrument is able of measuring 12 different impedance parameters
(2 measured and displayed simultaneously) with 0.05% accuracy and 7-digit measurement resolution.
The AC electrical properties were investigated on composite formulations with filler concentration
ranging from 1.5 up to 12 wt %. More in details, 3D-printed disk-shaped specimen of 50 mm of diameter
and an average thickness of about 10 mm have been specifically printed for such characterization.
In order to reduce the effects due to surface roughness and to ensure a good ohmic contact with the
measuring electrodes, the samples were coated by a silver paint (RS 186-3600, RS, London, UK) having
a surface resistivity of 0.001 (2-cm. In particular, the relative permittivity (i.e., ;) of the materials has
been valued with a capacitor method, as indicated in [25]. The specimen under test was positioned
between two parallel circular electrodes and then connected to the measuring instrument by 4-wires
probe as schematized in the Figure 4.

Quadtech 7600 LCR meter Specimens for electrical test Experimental method
Silver Paint (RS 186-3600)
s | Stainless steel
B ' tT g
D 4 specimei (2Zmm )
Operating conditions Silver Paint S ? .

Applied stimulus: sinusoidal 1V LBlectric field
Frequency range: 100Hz-1MHz Thickness sample (T): 10 mm

Accuracy: medium Diameter sample (D): 50 mm

Figure 4. Schematic representation of electrical impedance spectroscopy measurements. From left to
right: Quadtech 7600 LCR used for dielectric measurements (left) on circular specimens (center) with a
capacitor method (right).
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After calculating the capacitance (i.e., C, expressed in F), ¢, is evaluated as:

Ct
EpTUT

where ¢y = 8.85 x 10712 (F/m) is the permittivity of vacuum while t and r are the thickness of the specimens
(m) and the radius of the measuring electrodes (m), respectively. Moreover, the reasonableness of
such assumption is also numerically investigated by using the multiphysics features of COMSOL®,
as reported, in Figure 5 that also shows the main model definitions.

N

cm

0 COMSOL 3

2 MULTIPHYSICS
2 o
— —_ Model definitions
</ \) Spatial dimension: 3D

[ \.\T_\;“ — - /{’ | 1 Selected physics: AC —DC > _Elect’nc Fields and Currents
| ~ Electrostatics
) o Selected study: Stationary
/ o Electrode surface: Equipotential

Electrode Material: Steel
Dielectric Material- Customized (PLA with relative permittivity 3.7)
Surrounding Area: Perfect insulator

Figure 5. Schematic representation of a simulated capacitor composed of a specimen (that acts as
dielectric) and steel plates on either side mimicking the measuring electrodes. The main model
definitions are also reported.

Figure 6 reports a slice plot of the electric potential gradient (V) along the capacitive structure. Itis
possible to notice an equipotential surface (0.5 V) precisely in the middle of the capacitor plates which
are, in agreement with the applied stimulus, at potential of 1 and 0 V, upper and lower plate, respectively.

«m T T T T T T T T T
1.6} - . 1
14 . 0.9
1.2 b Jos
't i 0.7
0.8} 4 (1™
0.6E  oon 3 I *¢
04p - 0.5
0.2 1 0.4
0
0.3
0.2 o
0.4p N 0.2
0.6} L 0.1
-0.8p 1 1 1 2 I 1 I I 1 N 0
25 -2 -1.5 -1 0.5 ] 0.5 1 1.5 2 2.5 ¢m

Figure 6. Profile of the electric potential (V) in the capacitive structure.

Figure 7 shows the electric field strength (V/m) in the specimen serving as dielectric and in the
air domain that surrounds the simulated structure. It is worth noting that the electric field is mainly
uniform and confined between the plates but not at its edges, as expected. In these limited areas weak
fringing fields are observed. In any case, given the choice of the measurement set-up, it does not extend
in the surrounding area beyond the specimen under test. Therefore, the relative permittivity can be
evaluated in agreement with the above Equation (1) once the capacitance has been measured.
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Figure 7. Electric field strength (V/m) in the simulated capacitive structure.
2.2.3. Thermal Measurements

Thermal conductivity measurements based on Transient Plane Source technique (i.e., TPS) have
been performed by using a Hot Disk® thermal constants analyzer mod. 2500S (Hot-Disk AB TPS
2500 S, Gothenburg, Sweden) in agreement with the specifications of ISO 22007-2-2015 (International
Organization for Standardization) [26]. In brief, a hot disk sensor serving both as heater and
thermometer at the same time, is clamped between two identical smooth and perfectly polished test
specimens. A constant electric power is provided through the hot disk sensor and its electric resistance
changes (against the time) was registered and then converted into variation of temperature versus the
time and the heat flow, which in turn allows the determination of the thermal diffusivity and thermal
conductivity of the diffusive media under test [27].

Full details, including mathematical solution used in the TPS method, have been already reported
in Spinelli et al. [24], whereas the main features of the aforementioned approach are schematically
summarized in in Figure 8. The thermal conductivity was investigated on 3D-printed disk samples for
mono-filler and bi-filler composites with a filler loading varying between 1.5 to 12 wt %.

Hot Disk® thermal analyzer Specimens for thermal test Compressive load = Contai method
= D Upper $ Stainless steel
mod. 2500 S S Two identical test specimen “\  Hot disk sensor
L — - specimen |
T I smooth and E
T | .« weel-poiished .c
— _—
D specimens Heat flow @
Operating conditions a
Magnitude of thermal power pulse: P<01 W Thickness sample (T): 10 mm Lower ﬁ ]
Time measurement: 40 s Diameter sample (D): 50 mm test specime / o ﬂ eel
Radius sensor: 6.40 mm —_—
Temperature: ambient . ~——1 Load cell
[ ]

Figure 8. Schematic representation of thermal conductivity measurements. From left to right: Hot Disk®
thermal constants analyzer (left), specimens for thermal test (center) and schematic representation of a
TPS sensor used for the measurements of thermal conductivity (right).

2.2.4. Design of Experiment (DoE)

Design of experiments (DOE) is one of applied statistics branch aimed at collecting few
experimental or numerical data relating to some tests for their analysis and optimization purposes.

In particular, it allows to discover one or more parameters that influence a certain performance
of interest (also known as performance function, i.e., PF.) giving indications of the manner in which
this happen. Therefore, DoE is particularly useful in the case of a PF affected by several factors
since, as a result, it is possible to identify the best parameters setting for improving the selected
performance [28,29]. In brief, as schematically represented in Figure 9, in the design phase, it is possible
to categorize some controllable variables (i.e., X;) and others uncontrollable (i.e., N;), including generally
noise sources and unavoidable tolerances on Xi variables. The combined action of controllable variables
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(X' =(Xq, Xz, ..., Xp)) and noise variables (N = (N1, Ny, ..., Ng)) affects the input/output transfer
function f(X, N) thus conditioning the performance function of interest (P.F. = f (X, N)). The most
influential variable on the selected PF can be recognized through DoE as well as the controllable input
variables can be properly chosen in order to optimize the performance function or at least, to contain
its variation due to the action of external factors (robust design, RD) [30].

Input
(Experimental variables)

(Y8

— X — «— N, —
System

— X, —  (Productor Process) <+«— N, — Noise

Variables

Controllable
Variables

Output
(Performance Function)
P.F.=f (X, N)

Figure 9. Schematic illustration of a system (product or process) at the design stage.

In the present study, a DoE approach is adopted for investigating the influence of the two main
controllable variables, i.e., the amount of the nanofillers (wt Y%pwenTs, WE YogNps), on two different
selected performance functions, i.e., the relative permittivity (i.e., ¢;) and the thermal conductivity
(i.e., A) of the resulting nanocomposites. In order to correctly perform the design of experiment
a specific Matlab routine has been developed. Once selected the controllable factors, considered
uncorrelated to each other, the next step requires the setting of the levels in which these variables
must be discretized. At least at the beginning, it is advisable to use a limited number of levels but
however enough for ensuring a space-filling of the experimental region data that allows to obtain
a predictive model as close as possible to the true or in any way, to minimize significant deviations
from it. A uniformly distributed parameters values is particularly suggested, whereas considering
additional intermediate points could be convenient to refining the model [31]. In the light of the above,
in the present study, the input variables vector (x) is as follows:

X = (wt %pmwenTs, Wt %cnps) € R ()
A three-level selection is chosen for each variable in a well-defined interval:
wt YoptwenTs, WE Yognps € [0, 6] wt % 3)
in order to meet the experimental constrain of a maximum total charge of 12 wt % for the concentration:
0 < wt Y%opwents + Wt Yognps < 12 4)
As a consequence, the resulting variables space () is the compact:
D = wt Yoprwents X Wt %ocnps C R? (5)
while the performance function of interest can be evaluated for each set of ordered pairs:
(wt YoprwenTs, Wt Yocnps) € D (6)
with the three-level discretization applied to each variable:
WESoMWCENTs_min = 0, Wt YoMWCNTs_med = 3, Wt JoMWCNTs_max = 6 @)

and
ZUt(yoGNPs_min =0, wt 0/"GNPs_med =3, wt 0/OGNPs_max =6 (8)



Polymers 2020, 12, 2414 9 of 25

a full factorial array approach leads to consider 2% = 8 points € D* C D that produce the scattered data
of the responses necessary for performing a sensitivity analysis in terms of Dex Scatter Plot (DSP),
Main Factor Plot (MFP) and Response Surface Methodology (RSM), whose means will be clarified
in the next sections together the presentation of the relative results. It should be pointed out as such
numerical investigation is based on a lower number of points compared to the specimens used for the
experimental characterization and therefore this aspect may be particularly useful in presence of high
research and development costs.

3. Results and Discussion

3.1. Morphological Analysys

The overall properties of a polymer composites depend not exclusively on the choice of their
phases, but also on their mutual interactions.

Scanning Electron Microscopy (SEM) is adopted for obtaining microstructural information on
filler/matrix morphology on cryogenically fractured surfaces of composites. The results are collected in
Figure 10.

" Pure PLA

o
Avunniinge*N2ma

B is the Plank’s constant;
dis the distance between striclly dose

exp(‘,—’?‘m.z) ar

Ryapitza = )

-t
,@ {AQ is the thermal flux;

partidles;
& is the electron charge, o1, is the mass of AT is the temperature variation.
electron;
Q‘W —’W\/\«—%‘ 1 is the height of barrier;
N actrons flow As the arca involved in the tmneling

phenomenon.

Figure 10. Scanning Electron Microscopy (SEM) images on fractured surfaces of different formulations
of nanocomposites: (a,b) pure PLA at two magnifications, (c) mono-filller composite at 12 wt % of
MWCNTs and schematic representation of the tunneling effect; (d) mono-filller composite at 12 wt %
of GNPs with schematic representation of the thermal effect (e) bi-filler nanocomposites with 3 wt %
of MWCNTs and 3 wt % of GNPs; (f) bi-filler nanocomposites with 6 wt % of MWCNTs and 6 wt %
of GNPs.
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As observable in Figure 10a and more clearly in the magnification of Figure 10b, with regard to
the pure PLA, due to the adopted fracturing treatment, the specimens underwent brittle fractures since
planar surfaces are created without roughness and evident graininess, which are indicative elements of
deformation prior to failure typical of other approaches.

The randomly oriented dispersion of MWCNTs fraction in the polymeric material (Figure 10c)
provides continuous conductive pathways particularly useful for the transportation of electrons
by means of tunneling effect as schematized in the same figure. It should be noted as the
interparticle-distance (i.e., d) is a determining factor for the tunneling resistance (i.e., Ruunnueling)-
In particular, such resistance decreases with decreasing separations between neighboring fillers.
The well-interconnected network observed in the case of MWCNT/polymer composites improves the
electrical properties since such distances are shortened.

Figure 10d reports the morphology of nanocomposites containing 12 wt % of GNPs in which case
there is a recognizable stacked arrangement of the fillers decisively suited for a more efficient phononic
heat flow. This is because, compared to the one-dimensional filler such as MWCNTs, the easiest wetting
of bi-dimensional surfaces favors an improved binding between the two phases (GNPs/matrix) which
results in a lower interfacial thermal resistance, also known as Kapitza resistance (i.e., Rapitza) and
hence in a better thermal transport, as clearly deduced from the schematic representation reported in
Figure 10d.

For hybrid composites including both fillers type (PLA/MWCNTs/GNPs, see Figure 10e,f there
is an evident synergic effect between the two carbon-based nano-reinforcements that could suitably
balance both the electric and thermal properties.

Such abovementioned aspects will be resumed in the next sub-sections.

3.2. Dieletric Spectroscopy

Nanocomposites are promising candidates for novel applications in electromagnetic compatibility
(EMC) field and as radar absorbers materials (RAMs). The challenge relies on the design of composites
with tailored dielectric properties and therefore the experimental investigation in the frequency domain
may be useful in order to evaluate their effectiveness of for such purposes although several models,
among which Maxwell-Garnett [32] and McLachlan effective medium theories [33], finite-element
method (FEM) and Monte-Carlo simulations [34-37] were introduced for exploring the electromagnetic
(EM) properties of multiphase system. The dielectric spectroscopy (DS) is a classical tool adopted to this
aim. This technique is based on measurement and subsequent evaluation of some frequency-dependent
parameters, including in particular the complex effective permittivity, i.e., €*(w):

&(w) = (w) - je' (w) )

where w is the angular frequency, j? = —1 is the imaginary constant, ¢’ and ¢” are the real and imaginary
parts of the complex permittivity, respectively which regard the degree of polarization and loss
mechanisms in the form of heat energy in response to an applied variable electric field.

3.2.1. AC Electrical Conductivity and Electrical Percolation Threshold

It can be useful to underline the relationship between the imaginary part of the complex permittivity
and the AC conductivity (i.e., 6(w)) by rewriting the Equation (2) as follows:

)

&(w) = er(w)-eg — j (10)

w-EQ
where ¢.(w) denotes the relative permittivity of material whereas ¢ is the vacuum permittivity.
Therefore, both relative permittivity and electrical conductivity are function of the frequency. Figure 11
reports the electrical bulk conductivity evaluated by means of a dielectric spectroscopy at the specific
frequency of 100 Hz for all formulations investigated in the present study.
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Figure 11. AC electrical bulk conductivity evaluated at frequency of 100 Hz and electrical percolation
threshold for all formulations investigated in the present study.

It is worth noting how at this low frequency value, for composites containing exclusively a
single filler (MWCNTs or GNPs) the AC electrical conductivity as function of the filler content (i.e., ¢,
expressed in [wt %]) progressively increases with it following the typical percolation curve described
by a power law of type:

o = ao-(¢p — EPT)' (11)

where 09 is the intrinsic conductivity of the filler, EPT is the percolation threshold defined as the
minimum % loading of the conducting filler, able to convert an insulating matrix to an electrically
conductive one and ¢ is a critical exponent depending on the dimensionality of the percolating
structure [38,39]. At the highest investigated concentration of filler (i.e., 12 wt %), the electrical
conductivity reaches the comparable values of 1.25 X 1074 S/m and 2.48 x 1074 S/m, for systems based
on MWCNTs and GNPs, respectively. However, there is a clear difference between those two families
of nanocomposites in terms of electrical percolation thresholds since it falls in the range [3+6] wt %,
when MWCNTs are adopted as reinforcement, whereas the EPT for GNPs-based composites falls
in the higher interval [9+12] wt %. This means that 1-dimensional filler, such as carbon nanotubes,
are more efficient in forming conductive paths compared to 2-dimensional filler like GNPs because
of the differences in terms of particle sizes, interfacial area and mutual interaction with the host
polymer matrix and especially for the significant diversity in the aspect ratio (i.e., AR = 1000 and
AR = 240 for MWCNTs and GNPs, respectively), which undoubtedly plays a key role in determining
the electrical percolation threshold (EPT = 1/AR) in percolating structures such as nanocomposites,
as widely reported in literature [40,41]. Once established percolation paths, GNPs-made composites
show higher electrical conductivity than the MWCNTs-based ones, presumably due to the lower
interparticle junction resistance (i.e., Riunneling), reduced thanks to the larger area of the conductive
filler involved in electrical transport mechanism.

As regards the bi-filler systems, a comparison of the electrical conductivities for composites
at 6 and 12 wt % of total charge, evaluated at the frequency of 100 Hz, is reported in Figure 12a,b,
respectively. From the analysis of such graphics, it is more evident as the electrical conductivity
increases with the concentration of MWCNTs and it is evident how also for such multiphase composites
an amount of nanotubes ranging in the interval [4.5+6] wt % is required for achieved the EPT.
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Figure 12. Comparison for the electrical conductivities (at 100 Hz) achieved for hybrid systems at two
filler concentrations: 6 wt % in (a) and 12 wt % in (b), respectively.

Finally, Figure 13 reports the evolution of the AC electrical conductivity in the frequency range
[100 Hz-1 MHZz] for the composites at the highest investigated filler concentration (12 wt %) and for
the pure PLA for comparison.

\\\\\\\
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B6MWCNTs/6GNPs
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X

O 12GNPs

100 1k 10k 100k 1M
Frequency [Hz]

AC Electrical Conductivity [S/m]
)

Figure 13. AC electrical conductivity of nanocomposites materials at 12 wt % of total charge.

It is worth noting that, in the analyzed frequency range, when the filler content is below
the percolation threshold (i.e., for the composite SMWCNTs/9GNPs) there is for the AC electrical
conductivity of the resulting composite an evident frequency-dependent behavior similar to that
observed for the unfilled PLA. The same trend is observed for the formulation 6MWCNTs/6 GNPs
because it is slightly above the electrical percolation threshold. In particular, in the entire investigated
frequency range, it is observed a progressive increase of the conductivity with increasing frequency.
At filler loadings above the EPT (remaining investigated concentrations) the conductivity rests almost
constant in the first frequency decades whereas a slight increase appears after that. Such behaviour
is typical for disordered insulator-conductor mixtures with an evident transition from a frequency
independent conductivity, close to that in direct current (DC), to a frequency dependent one starting
from a critical frequency fc as well as observed for the electrical impedance in the successive section.
After this frequency, the AC conductivity (0(w)) increases with a behaviour that, in the whole frequency
range, can be described by an Almond-West-type power law [42]:

o(w) = opc + A-o® (12)

where opc is the DC conductivity, A-w® is the AC conductivity. In particular, A denotes a constant
dependent on temperature, w is the angular frequency (i.e., w = 271f) and s is a characteristic exponent,
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whose value ranges in the interval [0.8+1]. It is representative of a hopping effect that can occur in
presence of variable fields in disordered materials and where hopping charge carrier are subject to
spatial randomly varying energy barriers [43].

3.2.2. Electrical Impedance: Modulus and Phase

From an electrical point of view, as depicted in Figure 14a, polymer nanocomposites at macroscale
level are equivalent to a single time-constant (STC) electric circuit due to a parallel combination of
a resistor (R,) and capacitor (C,) whose overall impedance in terms of modulus (i.e., |Z|) and phase
(i.e., ) can be expressed as follows:

Ry
1Z] = P = arctg(a)RpCp) (13)

b) COMMON LEGEND
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Figure 14. (a) Equivalent electrical circuit proposed for the specimen under test. (b) Some specific
formulations selected for the impedance spectroscopy. Modulus and phase impedance, in (c) and (d)
respectively, evaluated in the frequency range of 100 Hz-1 MHz.

At first analysis, the term R, takes into account the resistive effects and, in particular, it models the
electrical conduction through the percolation paths established in the material (i.e., tunnelling effect),
whereas C, is related to the capacitive effects due to the dielectric nature of the matrix [44].

Just for clarity of graphic the impedance spectroscopy, although performed for all formulations, is
reported exclusively for some selected concentrations reported in the legend of Figure 14b). More in
details, for mono-filler composites based on MWCNTs and GNPs, the two concentrations at the
extremes of the EPTs have been chosen (i.e., 3 wt %, 6 wt % for MWCNTs and 9 wt %, 12 wt % for
GNPs, respectively) together the maximum investigated concentration for the MWCNTs (i.e., 12 wt %),
whereas for bi-filler composites have been selected the two concentrations straddling the percolation
threshold (i.e., 4.5MWCNTs/1.5GNPs and 6MWCNTs/3GNPs). Obviously, the results concerning the
pure PLA have been reported as references. Figure 14c,d report the modulus and phase, respectively,
for the aforementioned specimens. Coherently with the circuital electrical association described above
and as expected for an insulating material that acts as a capacitor, for the specimen of neat PLA and
for those, whose filler loadings are below the percolation threshold the modulus of the impedance
decreases with the frequency, i.e., f, (|Zyorm| < 1/ f), whereas the phase ¢ = -90°. Otherwise, in
the investigated frequency range 100 Hz-1 MHz, for formulations with filler amounts above to the
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EPT and especially for composites filled at 12 wt %, both the modulus and phase exhibit, at least
initially, a value almost constant typical of a resistive material, until the frequency reaches a critical
value f. in correspondence of which the frequency-independent behaviour typical of conducting
composites changes to a frequency-dependent one [45]. In fact, from this point forward, the modulus
starts to decrease linearly with the increasing of frequency, while the phase evolves from zero or a
few degrees values towards —90°. Frome an electric point of view, this means that at low frequency,
the overall impedance of percolated material is mainly due to the resistive term (i.e., R, << 1/wCp),
whereas at higher frequencies it is mainly determined by the capacitive effects of materials since the
reactance associated to the capacitor decreases, reaching values lower than the resistance exhibited by
the nanocomposite.

A behaviour halfway is observed for bi-filler composites since the discussed concentrations are
near the electrical percolation threshold.

3.2.3. Dielectric Properties: Relative Permittivity

More recently, polymer-based dielectric materials due to their remarkable features among which
easy and cost-effective processing feasibility and light weight, as well as good resistance against chemical
agents, have been proposed as valid alternatives to classically adopted inorganic and ceramic-based
dielectric materials [46]. The only drawback is that such innovative polymers show lower dielectric
constants than usual dielectric materials. In order to overcome such limitation different approaches,
including the addition of polarizable groups into polymer chain, copolymerization as well as the latest
scientific findings based on the nanofillers dispersion—as in the present study—are investigated.

Figure 15a,b report the evolution of the relative permittivity in the frequency range 100 Hz and
1 MHz for composites filled with different amounts of MWCNTs and GNPs, respectively.
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Figure 15. Evolution of relative permittivity as function of frequency in the range [100 Hz-1 MHz] for
PLA reinforced with MWCNTs and GNPs, in (a) and (b), respectively.

The influence of the temperature on the dielectric permittivity can be neglected since it is
maintained constant for the duration of the electrical characterization.

The unfilled PLA shows a value of 3.70 and its trend is almost frequency-independent in this
frequency range. Similar behavior but with slightly higher values is observed, regardless of the type
of filler (MWCNTs or GNPs) for formulations with concentrations below the electrical percolation
threshold. Instead, it is interesting to note how the relative permittivity increases with the progressive
addition of filler, achieving the values of 5.35 x 103 and 5.55 x 102, when dispersed 12 wt % of MWCNTs
and GNPs, respectively.

This is more appreciable from the analysis of Figure 16, where the relative permittivity, whose value
is reported for each investigated filler concentration, is evaluated at the specific frequency of
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100 Hz. Moreover, it must be underlined as, for high-filled conductive composites, the value of
the relative permittivity decreases with increasing frequency in the entire investigated frequency
ranges in agreement with the universality dielectric response provided by Jonscher’s analysis [47,48].
A power-law decay can be used to describe both the real and the imaginary part of the complex
permittivity ¢ and ¢” as follow:

e — el (f)_b,and e o (f)_hl/ (14)

where ¢/, indicates a suitable high-frequency relative permittivity whereas b’ and b” are critical
exponents for carbon-based composites, whose values depending on the overall electrical conductivity
(i.e., the higher conductivity, the larger value for the exponent) [49]. On the basis of this
consideration it may be justified the weaker frequency dependence of the real part of the complex
permittivity for composites reinforced with small filler amounts since they are characterized by lower
electrical conductivity.
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Figure 16. Relative permittivity (at 100 Hz) as function of filler concentration for PLA reinforced with
MWCNTs and GNPs.

The increase of the permittivity observed with the introduction of the conductive nanoparticles
compared to that of pure polymer may be attributed to the enhancement of interfacial polarization.
Moreover, since the relative permittivity strongly depends by the reorientation of the permanent
dipoles, the fact that it is higher for composites filled MWCNTs is due to their functionalization with
OH-groups, as declared by the manufacturer and as reported in Figure 1.

Different interpretations could be provided for supporting the observed trend for the relative
permittivity. From a physical point of view, it is worth considering that under the action of a
variable electric field, at low frequencies, there is enough time to the dipoles to align with the
field before it reverses direction and therefore the relative permittivity shows the highest value.
With increasing frequency this capability is reduced and, as consequence, also the permittivity
decreases as if the dipoles were frozen with no effective contribution to the overall dielectric constant.
Moreover, dielectric relaxations could be considered especially in high-filled nanocomposites that
include effects come from both the polymer and the presence of nanofillers [50].

These lead to a more complex distribution in the relaxation time (7) compared to that involved
in the earliest and simply Debye model based on the following relationships between the dielectric
properties and the parameter 7 [51]:

& — &

(¢ — ¢/o)wT
1+ w272’

dw) =€+
(@) 1+ w?72

e (w) = (15)
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where ¢ is the dielectric constant at low frequency.
Particular relaxation functions may be derived from the abovementioned Debye expressions,
as practical generalizations, such as that proposed by Cole and Cole, in agreement with the following

expression: [52]
&£ — ¢

&(w)=€w+]j (16)

21

1+ (jwr o)l B
where 1( is the value of the central characteristic time in the considered time distribution and «
is an coefficient ranging in the interval [0+1] introduced for taking into account the broadening of
such distribution.

From a simple inspection of the Equations (15) and (16) is clear as the relative permittivity depends
on the frequency, the increment A = ¢ — &’ between the static and infinite dielectric constant and
the relaxation time and how they affect it. Moreover, the larger is A, the higher will be the loss.

About the dielectric response of bi-filler composites, a comparison of the relative permittivity
evaluated at the frequency of 100 Hz for formulations with a total charge of 6 wt % and 12 wt % is
reported in Figure 17a,b, respectively. From the analysis of these graphics it is clear the key role that
MWCNTs play in determining the overall dielectric performance in hybrid-systems since there is an
evident improvement with their progressive loading increasing in the formulations.
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Figure 17. Comparison of the real part of the permittivity evaluated at the value of 100 Hz for hybrid
composites filled with 6 wt % and 12 wt % of total charge in (a) and (b), respectively.

In any case, the introduction of conductive carbon-based fillers inside polymers is confirmed
to be a good solution for enhancing the dielectric properties of the latter, thus paving the way for
their practical applications in the EM field, as promising replacements of usually used ceramic and
inorganic materials.

3.2.4. Dielectric Properties: Intrinsic Wave Impedance

The intrinsic wave impedance (i.e., ), which is a frequency-dependent complex variable, is another
physical property relevant in the studies of microwave reflection and absorption of composite materials
in free space propagation and generally used by the algorithms for design and optimization of
multi-layered RAM structures [53,54]. From the knowledge of the frequency dependent permittivity,
the intrinsic wave impedance of the k" composite layer (i.e., 1;) can be assessed by the following
numerical relationships [55]:

i Hotr _ [t i .
_ _ [wonr [0 =377 17
= \aw Ve ~Va \/ez<w>—j-ek<w> o - @

where g is the magnetic permeability of free space (47 X 1077 H/m), 377 Q) is the characteristic
impedance of free space, i, is the relative permeability of the composites which is here adopted equal
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to 1 (although small deviations can be found due to the ferromagnetic behaviour of catalyst particles
which may be adopted to produce the filler), and ¢] (w) — j-¢, (w) is the complex effective (relative)
permittivity of the k™ composite.

In Figure 18, the magnitude of the wave impedance of the composites at the highest filler loadings
(i.e., 12 wt %) are compared with the wave impedance spectra of the unfilled PLA.
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Figure 18. Intrinsic wave impedance (in modulus) of nanocomposites materials at 12 wt % of
total charge.

The meaning of the intrinsic impedance has to be found in the electrical conduction of the material.
In brief, the dissipation mechanisms of an incident wave improve as the electrical conductivity of the
composite increases, which in turn increases with the decrease of the characteristic impedance of the
composite itself. Consequently, it is possible to modulate the intrinsic impedance of a material with a
proper choice of the filler concentration to be dispersed within it. In fact, it is possible to note that the
intrinsic wave impedance decreases with increasing of the concentration of filler. The composites with
high electrical conductivities (i.e., 12 wt % of MWCNTs and GNPs, respectively) show the lowest wave
impedance values, in agreement with the results concerning the electrical conductivity. Otherwise,
as it concerns the pure PLA, an almost constant trend (differently from the frequency-dependent
behaviour shown by filled polymer) with a value slightly below 200 is observed in the investigated
frequency range.

Finally, it is worth remembering that intrinsic wave impedance plays an important role in
determining the refractive index of an electromagnetic wave that passes through an interface between
different dielectric materials according to Snell’s law:

e = k€ nsinB, = ny _ 18in6 _ 4 (18)

where each 0; is the angle measured from the normal of the boundary. This aspect is of considerable
importance, especially in the design and optimization of graphene-based multilayer structures recently
proposed as a simple and effective approach to produce thin absorbing screens for application in
stealth technology or electromagnetic interference suppression [56,57].

3.3. Thermal Properties

For a material designed for electromagnetic applications it, is desirable that good dielectric
properties are accompanied by just as good thermal features. Unfortunately, the thermal conductivity
of traditional polymers is usually very low due to the complex morphology of polymer chains and it
represents one of the major barriers for their concrete use [58]. As a consequence, the improvement
of the thermal conductivity of polymers has become a very appreciate research topic. Even then,
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the advent of nanotechnology has allowed to overcome such limitation and currently heat conductive
fillers like aluminum oxide, metal particles and especially carbon-based reinforcements are added to
the polymers for enhancing their thermal properties [24,59].

Figure 19 reports a 3D plot of the thermal conductivity results for pure PLA and for all formulations
of composites analyzed in this work. The relative values for the polymer and for the specimens at the
12 wt % of total charge are reported for a quick quantitative comparison.
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Figure 19. 3D plot of the thermal conductivity evaluated at 23 °C for pure PLA and composites
with different filler concentrations. Markers represent experimental data, whereas lines are their
interpolation curves.

Pure PLA exhibits, at the temperature of 23 °C, a thermal conductivity of 0.183 W/mK that falls
in the expected range [0.1+0.5] W/mK for a bulk polymer [60], while a significant enhancement can
be made with the addition of fillers since it is achieved a value of 0.320 W/mK and 0.662 W/mK for
PLA-based composites including 12 wt % of MWCNTs and GNPs, respectively. This heat conduction
improvement in percentage terms corresponds to the respectable increase of 75% and 261% from which
it is clearly evident the key role of the bi-dimensional filler (i.e., GNPs) in affecting positively the
thermal behavior of the resulting materials. This may be justified by considering the high intrinsic
thermal conductivity of the graphene and well-established thermal conductive pathways formed by
the progressive increasing of the filler loading (up to 12 wt %). In addition, as anticipated in the
morphological section, the remarkable difference in the thermal conductive transport can be explained
also with reference to the Kapitza’s resistance (Rkapitza), i-€., the thermal boundary resistance present
at the interface filler/host polymer which results greater in the case of composite reinforced with
1-dimensional filler (MWCNTs) than that of composites including 2D nanoparticles (GNPs). Similarly
to an electric circuit, where greater the electrical resistance lower is the electrical current, for the thermal
properties lower is the Ryqpitza better is the thermal transport, as experimentally observed.

Moreover, it is interesting to note as the dependence of the thermal conductivity on the filler
loading, also in the case of bi-filler systems, is rigorously linear as confirmed by the values of coefficient
of determination (i.e., R?), strictly close to 1 for each interpolating curve fitting the experimental data.

In particular, as regards the multiphase composites at the highest investigated filler concentration
(i.e., 12 wt % of total charge), 0.389, 0.533 and 0.626 W/mK are the values for the thermal conductivities
measured for a weight ratio MWCNTs/GNPs of 3:1, 1:1 and 1:3, respectively, thus confirming once again
the dominant role of GNPs in conditioning the overall thermal conductivity of the nanocomposites.
In addition, Figure 20a,b report a comparison for the thermal conductivity for hybrid composites



Polymers 2020, 12, 2414 19 of 25

filled at 6 and 12 wt % of total charge, respectively, in order to highlighting as, although the overall
filler concentrations are kept constant (6 or 12 wt %), the thermal conductivity linearly increases with
the progressive increase of filler with 2D predominant shape (GNPs), which gradually replaces the
mono-dimensional one (MWCNTs). In any case, for bi-filler formulations, the thermal conductivity is
lower than that measured in the presence of exclusively 2-dimensional nanoparticles.
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Figure 20. Thermal conductivity for printed samples of pure PLA and PLA filled with 6 wt % and
12 wt % of total amount in (a) and (b), respectively.

3.4. Design of Experiment (DoE): Dex Scatter Plot and Main Factor Plot for the Relative Permettivity and the
Thermal Conductivity

Dex Scatter Plot (DSP) and Main factor Plot (MfP) reported in Figure 21a,c and Figure 21b,d,
respectively, are classical representation of the experimental measured data which are to be considered
for further data interpretation when performing a DoE approach. More in details, a DSP graphic
reports as vertical axis the scattered data of the performance function (i.e., PF, that acts as dependent
variable), while on the horizontal axis there is the independent variable formed by values of the levels,
selected for each controllable input parameter. Graphically speaking, the DSP allows to analyze,
in terms of position and value, as the PF fluctuates on the basis of the level of each factor and among
the diverse factors. As a consequence, the most conditioning variable for the PF can be identify with
information about the intensity and direction (improvement or worsening) of its influence [61,62].
In addition, DSP is particularly useful for identifying the so-called “outlier”, i.e., a data point belonging
to another probability distribution respect to the rest of the data and that could move away the
results from those awaited. Instead, main factor plot (MfP) is generally traced together the DSP for
obtaining information on differences between the mathematical averages for one or more variables.
More specifically, a segment joins the average points of the range values of the performance function,
corresponding to the minimum and maximum level of a specific variable and after that, interesting
information regarding the impact of the controllable variable on the PF can be derived by analyzing
the segment slope. No main effect is revealed if a horizontal line (parallel to the x-axis) characterizes
the MfP for a certain variable. From a mathematical point of view, it means that the trend of the
mean is equal for all factor levels. Differently, a not horizontal line indicates the presence of a relevant
influence due to a particular parameter. A comparison of all segment slopes allows to quantify the
intensity of the influence of each design variable on the PF and among them the most affecting one
can be identified [63]. Figure 21a and in Figure 21c report the DSPs for the relative permittivity and
the thermal conductivity, respectively, whereas the associated MfPs are shown in Figure 21b and in
Figure 21d.
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Figure 21. Dex Scatter Plot—DSP and Main Factor Plot—MFP for the experimental data of the relative
permittivity in (a) and (b) and the thermal conductivity in (c) and (d).

From the analysis of these graphs it is more evident as both types of fillers positively influence the
relative permittivity, as well as the thermal conductivity of the composites, since such properties are
decisively enhanced, when the filler concentration increases. Of course, the entity of influence (see the
slope of the MfPs, and more in particular the coefficient a associated to these segments) is differently
in agreement with the observations already presented in the paper. About the relative permittivity,
a coefficient & = 256 is found for the beneficial effect due to the progressive introduction of MWCNTs
while a lower value, i.e., @ = 129 is obtained when dispersed GNPs, thus obtaining confirms once again
of the predominant role of the nanotubes, compared to the nanoplatelets, in improving the dielectric
features of PLA-based polymer. Vice versa, for the thermal conductivity the coefficients a result of 0.03
and 0.14 for MWCNTs and GPNSs, respectively, thus highlighting as the latter play a key role as regards
the possibility to improve the thermal properties.

3.5. Response Surface Methodology (RSM)

Since the shape of the performance function is unknown, its fair approximation by means of a
polynomial model (generally of first or second-degree is sufficient) is particularly useful for fitting the
data and addressing design problems, in which several uncorrelated parameters affect the dependent
variable (i.e., the PF) [64,65]. Combining experimental results and statistical data/regression analysis
provided by previous DoE approach, response surface methodology (RSM) allows one to obtain an
empirical model for relating a quadratic response for the relative permittivity (i.e., ¢;) and the thermal
conductivity (i.e., A) to the concentration of both fillers as:

er = f(wt Yopwents, Wt %ognps) = f(x1,x2) for short 19)
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and
A = g(wt Y%opwents, Wt %cnps) = g(x1,x2) for short (20)

by means of a polynomial approximation in accordance with the following expression:
e = f(x1,%2) = Boer + PrerX1 + PoerXa + Pr2,erX1%2 + P11,erX] + P2,erXs (21)

A = g(x1,%2) = Po + Prax1 + Paax2 + ProaX1x2 + Priaxs + oo X5 (22)

The coefficients of the RSM interpolation are summarized in Table 3 whereas 3D plots for the
response surface, related to the relative permittivity and the thermal conductivity are reported in
Figure 22a and in Figure 22b, respectively.

Table 3. RSM coefficients for the quadratic response of the relative permittivity and the thermal
conductivity experimental data.

Coefficient Bo B1 B2 B12 B11 B2z
Value for ¢,: +3.7 —151.4827 —14.5239 —9.0489 +51.0020 +5.0502
Value for A: +0.1892 +0.0153 +0.0360 +9.1667 x 10~* —0.0015 +0.0014
a T 7000 S 0.9
8000, - - -~ | | N ‘
SRS RN 6000 £ 1y \ 08
geoor —--"°7 AN z |
'é | + | | : 5000 < 0.8y - T 0.7
é | | \t | 1 ;‘ _ :
H 3 ! 3 3 4000 2 0.6 N 0.6
é ! Lo 3000 'E 0.4 05
o | | | O
“ ‘ Lo 2000 E 02 0.4
| | s
! 1000 £ 03
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GNPs [wt%] 0 o MWCNTSs [wt%] GNPs [wt%] 0 MWCNTSs [wt%]

Figure 22. Quadratic response RSM for the relative permittivity and the thermal conductivity as a
function of the two fillers percentage (color map), together with the experimental data (black markers),
in (a) and (b), respectively.

It is worth noting, from the analysis of Figure 22, as the Response Surfaces fit well the experimental
data (black markers), thus confirming, because the RSM is recognized as a potential tool to support
and guide experimentation during design stage and helpful for the subsequent optimization of specific
performance functions conditioned by different variables.

4. Conclusions

Non-conventional filaments based on PLA filled with MWCNTs, GNPs and their combinations
in different proportions have been used for producing 3D-printed parts with FDM technology and
then experimentally characterized. A wide dielectric spectroscopy, an accurate morphological analysis,
as well as a thermal investigation have been performed on the produced samples. The results highlight
that the 1-dimensional filler, such as the carbon nanotubes, should be preferred for improving the
dielectric properties of the resulting nanocomposites, whereas 2-dimensional filler like the GNPs better
favors the enhancement of the thermal properties. The results have been interpreted with the support
of theoretical studies, whereas a design of experiment (DoE) has been performed in order to obtain
numerical findings and predictive models for assisting the design of these novel nanocomposites
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that, given their good combined dielectric and thermal properties, appear promising materials for
multifunctional applications in electromagnetic field and heat transfer. Future developments will
concern the investigation of further physical properties, as well as the adoption of different type of
filler and host polymers.
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