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Abstract: Three-dimensional printing is a prototyping technique that is widely used in various
fields, such as the electrical sector, to produce specific dielectric objects. Our study explores the
mechanical and dielectric behavior of polylactic acid (PLA) and plasticized cellulose acetate (CA)
blends manufactured via Fused Filament Fabrication (FFF). A preliminary optimization of 3D printing
parameters showed that a print speed of 30 mm-s~! and a print temperature of 215 °C provided
the best compromise between print quality and processing time. The dielectric properties were
very sensitive to the three main parameters (CA content Wc,, infill ratio, and layer thickness). A
Taguchi L9 3°3 experimental design revealed that the infill ratio and Wca were the main parameters
influencing dielectric properties. Increasing the infill ratio and W¢p increased the dielectric constant
¢’ and electrical conductivity o 4c. It would, therefore, be possible to promote the integration of CA in
the dielectric domain through 3D printing while counterbalancing its greater polarity by reducing the
infill ratio. The dielectric findings are promising for an electrical insulation application. Furthermore,
the mechanical findings obtained through dynamic mechanical analysis are discussed.

Keywords: biopolymer blend; 3D architectural optimization; dielectric and mechanical properties

1. Introduction

Considering the challenges of sustainable development initiatives, designing dielectric
materials based on biobased polymers would be a crucial solution to replacing synthetic poly-
mers derived from petroleum [1,2]. It is, therefore, essential to promote biobased materials
with properties similar to those of traditional polymers. Among biobased polymers, poly-
lactic acid (PLA) was produced in the greatest quantities in 2023, according to European
Bioplastics [3]. It is synthesized from renewable biomass sources such as corn starch and is a
candidate to replace petroleum-based polymers such as polystyrene, polyethylene terephtha-
late, or polypropylene [4]. It shows excellent biocompatibility, compostability properties, and
straightforward processability [1,4]. PLA is easy to formulate, making it a desirable polymer
for additive manufacturing, with a broad range of applications in the biomedical, electronics,
textile, agriculture, and packaging industries [5]. Cellulose is the most abundant polymer on
Earth, with attractive potential for use as a raw material in biobased materials with advanced
applications ranging from matrix filler for engineering applications to biomedical and elec-
tronic applications [6,7]. Cellulose is naturally present in plant biomass in both crystalline and
amorphous forms. By processing cellulose through the acetylation of hydroxyl groups with
acetyl groups, it is possible to obtain cellulose acetate, a cellulose-derived ester. According to the
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hydroxyl groups” degree of substitution (DS), different CA grades can be produced with tunable
properties. Increasing the DS of a CA can reduce the biodegradation rate, glass transition
and melting, while improving film transparency and mechanical properties [8,9]. CA also
exhibits excellent optical, insulating, and flame-retardant properties and good UV stability [10].
CA was among the first plastics developed in the late 19th century and is now widely used,
including in commercial applications and pharmacological research [7]. However, to process it
as a conventional thermoplastic, the addition of a plasticizer is needed. Various enhancement
strategies can be applied to encourage the application of these new materials in the field of
dielectrics and advanced electronics. An industrially viable application approach consists of the
production of polymer blends. A blend’s properties are dependent on the choice of components.
Concerning electrical insulator/conductor blends, Ebrahim et al. studied the impact of adding
polyaniline (PAni) to cellulose triacetate (tCA) [11]. They also showed an immiscible morphol-
ogy, as determined via optical microscopy. They noted that the electrical conductivity of CA can
be multiplied by 2 x 107, from 1 x 10713 to 2 x 107¢ S-cm !, by adding only 15% by weight of
PAni (Wpani). The electrical percolation threshold was observed for Wpapi = 10%. They pointed
out that although the percolation point was reached at higher Wpay; values than those reported
in the literature, this addition was still low enough to maintain the mechanical properties of
CA while increasing its electrical conductivity. This improvement brings the material produced
into the semiconductor range. Concerning electrical insulator/insulator blends, Gasmi et al.
focused on PLA and PHBV blends [12]. They noted that the dielectric loss ¢” followed the rule
of mixture, varying proportionally with the polymer ratio. Furthermore, the blend did not
affect glass transition temperatures, as measured with BDS, indicating that PLA and PHBV
are immiscible. However, mechanical properties did not follow the rule of mixture, probably
because of the specific morphology observed.

Another strategy for improving the possible applications of these new materials is to
capitalize on the democratization of the 3D printing process, rethinking material architec-
ture and products. Three-dimensional printing allows complex three-dimensional shapes
to be produced using computer-assisted technology [13]. Three main technologies exist for
3D printing: Selective Laser Sintering (SLS), stereolithography (SLA), and Fused Filament
Fabrication (FFF). In the FFF method, a heated nozzle deposits material (mainly polymers)
in successive layers to obtain a final shape previously defined using 3D technology [13,14].
Three-dimensional printing is currently used in key applications, such as fast industrial pro-
totyping, robotics, electronics, and the biomedical industry [15,16]. Electronics and sensors
could fully benefit from this process via the design of electric conductor and insulator proto-
types, further favors the integration of biopolymers into new applications [17-19]. Recently,
Kuzmani¢ et al. conducted a study on the influence of the infill ratio and infill shape on the
dielectric constant of 3D-printed PLA and ABS specimens [20]. They showed that the infill
ratio had a clear influence on the dielectric properties of these materials. For both polymers,
the infill ratio positively affected the dielectric constant, as the more porous specimens
contained more voids and, therefore, had weaker polarization potentials. They also found
that the form factor played a significant role in the dielectric constant, indicating that it is
possible to adjust the dielectric constant of 3D-printed materials according to the chosen
3D architecture. Masarra et al. showed that the printing angle influenced the electrical
resistivity of a 3D-printed PLA-based polymer composite [2]. They demonstrated that the
electrical resistivity was greater for a & 45° printing angle than a 0-90° printing angle due
to the PLA printing orientation favoring conductivity. Goulas et al. have also shown the
influence of architecture on dielectric properties, as the dielectric constant of ABS:ceramic
composites increased with layer height due to the reduction in internal porosity [21].

Even if CA is a promising biobased polymer for electronic applications, there is a need
to investigate its dielectric and mechanical behavior when blended with other biopolymers.
Thus, this article compares the dielectric and mechanical properties of PLA:CA blends
made via 3D printing. After optimizing the 3D printing process, the influence of CA
content, infill ratio, and layer height on mechanical and dielectric properties was studied
and analyzed using a Taguchi L9 (3"3) experimental design. The originality of this work lies
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in the dielectric analysis of the PLA:CA blends for a specific application and the concurrent
analysis of the dielectric and mechanical properties of these innovative blends using a
Taguchi design.

2. Materials and Methods
2.1. Materials and 3D Blend Formulation

Two biobased polymers were used to prepare the different biobased polymeric blends:
PLA-20003D (PLA) was purchased from EURL BBFil (Heiligenberg-Vallée, France) and
ACI-002 plasticized cellulose acetate (CA) was purchased from Natureplast (Caen, France).
All biobased polymers were received in pellets with a diameter (¢) = 4 mm in 25 kg bags.
According to the supplier, the CA had a plasticizer content of 29%. The supplier stated
the Melt Flow Index (MFI at 190 °C with 2.16 kg) of PLA was 7 g-10 min~!. For the blend
formulation, the first step was performed with a single-screw extruder and a SCAMEX
25-20D (SCAMEX, Isques, France). Four different PLA:CA blends were obtained with CA
contents (Wca) varying up to 40%. The screw speed was set at 30 rpm, and the extrusion
profile temperature was set at 160, 170, and 180 °C. The extruded filaments were water-
cooled and immedjiately pelletized and oven-dried at 60 °C. The second processing step was
the filament obtention at the ITHEMM laboratory (Charleville-Mézieres, France). A 3DEVO
filament maker (3DEVO, Utrecht, The Netherlands) produced the final filaments following
a temperature profile of 170-180-180-170 °C and a screw speed of 5 rpm. These filaments,
with a diameter of 2.85 & 0.1 mm, were then used for the 3D printing of the samples. The
last processing step was the Fused Filament Fabrication (FFF). Two different shapes were
proposed (Figure 1). These parts were designed using FUSION 360 computer-aided design
technology and then exported to CURA SLICER 3D printing technology and printed using
a SIGMAX R19 3D printing device (BCN3D, Gava, Spain). All filaments were conditioned
in an oven at 60 °C to remove all internal moisture before printing. The printing bed was set
at 60 °C, and the nozzle diameter was set at 0.8 mm. The initial parameters were inspired
by the works of Kuzmanic et al. and Masarra et al. [2,20].

DMA samples

Dielectric samples

Figure 1. PLA:CA 3D printing samples: rectangular samples with dimensions of 60 x 10 x 4 mm for
dynamic mechanical analysis and circular samples of 25 mm diameter disks with a thickness of 4 mm
for dielectric analysis.

2.2. Methods
2.2.1. Scanning Electron Microscopy (SEM) Analysis

SEM analysis was performed with a JSM IT200 (Jeol, Akishima, Japan). Tests were
carried out on specimens obtained via hot pressing. A cryofracture with liquid nitrogen was
conducted to obtain a clean cross-section, and the selected specimens were carbon-coated.
Tests were conducted at 1 kV with a magnification ranging from 40 to 200.

2.2.2. Dynamic Mechanical Analysis (DMA)

In double cantilever mode, 60 x 10 x 4 mm samples were tested on a DMA 242 E
Artemis (Netschz, Selb, Germany). The dual cantilever mode was chosen instead of the
3-point bending mode because of the very low stiffness of PLA once its glass transition
temperature is reached (T > 60 °C). The tests were conducted in a ramp mode between
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30 and 140 °C with a heating rate of 5 °C-min~! and a monitored force of 1 N on bar-shaped
specimens. Measurements were taken for 3 different samples.

2.2.3. Broad Dielectric Spectroscopy (BDS) Analysis

BDS tests were conducted with a Keysight E4980A Precision LCR Meter
(Agilent Technologies, Santa Rosa, CA, USA). An isothermal test at 20 °C with a fre-
quency ranging from 1 x 10? and 2 x 10° Hz with 20 measurements per decade was
performed to obtain the dielectric properties at room temperature on disk-shaped samples.
The laboratory BDS gave the capacitance (Cp) and the loss tangent (tan 9). So, the dielectric
constant (¢/) and the dielectric loss (¢”") can be obtained from Equations (1) and (2) [22]:

Cpxl
r_ =P
€= 80*5 (1)
¢ =¢" xtand 2)

where C, is expressed in F-m !, ] is the sample thickness in m, S is the sample section in
m?, and ¢ is the vacuum permittivity and given at 8.854188 x 10~!2 F-m~!. Electrical
conductivity o4¢ can be directly linked to the dielectric loss with Equation (3) [22]:

oac =wxeg" xeg =27f x€" x¢gg 3)

where 0 4c is expressed as S-m ™!, w is the angular frequency, and f is the applied electrical
frequency in Hz. Measurements were taken for 3 different samples.

2.2.4. Thermogravimetric Analysis (TGA)
TGAs were conducted with a Tg 209 F1 (Netzsch, Selb, Germany). The analyses were

conducted with a temperature ramp ranging from 20 to 800 °C and a 10 K-min~! speed in
an inert gas (argon). For each sample, 20 mg of material was taken and characterized.

2.3. Printing Process Optimization

Printing process optimization was carried out to ensure good printing conditions.
Three parameters were selected: printing temperature, speed, and nozzle diameter. The
variable values are summarized in Table 1. For this step, only the CA-40 blend was selected.
Microstructure and mechanical analysis were conducted to assess sample quality via SEM
and DMA, respectively.

Table 1. Experimental 3D printing parameters.

Print Parameters

T nozzle ( °C) 205 215 225
Printing speed (mm-s~1) 10 20 30

2.4. Architectural Design

An architectural characterization step was performed once the printing parameters
had been fixed. A Taguchi L9 (3°3) experimental design was applied to study the influence
of the infill ratio, the Wy, and the layer thickness on dielectric and mechanical properties.
These 3 parameters have 3 value levels. This plan required 9 different conditions, which are
summarized in Table 2. All Taguchi analyses were performed with the Minitab 17 Statistical
Software. All the additional statistical information is given in the Supplementary Data file.
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Table 2. L9 (3"3) Taguchi experimental design.

Condition Wea (%) Infill Ratio (%) Thickness (mm)
1 20 40 0.1
2 20 60 0.2
3 20 80 0.3
4 30 40 0.2
5 30 60 0.3
6 30 80 0.1
7 40 40 0.3
8 40 60 0.1
9 40 80 0.2

3. Results and Discussion
3.1. Optimization of Printing Parameters

Figure 2 shows the storage modulus of PLA:CA blends with a Wca = 40% at different
processing temperatures and printing speeds. All blends showed typical plasticized PLA
behavior [23]. The first phase of the curves before 40 °C corresponds to the glassy state
of the PLA component. The sharp drop in the storage modulus E’ between 40 and 60 °C
corresponds to the glass transition of plasticized PLA. The area between 60 and 80 °C
corresponds to the rubbery transition of the PLA component. Cold crystallization could be
observed and led to the creation of a crystalline network, improving the blends’ mechanical
properties [23]. In Figure 2, no significant change can be seen in the storage modulus with
the tested parameters. Furthermore, the SEM analyses presented in Figure 3 showed the
morphology of the blends. As expected and in agreement with the literature, the blend
morphology was immiscible, with observable lamellae and fibrils [24,25]. Moreover, it was
empirically difficult to print samples at 205 °C for a Wca = 40%, as it seems the temperature
was too low to achieve good printing quality and replicability. Figure 3a shows that the
interfaces between the different layers were visible. At 215 and 225 °C, the samples were
much simpler to obtain, with an overall better quality, as shown in Figure 3b—e). The
interfaces between layers were difficult to distinguish. The thermal stability analyses of
PLA:CA blends are presented in Figure 4. The blends showed three distinct degradation
peaks. Slow degradation was first visible around 200 °C. This degradation could be
attributed to the esterification degradation of CA [26]. Around 300 °C, unstable degradation
was also noticeable, which might have corresponded to the plasticizer degradation of CA.
It is interesting to note that the degradation of both thermoplastics took place at the same
time. So, to limit the degradation of CA during the process, a temperature of 215 °C was
chosen for the rest of the study. Regarding the printing speed, 30 mm-s~! was chosen
for the rest of the study to speed up the printing process. For reference, printing a DMA
sample takes 14 and 31 min at print speeds of 30 mm-s~! and 10 mm-s~!, respectively.

—— 215°C, 30 mm's~!
-== 215°C,20 mm's~!
—:= 215°C, 10 mms~*
— 205°C, 30 mm-s~!

225°C, 30 mm-s~?!

Log (Storage modulus E' (Pa))

7 TT T T [T T T T [T T T T [T T T T [T T T T [T T T T [TT
20 40 60 80 100 120 140

Temperature (°C)

Figure 2. Storage modulus versus temperature of PLA:CA 3D-printed blends.
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Figure 3. (a—e) Scanning Electron Microscopy (SEM) picture of PLA:CA blends at Wca = 40%.
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Figure 4. Thermal stability of PLA:CA blends.

3.2. Dielectric Analysis

Table 3 shows the dielectric constants obtained via BDS at room temperature from
the 3D-printed PLA:CA biocomposite using different parameters (Wc,, infill ratio, and
layer thickness). The measured dielectric permittivity ranged from 1.90 to 2.46, increas-
ing gradually with Wca and the infill ratio. The lowest dielectric constants were ob-
tained for condition 1, corresponding to a Wca = 20%, infill ratio = 40%, and layer
thickness = 0.1 mm. The highest dielectric constants were obtained for condition 9, corre-
sponding to a Wca =40%, infill ratio = 80%, and layer thickness = 0.2 mm. Typical dielectric
constants for these conditions are summarized in Figure 5. However, the dielectric constant
of PLA:CA biocomposites decreased with increasing frequency, which was associated with
the limitation of dipole mobility as the frequency increased.
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Table 3. Variation in dielectric constant ¢ at different frequencies (at room temperature).
" o Infill Thickness g e e
Condition  Wea (%) (%) (mm) @100Hz @10kHz @1MHz
1 20 40 0.1 1914+0.05 193+0.06 1.904+0.06
2 20 60 0.2 2214002 223+£0.08 220+0.01
3 20 80 0.3 2.32+0.03 234+004 230+0.03
4 30 40 0.2 2.04£0.03 2.06£001 203=£0.01
5 30 60 0.3 2314002 231+£0.02 227+0.01
6 30 80 0.1 236 £0.03 237+0.04 232+0.03
7 40 40 0.3 211 £0.07 211£0.07 2.07£0.07
8 40 60 0.1 2254004 2254004 220+£0.04
9 40 80 0.2 246 £012 245+011 239+£0.11
3.0
—— (Condition 1
—— (Condition 9
W
S 2.5 M
8
g o
<]
Q
2
>t
]
B 201 wy
A T
1.5 T T T 1 T T T T [ T T [ T
2 3 4 5 6

Log (Frequency (Hz))

Figure 5. Dielectric constant versus frequency. Condition 1 corresponds to a Wca = 20%, infill
ratio = 40%, and layer thickness = 0.1 mm. Condition 9 corresponds to a Wca = 40%, infill
ratio = 80%, and layer thickness = 0.2 mm.

Figure 6 shows the results of the Taguchi analysis at 1 kHz, which we used to identify
the parameters separately. All the tested parameters positively influenced the dielectric
constant. The p-value indicates 0.003, 0.032, and 0.064 for the infill ratio, Wy, and layer
thickness, respectively. The infill ratio significantly affected the dielectric constant. This
observation has already been made by Kuzmanic et al. and was attributed to the samples’
porosity [20]. Reducing the infill ratio resulted in less dense specimens and, therefore,
less susceptible to being polarized, as the dielectric constant of air ~ 1. The impact of
Wca on the dielectric constant was also significant, as cellulose acetate had polar hy-
droxyl functions compared with PLA. On the other hand, the layer thickness had only
a slight positive impact (p-value > 0.05) on the dielectric constant. Goulas et al. also ob-
served a slight influence associated with the diminution in porosities with increasing layer
thickness [21]. So, to reduce the dielectric constant, a reduction in the filling ratio needs to
be made, followed by a reduction in the Wy, and finally, a reduction in the layer thick-
ness. Interestingly, the dielectric constants of conditions 7, 8, and 9 were between 2.11 and
2.46, values comparable with those of LDPE, HDPE and PP, synthetic polymers commonly
used in electrical insulation (presented later in the document in Table 6). This proves that con-
ditions 7 to 9 would be attractive alternatives to the above-mentioned conventional polymers.
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Wea (%) Infill (%) Thickness (mm)

24
23

21

Mean of dielectric constant €'

2.0
20 30 40 40 60 80 0.1 0.2 03

Figure 6. Means for dielectric constant at room temperature and 1 kHz.

3.3. Electrical Conductivity

Table 4 shows the different electrical conductivities obtained via BDS at room temper-
ature and 1 kHz for the 3D-printed PLA:CA biocomposite when using different parameters
(Wca, infill ratio, and layer thickness). The measured electrical conductivity ranged from
263 x 10712 t0 7.24 x 10712 S.cm™1. As for the dielectric constant, the lowest electri-
cal conductivity was obtained for condition 1 and the highest for condition 9 (Figure 7).
The electrical conductivity increased with the applied frequency for all tested conditions
(1 to0 9). Increasing the frequency favors the hopping carrier phenomenon, conveying the
electrical current in the insulating materials. A steady increase in conductivity as a function
of frequency was apparent for both conditions. Wu et al. showed this behavior is typical of
an electrical insulator material [27]. Finally, all conditions tested with electrical frequencies
below 100 kHz had electrical conductivity values under 108 S-cm~!. According to Solazzo
et al,, this would also make our materials electrically insulating materials [28].

Table 4. Electrical conductivity c4c at room temperature and 1 kHz.

Condition Wca (%) Infill (%) Thickness (mm)  Log 0 (S-cm~1) @ 1 kHz
1 20 40 0.1 —11.58 + 0.03
2 20 60 0.2 —11.36 £ 0.04
3 20 80 0.3 —11.32 £ 0.04
4 30 40 0.2 —11.45 + 0.05
5 30 60 0.3 —11.28 £ 0.04
6 30 80 0.1 —11.30 £ 0.06
7 40 40 0.3 —11.42 £+ 0.06
8 40 60 0.1 —11.26 £+ 0.06
9 40 80 0.2 —11.14 £+ 0.07
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Figure 7. Log (electrical conductivity) at room temperature versus frequency for conditions 1 and 9.

Figure 8 shows the results of the Taguchi analysis at 1 kHz. The Wcyp and in-
fill ratio significantly and positively influenced the electrical conductivity (p-values are
0.013 and 0.032, respectively). Adding CA into PLA increased the electrical conductivity
of the latter due to the more polar nature of CA and the plasticizer, improving the carrier
charges” mobility [29]. Moreover, porosity has already been proven to reduce the electrical
conductivity of polymeric materials [30]. Conversely, the layer thickness had little impact
(p-value = 0.164) on the electrical conductivity. Globally, the effect of the various parameters
on electrical conductivity was less significant than their effect on the dielectric constant. So,
to reduce the electrical conductivity, the first step is to reduce the infill ratio, followed by a
reduction in the Wca.

Wea (%) Infill (%) Thickness (mm)

-1.25

-1.30
E
d
L2

1135
<
-}
o
o

%5 -1.40
c
[}
L
=

-11.45

-11.50

20 30 40 40 60 80 0.1 0.2 0.3

Figure 8. Means for electrical conductivity at room temperature and 1 kHz.

3.4. Dynamic Mechanical Analysis

Table 5 shows the different storage moduli (E’) and glass transition temperatures of PLA
(Tg pLA) obtained via DMA for different parameters. At 30 °C and 1 Hz, the storage moduli
ranged from 425.6 MPa to 976.8 MPa. The highest E’ was measured for condition 3 and the
lowest for condition 8. The Tg pLa, measured at the loss modulus peak (peak E"), ranged
from 41.3 to 53.5 °C. Complementary DSC measurements (Table S5) gave very similar values,
validating the use of DMA to determine Ty, Moreover, Figure 9 presents the E’ and E” of the
Tg pLa- The curves are typical of plasticized PLA, as already described in Figure 2.
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Log (storage modulus E' (Pa))

Table 5. Storage modulus @ 1 Hz and 30 °C and glass transition temperature measured using BDS analysis.

Condition  Wcp (%)  Infill (%) Thickness (mm) E' (MPa) Tgpra (E” Peak, °C)

1 20 40 0.1 694.4 53.5
2 20 60 0.2 805.8 53.1
3 20 80 0.3 976.8 53.3
4 30 40 0.2 692.2 49.0
5 30 60 0.3 774.6 494
6 30 80 0.1 877.4 49.1
7 40 40 0.3 656.2 43.0
8 40 60 0.1 424.6 41.3
9 40 80 0.2 654.1 43.1
(@ —— (Condition 3 ®) —— Condition3 [ 9

—— Condition 8 —— Condition 8

T
((eg) g snpour ssof) 30T

IIIIIIIIIIIIIIII'IIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIII 6

25

50

75 100 125 25 50 75 100 125

Temperature (°C) Temperature (°C)

Figure 9. Variation of storage modulus (a) and loss modulus (b) versus temperature of conditions 3 and 8.

Figure 10 shows the results of the Taguchi analysis at 1 Hz. The Taguchi analyses were
relatively unclear. The Wc,, infill ratio, and layer thickness had p-values of 0.103, 0.186,
and 0.295, respectively (Table S6). The higher p-values probably originate from two causes.
Firstly, the mechanical tests were not carried out using triplicates due to material and time
limitations. Secondly, the condition 8 DMA specimens exhibited an unusually poor print
quality with many surface defects, resulting in mechanical properties that were well below
expectations. It can be argued that immiscible PLA:CA blends had great printing difficulty
at high CA content levels when small amounts of material were extruded (corresponding to
a layer thickness of 0.1 mm). Furthermore, previous analyses have shown that the viscosity
of PLA was greatly increased by adding CA [24], which can reduce the effectiveness of
layer adhesion, especially when combined with a low infill ratio. Further tests were carried
out by changing the layer thickness to 0.2 mm, and the print quality improved significantly.
Condition 8 may have biased the Taguchi analysis results. However, given the literature
and the observed trends, we can deduce that the infill ratio positively affected material
stiffness due to a higher porosity content [31-33], where W had a slight negative effect.
Layer thickness did not seem to influence the storage modulus. Further analyses are
required to confirm the observed trends.
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Wea (%) Infill (%) Thickness
850

800

750

700

650

Mean of storage modulus E' (MPa)
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Figure 10. Means for storage modulus at 30 °C and 1 Hz.

Concerning the storage modulus, a comparative analysis employing synthetic poly-
mers was conducted, as presented in Table 6. It showed that the storage moduli obtained for
PLA:CA for conditions 7, 8, and 9 were comparable with those of LDPE. It also proved once
again that these materials could be relevant alternatives for replacing synthetic polymers in
an electrical insulation application.

Table 6. Comparative analysis of the dielectric constant and storage modulus for synthetic polymers.

Dielectric Constant (¢) Storage Modulus (E')
Measured at 100 Hz Measured at 1 Hz
Polymer T(°QO) 4 Ref. Polymer T(°O) E' (MPa) Ref.
211 656
Pa%O/C)A 20 2.25 Our Study PZSO/C)A 30 425 Our Study
’ 246 ° 654
243 [34] 380 [35]
LDPE Room T 291 [36] LDPE 30 390 [37]
248 [34]
HDPE Room T 25 [38] HDPE 30 1710 [37]
23 [34] 30 1800 [35]
PP Room T 2.1 [39] PP 1816 [40]

Finally, Figure 11 present the Taguchi analysis results for the PLA glass transition
temperature as determined via DMA. It can be seen that the infill ratio and layer height
had no significant influence on Tg pLa. On the contrary, Wca strongly influenced the Tg pLa
(p-value = 0.006). This decrease can be attributed to the presence of the CA plasticizer,
reducing the energy required for the x-relaxation of PLA.
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Figure 11. Main effect plot of means for glass transition temperature measured using DMA.

4. Conclusions

Cellulose acetate is a biobased polymer with great potential for applications in the
electronics industry, but there is a lack of research on its application via 3D printing. This
study investigated the dielectric and mechanical properties of PLA:CA blends obtained
through 3D printing. A printing optimization phase was firstly conducted to find the
appropriate printing temperature and speed. The best compromise was found at 215 °C
and 30 mm-s~!. A Taguchi L9 3"3 experiment was successfully performed to observe
the influence of the CA content, infill ratio, and layer thickness on dielectric properties,
mechanical properties, and glass temperature transition. The findings are as follows:

- The infill ratio strongly decreased the dielectric and mechanical properties of 3D-
printed PLA:CA blend samples. These observations can be linked to the more porous
structure induced by the lack of infill.

- The Wcp positively influenced the dielectric constant and electrical conductivity due to
the higher polar aspect of CA. The CA’s plasticizer could have caused the decrease in
the storage modulus and Ty pLa induced by the Wca. These observations show that it
would be possible to counterbalance the higher dielectric properties of CA by reducing
the infill ratio to obtain a material with the best electrical insulating properties.

- The layer thickness had little influence on the tested properties. However, it has been
proven to cause critical failures at a high CA content. Therefore, it would be desirable
to print PLA:CA blends with a layer thickness of 0.3 um to accelerate printing speed
and improve the printing quality of high-CA-content blends.

From an industrial point of view, this work is particularly promising, as it demonstrates
that it is possible to manufacture and control the dielectric and mechanical properties of
CA-based polymeric blends for electrical insulation applications, with the products having
dielectric and mechanical properties close to those of polyethylene, a polymer commonly
used in this field. In addition, it would be interesting to investigate the influence of the
filling pattern on mechanical and dielectric properties to pursue architectural optimization.
Furthermore, a focus on the mechanical properties of blends is needed in order to create a
material able to rival the synthetic polymer commonly used in electrical insulation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs7120492/s1. Figure S1: interaction plots for dielectric constant;
Figure S2: interaction plots for log (electrical conductivity); Figure S3: interaction plots for storage
modulus; Figure S4: interaction plots for glass transition temperature of PLA; Table S1: variance analysis
for dielectric constant; Table S2: response table for dielectric constant; Table S3: variance analysis of
log (electrical conductivity); Table S4: response table for log (electrical conductivity); Table S5: notable
temperature for PLA:CA blends, measured via DSC at 10K-min~!; Table S6: variance analysis of storage
modulus at 30 °C (@ 1 Hz); Table S7: response table for storage modulus; Table S8: variance analysis of
PLA’s glass transition temperature (@ 1 Hz).
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