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Abstract

This study aims to investigate the electromagnetic interference shielding properties
of composites based on immiscible polymer blends of poly(vinylidene fluoride)
(PVDF) and thermoplastic polyurethane (TPU) filled with carbon black doped with
polypyrrole (CB-PPy) prepared by compression molding and fused filament fabrica-
tion. Composites of PVDF/CB-PPy and TPU/CB-PPy were also prepared for compari-
son. Rheological measurements showed that although the rheological behavior of
PVDF/TPU composites was an intermediate behavior between PVDF/CB-PPy and
TPU/CB-PPy composites, the effect of the conductive filler was much more pro-
nounced in PVDF than in TPU. Moreover, the addition of CB-PPy was found to
increase the storage modulus of the composites leading to more rigid materials, and
to decrease the T; values of the composites due to the reduction of the mobility of
the polymeric chains. In addition, PVDF/TPU composites presented an intermediate
behavior when compared to composites based on the neat polymers demonstrating
that the addition of TPU to PVDF contributes to the development of composites with
improved flexibility. Furthermore, the addition of CB-PPy increased the electrical
conductivity of all composites. However, the electrical conductivity of PVDF/TPU
50/50 vol% co-continuous blends was higher than the electrical conductivity of
PVDF/TPU 38/62 vol% composites with the same amount of conductive filler. Com-
posites with higher electrical conductivity showed better shielding from electromag-
netic radiation. As expected, composites based on the co-continuous blend displayed
higher EMI shielding efficiency than the 38/62 vol% composites. The main mecha-
nism of shielding was absorption for all composites. Overall, composites based on the
PVDF/TPU 50/50 vol% co-continuous blend showed a better combination of EMI
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1 | INTRODUCTION

The current number of electronic devices, such as mobile phones,
wearable smart devices, portable computers, sensors, radars, elec-
trodes, and transmitters, is increasing in areas such as wireless com-
munication, household, aerospace industry, medical and military fields.
This technological growth contributes to the enhancement of electro-
magnetic interference (EMI), which is related to the radiated and con-
ducted electromagnetic signals that can disturb the operation of
electronic devices and cause radiative damage to living species. For
this reason, numerous studies have reported the development of EMI
shielding materials capable of attenuating and dissipating the
radiation.) 2° The electromagnetic shielding effectiveness (EMI-SE) is
the ability of the material in attenuating the electromagnetic waves,
which is expressed in decibels (dB).

EMI shielding materials can work based on three different mecha-
nisms in a specific frequency range: reflection (R), absorption (A), and
multiple reflection (MR). The multiple reflection mechanism represents
the internal reflection within the shielding materials and it is com-
monly insignificant for frequencies in the GHz range.®°°1% The
shielding effectiveness by reflection (SEg) is related to the interaction
of the electromagnetic radiation with mobile charges carriers, elec-
trons, or holes, however, reflection is a source of secondary pollution
because the radiation is reflected in the environment making EMI
absorptive materials more attractive.227121415 The shielding effec-
tiveness by absorption (SE,) is generally associated with electrical and
magnetic dipoles that interact with the electromagnetic waves con-
verting the electromagnetic energy into heat.”*12

Traditional shielding materials are based on metallic sheets due to
their high magnetic permeability, high electrical conductivity, and high
number of free electron charge carriers that leads to very effective
EMI shielding properties.?*> However, their shielding mechanism is
based on the reflection of the electromagnetic radiation and they gen-
erally suffer from poor mechanical flexibility, high weight and density,
electrochemical corrosion, and expensive processing tech-
niques.1>481617 On the other hand, intrinsically conducting polymers
(ICPs) and electrically conductive polymer composites (ECPCs) are
getting much attention as EMI shielding materials due to their shield-
ing mechanism mainly based on the absorption of the electromagnetic
radiation and its dissipation in the conductive filler particles, which is

interesting for numerous applications.>®21%17:18 ECPCs offer also
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shielding efficiency and mechanical properties. Moreover, specimens prepared by
fused filament fabrication displayed diminished electrical conductivity and EMI-SE
responses when compared to compression-molded samples with the same composi-
tion. This difference is attributed to the presence of voids, defects, and overlapping
layers, which can hamper the electron flow.

carbon filler, conductive composites, electromagnetic interference shielding, fused filament
fabrication, polymer blend

the advantages of light weight, ease of processing, corrosion resis-
tance, and low cost.2481317.1% ECPCs containing intrinsically con-
ducting polymers, carbonaceous fillers, such as carbon nanotubes,
carbon black, graphene, and carbon fibers, have been widely studied
as EMI shielding materials.1¢:87:18:20

In this context, many investigations have been carried out aiming
at reducing the electrical percolation threshold of ECPCs in order to
achieve high electrical conductivity values with the lowest content of
conductive filler, thus preserving the mechanical properties and pro-
cessability of the polymeric matrix.*4?* Among the various adopted
strategies, the preparation of ECPCs based on polymeric matrices
composed of immiscible polymer blends in order to selectively localize
the conductive filler in one of the polymer phases or at the interface
of the polymeric blend is an investigated approach to reduce the per-
colation threshold of ECPCs.22?2732 Furthermore, polymeric blends
with a co-continuous phase structure have been reported to manifest
a reduced electrical percolation threshold due to a more efficient dou-
ble percolation phenomenon because of the selective localization of
the conductive filler in one phase or at the interface of the polymeric
blend.12'31'32

Electrically conductive polymer composites for EMI shielding
applications are generally fabricated via conventional processing
routes such as solvent casting or melt mixing followed by compression
molding. Melt compounding is a useful manufacturing method for
ECPCs because of its extensive availability in polymer industries and
its simplicity.” However, a manufacturing technique for large-scale
production with freedom in design for parts with complex geometries
is still a challenge. In this framework, although the availability of fused
filament fabrication (FFF) techniques is getting much attention for the
fabrication of ECPCs for EMI shielding applications, several challenges
have still to be solved.}374151920 The EMI shielding effectiveness
depends on several factors including the electrical conductivity of the
filler, dielectric constant, and aspect ratio.’* However, the effect of
carbonaceous fillers on electrical and EMI shielding properties of
immiscible polymer blends are not very explored, especially when pro-
cessed by FFF.

In this context, this study proposes the investigation of the elec-
tromagnetic shielding properties of composites based on immiscible
polymeric blends of poly(vinylidene fluoride) and thermoplastic poly-
urethane filled with carbon black-polypyrrole as conductive filler and

prepared by compression molding and fused filament fabrication. The
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morphology of the composites was already discussed in our previous

k32 where a co-continuous structure was observed for one of the

wor
blend compositions. For comparison, composites based on the neat
polymers PVDF/CB-PPy and TPU/CB-PPy are also investigated in this

study.

2 | EXPERIMENTAL

21 | Materials

Amboflon® PVDF 24 with a relative density of 1.78 g‘cm‘3, a melt

1 a melting temperature of 165-175°C

flow index of 22 g.10 min~
and an electrical conductivity of 1071* S.cm™! was purchased from
Ambofluor GmbH & Co. TPU Desmopan® DP 6064 is an ether-based
polyurethane provided by Covestro AG with a relative density of
1.09 g.cm~3, an injection molding temperature of 200-220°C and an
electrical conductivity of 107! S.cm™. The conductive filler used in
this study is carbon black doped with 20% of polypyrrole (CB-PPy)
purchased from Sigma Aldrich with an electrical conductivity of

3 x 10' S.cm™ ! and a relative density of 2.22 g.cm™2.

2.2 | Sample preparation

2.2.1 | Preparation of CB-PPy composites

The composites were produced by melt compounding using a
Thermo-Haake Polylab Rheomix 600 internal mixer with 50 cm® of
internal volume and counter-rotating rotors. Composites based on the
neat polymers PVDF and TPU and on PVDF/TPU blends with two dif-
ferent compositions comprising various amount of CB-PPy were pre-
pared according to the formulations displayed in Table 1. The
composition of the PVDF/TPU blends was selected based on prelimi-
nary work®® due to the high flexibility achieved in the 38/62 vol%
blend and the formation of a co-continuous structure in the 50/50 vol

% blend. Various fractions of the carbonaceous filler were added to

the selected matrices to investigate the effect of filler content on the
final materials’ properties.

Before mixing, the materials were dried overnight at 60°C. Then,
predetermined amounts of PVDF and/or TPU were added to the mix-
ing chamber at 180°C at a rotor speed of 50 rpm. After 2 min, the
conductive filler CB-PPy was introduced and left to mix for 13 more

minutes.

222 | Compression molding

The composites with formulation displayed in Table 1 were then com-
pression molded in squares plagues of 120 x 120 x 2 mm® using a
Carver Laboratory press at 180°C applying a pressure of 3.9 MPa for
10 min. Compression-molded samples were cut in specific formats
for various tests. In addition, samples for the EMI-SE analysis were
compression molded in square plaques of 45 x 45 x 2 mm> by a
BOVENAU P15 ST hydraulic press under the same conditions.

2.2.3 | Fused filament fabrication

According to our previous works,>33* PVDF/TPU/CB-PPy 38/62 vol
% with 5% and 6% of CB-PPy and PVDF/TPU/CB-PPy 50/50 vol%
with 10% of CB-PPy were selected for the preparation of extruded fil-
aments to be used as feeding material in the fused filament fabrication
(FFF). For the filament extrusion, the melt compounded composites
were immersed in liquid nitrogen and then grinded. The obtained
powder was used to feed a single screw extruder Friul Filiere SpA
model Estru 13 at 30 rpm with four temperature zones of 130, 170,
175, and 180°C (die), and filaments with 1.75 + 0.10 mm of diameter
were fabricated. The filaments were printed by a Sethi S3 3D printer
based on the fused filament fabrication technology. Square plaques of
45 x 45 x 2 mm were build-up along horizontal alternate (H45) direc-
tion with rectangular infill of 100%. The open source software Slic3r
was used to slice the drawing in 10 layers of 0.2 mm each and to set-
tle the following printing parameters: nozzle diameter 0.4 mm; nozzle

TABLE 1 Composition of prepared composites.
CB-PPy (%)
PVDF/CB-PPy TPU/CB-PPy
0 0 0
1 - -
2 _ _
3 3 S
5 5 5
6 6 6
7 7 7
10 10 10

PVDF/TPU/CB-PPy 38/62 vol%

PVDF/TPU/CB-PPy 50/50 vol%

o 1 W N ~», O

85U8D17 SUOWILIOD 3AIERID 3|t jdde auy Aq peusench a1e s3ole O ‘S Jo SaInJ 10} A%eiq1T8UIUO AB|IA UO (SUORIPLOD-PUR-SLLBI W00 A3 1M AReiq Ul [UO//Sdy) SUOBIPUOD pue SWB L 3U) 835 *[€202/2T/ST] U0 A%iqiauluo AB|im ‘olusi L I BISRAIUN Ad #8T9'1ed/Z00T OT/I0p/W0d" A8 1M AreJq Ul jUo//Sdny woiy papeojumoq ‘2T ‘€202 ‘T8ST660T



BERTOLINI ET AL.

temperature 240°C; nozzle speed 40 mm.s™! and printing platform
temperature 70°C.

2.3 | Testing techniques

Rheology analysis was carried out in oscillatory mode by a Discovery
DHR 1 rheometer from TA Instrument Inc. operating with parallel
plates of 25 mm of diameter and 1.0 mm of gap for specimens with
lower than 10% of conductive filler and 1.2 mm of gap for specimens
with 10% or higher content of conductive filler. The measurements
were performed at 180°C under nitrogen atmosphere with frequen-
cies ranging from 0.1 to 100 Hz and a strain amplitude of 0.1%.

Dynamic mechanical thermal analysis (DMTA) was performed by
a Netzsch DMA 242 E device under tensile mode from —80 to 100°C
at a frequency of 1 Hz. The maximum dynamic strain applied was
50 pm and the heating heat was 3°C.min~1. The measurements were
performed on rectangular specimens of 20 x 5 x 2 mm® and the
gauge length was 10 mm.

Electrical conductivity measurements of high conductive sam-
ples were carried out using an ASTM D4496-04 four-probe stan-
dard configuration using an ISO-TECH IPS303DD DC power supply
as a voltage source and an ISO-TECH IDM 67pocket multimeter
with a 3.69 mm internal electrode to measure the current flow.
Both sides of three rectangular samples of 36.9 x 5 x 2 mm® were
measured. For electrical conductivity measurements of high resis-
tive samples a two-probe standard configuration was adopted by
using a Keithley 6517A electrometer linked to a Keithley 8009
resistivity test fixture. Samples with 2 mm of thickness were tested
on both sides.

Electromagnetic interference shielding effectiveness (EMI-SE)
measurements were performed in the X-band frequency range (from
8.2 to 12.4 GHz) using an N5230C Agilent Technology PNA series
analyzer connected to a rectangular waveguide of 23 x 10 mm? as a
sample holder. The incident electromagnetic wave () was applied to
the sample and the transmitted (T) and reflected (R) waves were col-
lected. The total EMI-SE of electrically conductive polymer compos-
ites is composed of the shielding effectiveness by reflection (SEg) and
the shielding effectiveness by absorption (SE,), which are described in
the following equation:

SEgr= 10Iogﬁ;SEA = 10Iog$;EMI —SE=SEgR+SEp = 10Iog%

3 | RESULTS AND DISCUSSION

3.1 | Rheology measurements

The rheology measurements were performed in order to investigate
structural changes related to the interaction between the components
and to the formation of a tridimensional filler network in the poly-

meric matrices.*22%3> A comparison of the curves of storage modulus
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(G') and complex viscosity (*) as a function of frequency between the
composites based on the neat polymers and on the polymer blends as
matrices with 5% and 10% of CB-PPy are presented in Figure 1. The
curves show that the composites composed of the PVDF/TPU blend
as matrix present an intermediate behavior between those found for
the composites based on the neat polymers. It is also noticeable that,
as discussed before, the effect of filler is much more pronounced in
PVDF. As the filler content is increased, the rheological behavior of
PVDF/TPU/CB-PPy composites becomes more similar to the rheolog-
ical behavior of neat PVDF/CB-PPy composites indicating that the
filler restricts more efficiently the movement of the polymeric chains
of PVDF leading to higher storage modulus and higher complex
viscosity.

A summary of the main rheological properties for the PVDF/CB-
PPy and TPU/CB-PPy composites are shown in Table 2 and for the
PVDF/TPU/CB-PPy composites in Table 3. For all composites,
the addition of CB-PPy generally increases the storage modulus (G)
and complex viscosity (n*) of the composites due to the formation of
a tridimensional network by the filler leading to the reduction of the
mobility of the polymeric chains. When comparing PVDF/CB-PPy and
TPU/CB-PPy composites, the effect of filler is much more pro-
nounced in PVDF composites. For instance, when 10% of CB-PPy is
added to PVDF/CB-PPy composites, an increases of almost 346 times
in G’ and 177 times in n* can be observed. On the other hand, when
10% of CB-PPy is added to TPU/CB-PPy composites, the increase in
G’ and n* is about 4 and 2 times, respectively. It can be related to a
poorer dispersion of CB-PPy in TPU or some degree of plasticizer
effect when low concentrations of CB-PPy are added to the TPU
matrix. Moreover, the addition of an elevated amount of filler
(i.e. 10%) to PVDF/TPU/CB-PPy composites leads to a blunt drop in
G’ and n* with increasing the frequency, which is related to a shear
thinning behavior characteristic of the pseudo-plastics behavior.

Figure 2 presents a comparison between the storage modulus (G')
and loss modulus (G”) curves for composites comprising (A) 5% and
(B) 10% of CB-PPy.

For PVDF-based composites with 5% and 10% of CB-PPy, G’ is
higher than G” for the whole frequency range indicating a solid-like
behavior. Although G' is slightly higher than G” for PVDF/CB-PPy 5%,
when 10% of filler is added to the composite, G’ is significantly higher
than the G” in the whole frequency range indicating there is the crea-
tion of a tridimensional network in higher degree leading to a material
with more solid behavior. On the other hand, TPU/CB-PPy compos-
ites show storage modulus (G') higher than loss modulus (G”) at low
frequencies representing a solid-like behavior, however, at a specific
frequency G’ and G” curves are intercepted and G” becomes higher
than G’ demonstrating a liquid-like behavior. This behavior is less pro-
nounced with increasing the CB-PPy content. For composites based
on the PVDF/TPU blends, those with 5% of CB-PPy show an interme-
diate behavior between the composites based on the neat polymers
with the same filler content. PVDF/TPU/CB-PPy 38/62 vol% reports
a rheological behavior a bit more influenced by the TPU rheology than
PVDF/TPU/CB-PPy 50/50 vol%, that presents G’ and G” curves more
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FIGURE 1 Storage modulus (G') and complex viscosity (n*) as function of frequency for composites with 5% and 10% of CB-PPy.

Sample Viscosity at 10~* Hz (Pa.s)
PVDF 533

PVDF/CB-PPy 3% 3360

PVDF/CB-PPy 5% 14,690

PVDF/CB-PPy 10% 94,265

Sample Viscosity at 10~* Hz (Pa.s)
TPU 1352

TPU/CB-PPy 3% 941

TPU/CB-PPy 5% 697

TPU/CB-PPy 10% 2421

G’ at 10 ! Hz (Pa
1678

13,703

78,816

579,944

G’ at 10 * Hz (Pa)
3122

4953

3743

12,409

related to the PVDF/CB-PPy since the amount of PVDF is higher is
this composite. However, when the filler content is increased to 10%,

the influence of PVDF on the composites rheology is more evident. In
fact, PVDF/TPU/CB-PPy 50/50 vol% and PVDF/CB-PPy with 10% of
filler display overlapped curves in the whole frequency range and the
PVDF/TPU/CB-PPy 38/62 vol% curves are more similar to PVDF/
CB-PPy than to TPU/CB-PPy even if the content of TPU in the blend

is higher than the PVDF content.

)

TABLE 2 Summary of main
rheological properties at 180°C of
compression molded PVDF/CB-PPy and
TPU/CB-PPy composites.

G’ at 10 * Hz (Pa)
2896

16,058

48,035

120,271

G’ at 10! Hz (Pa)
7900

3227

2272

8794

The phase angle of PVDF/CB-PPy and TPU/CB-PPy compos-
ites was investigated and compared to the values found for
PVDF/TPU/CB-PPy 38/62 vol% and PVDF/TPU/CB-PPy 50/50
vol% composites. The phase angle curves for the mentioned com-
pression molded composites comprising 10% of CB-PPy are dis-
played in Figure 3. Higher phase angles, as those found for
TPU/CB-PPy 10%, indicate that the material flows viscously as a

liquid. On the other hand, lower phase angles are related to
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TABLE 3 Summary of main
rheological properties at 180°C of
compression molded PVDF/TPU/CB-PPy
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PVDF/TPU 38/62 vol%

_WILEY_L®**

CB-PPy (%) Viscosity at 10~* Hz (Pa.s) G’ at 107! Hz (Pa)

G” at 10! Hz (Pa)

composites. 0 70034 21843 3816%*
3 1022% 4114 49274
5 26473 12,5563 10,910%*
6 49313 25,979% 16,886%*
10 37,962% 226,762% 73,971%
PVDF/TPU 50/50 vol%
CB-PPy (%) Viscosity at 10~ Hz (Pa.s) G’ at 10~ Hz (Pa) G’ at 10~ Hz (Pa)
0 815 2421 4515
1 1357 4283 7372
3 1934 7431 9612
5 5694 28,557 21,556
10 98,279 601,647 139,059
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0
g , o ..838 ° ’ § PVDF/TPU blends are between those obtained for the composites
i 107 ° o0 110 .
n .oo"’;C based on the neat polymers as matrix. However, the PVDF/TPU/
000° / . CB-PPy 50/50 vol% co-continuous composite presents a phase
, s , angle curve very similar to the curve of PVDF/CB-PPy, thus cor-
10 10 . . s
011 1' 1'0 1(')0 roborating the idea that PVDF has a more significant effect on the
Frequency (Hz) rheological behavior of the composites. For as the format of the
curves is concerned, a semi-circle format found for the phase
FIGURE 2  Storage and loss modulus as a function of frequency angle curves indicates a good dispersion of the filler in the PVDF/

for composites with 5% and 10% of CB-PPy.

TPU matrices.

85U8D17 SUOWILIOD 3AIERID 3|t jdde auy Aq peusench a1e s3ole O ‘S Jo SaInJ 10} A%eiq1T8UIUO AB|IA UO (SUORIPLOD-PUR-SLLBI W00 A3 1M AReiq Ul [UO//Sdy) SUOBIPUOD pue SWB L 3U) 835 *[€202/2T/ST] U0 A%iqiauluo AB|im ‘olusi L I BISRAIUN Ad #8T9'1ed/Z00T OT/I0p/W0d" A8 1M AreJq Ul jUo//Sdny woiy papeojumoq ‘2T ‘€202 ‘T8ST660T



BERTOLINI ET AL.

paolymers
ﬂLW] LEY_&dvanced.
technologies
A) 5000
(A) —— PVDF/CB-PPy 10%
—— TPU/CB-PPy 10%
PVDF/TPU/CB-PPy 10% (38/62 vol%)
4000 —— PVDF/TPU/CB-PPy 10% (50/50 vol%)
3000
©
o
=3
W 2000
1000
0 T T T T T

T T T
-80 60 40 20 0 20 40 60 80 100

Temperature (°C)

FIGURE 4
CB-PPy.

TABLE 4 Glass transition temperature (T,) for compression
molded composites with 10% of CB-PPy.

Sample T, (°C)
PVDF/CB-PPy 10% -39.1
PVDF/TPU/CB-PPy 10% (38/62 vol%) —35.2%
PVDF/TPU/CB-PPy 10% (50/50 vol%) -343
TPU/CB-PPy 10% -30.8

3.2 | Dynamic mechanical thermal analysis (DMTA)
Figure 4 presents the variation of (a) E’ and (b) tan & (loss tangent)
with temperature for the composites comprising 10% of CB-PPy.
Considering the composites comprising 10% of CB-PPy, the stor-
age modulus curves show that the highest storage modulus corre-
sponds to the sample composed of PVDF/CB-PPy, while the
lowest storage modulus is attributed to the TPU/CB-PPy compos-
ite. The composites based on the PVDF/TPU blends display a stor-
age modulus curve between those found for the composites based
on the neat polymers indicating that the addition of TPU to the
blends assists the production of composites with improved flexibil-
ity. The glass transition temperature (T) follows the same pattern
where T, of composites based on the neat polymers present the
highest and lowest values (i.e. —39.1°C for PVDF/CB-PPy and
—30.8°C for TPU/CB-PPy), while the T, values for the composites
based on the PVDF/TPU blends are between those found for
PVDF/CB-PPy and TPU/CB-PPy. The glass transition temperature
values measured from the tan & peak are displayed Table 4. The
influence of the conductive filler CB-PPy on the storage modulus
and glass transition temperature of the composites was already dis-
cussed in our previous work.2* Overall, increasing the content of
CB-PPy was found to increase the storage modulus of
the composites leading to more rigid materials and to decrease the

T, values of the composites.

0.6
(B) —— PVDF/CB-PPy 10%
1 —— TPU/CB-PPy 10%
054 PVDF/TPU/CB-PPy 10% (38/62 vol%)
. —— PVDF/TPU/CB-PPy 10% (50/50 vol%)
0.4+
%)
c 0.3+
8
0.2+
0.1+
0.0 T T T T T

T T T
-80 60 40 20 0 20 40 60 80 100

Temperature (°C)

(A) Storage modulus (E’) and (B) loss tangent (tan 8) as a function of temperature for compression molded composites with 10% of
4 4 p p p

3.3 | Electrical conductivity
The electrical conductivity of the compression molded composites
comprising the different matrices and various amount of filler was
measured and reported in Table 5. The electrical conductivity of all
studied composites increases with the addition of CB-PPy. When
comparing composites with same amount of filler, the PVDF-based
composites present higher electrical conductivity than the TPU-based
composites, while PVDF/TPU 38/62 vol% composites show an inter-
mediate value of electrical conductivity. On the other hand, the com-
posites based on the co-continuous blend of PVFD/TPU 50/50 vol%
display a much higher electrical conductivity than the 38/62 vol
% composites, indicating that the formation of a co-continuous struc-
ture can improve the electrical conductivity of the composites proba-
bly due to the selective localization of the filler in one phase or at the
interface of the polymeric blend.?®

Moreover, as already discussed in our previous papers,>33* the
electrical conductivity of samples prepared by FFF is significantly
lower when compare to compression molded composites with the
same composition due to the presence of voids, defects and overlap-
ping layers that can hinder the electrons flow.>*3¢%7 In summary,
after the 3D printing process, the only composite among those inves-
tigated that displayed a still high value of electrical conductivity was
PVDF/TPU/CB-PPy with 10% of filler, which presented an electrical
conductivity of 4.14 x 10° S.m~L.

3.4 | Electromagnetic interference shielding
effectiveness (EMI-SE)

The EMI-SE of the composites with various amount of CB-PPy was
investigated in the X-band frequency range, from 8.2 to 12.4 GHz.
The effect of the conductive filler and polymeric matrices was evalu-
ated. The total SE, SEg and SE of PVDF/CB-PPy and TPU/CB-PPy
compression molded composites are displayed in Figures 5 and 6,
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TABLE 5

Electrical conductivity o (s.m~%)

technologies

Electrical conductivity of compression molded composites with various amount of conductive filler.

CB-PPy (%) PVDF/CB-PPy TPU/CB-PPy
0 (573+0.76) x 1073 (9.39 +0.42) x 1071
1 (1.65 +0.12) x 1077
2 (349 £2.26) x 107*
3 (1.48 £ 0.16) x 10° (3.07 + 1.40) x 107
5 (7.82 + 2.92) x 10° (4.94 +0.02) x 1077
6 (1.82 £ 0.03) x 10* (4.21+2.74) x 108
7 (4.81 £ 0.26) x 10* (4.35 + 3.96) x 1072
10 (6.16 + 0.49) x 10* (2.77 £ 0.02) x 10°
15 -

o
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o
- m
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FIGURE 5 Total SE, SEg and SE, as a function of CB-PPy
fraction for PVDF/CB-PPy composites prepared by compression
molding.

respectively. In addition, the EMI-SE for the compression molded
composites based on the PVDF/TPU blends are displayed in Figures 7
and 8. For all analyzed composites, the attenuation of the incident
electromagnetic radiation is increased with the addition of CB-PPy.
The results are in agreement with the electrical conductivity values
found for those composites since according to other studies reported
in the literature®!! the EMI-SE of electrically conductive polymer
composites is expected to be enhanced as the electrical conductivity
of the composites increases.

Moreover, the composites based on the PVDF/TPU blends
exhibit EMI-SE values between those found for the composites based
on the neat polymers. It is important to notice that the co-continuous
composites, PVDF/TPU/CB-PPy 50/50 vol%, show a better compro-
mise between electrical conductivity, mechanical properties, and EMI
shielding efficiency since they are capable of reaching higher electro-

magnetic shielding values with lower amount of CB-PPy when

PVDF/TPU/CB-PPy 38/62 vol% PVDF/TPU/CB-PPy 50/50 vol%
(1.60 £ 0.03) x 10113 (1.99 £0.10) x 10~ **

- (142 +0.43) x 10711

- (5.30 £ 2.85) x 107 ™

(3.19 £ 0.03) x 101034 (449 +4.27) x 10°*

(7.95 + 4.82) x 107732 (1.18 £ 0.29) x 10°

(1.94 + 1.04) x 1033 (1.69 + 0.26) x 10°

(6.44 £ 0.64) x 107134

(5.90 + 0.52) x 10°%* (1.70 + 0.24) x 10'%
(323 £0.17) x 10™**

20
[__|SEr
{ZZZ SEa
—154
)
=
w —104
?
p=
L
-5

[N

0% 3% 5% 6% 7% 10%
% CB-PPy

FIGURE 6 Total SE, SEg and SE, as a function of CB-PPy
fraction for TPU/CB-PPy composites prepared by compression
molding.

compared to PVDF/TPU/CB-PPy 38/62 vol% composites. The less
amount of conductive filler is added, the more preserved the mechani-
cal properties and processability of the polymeric matrix will be.

Furthermore, most applications of electromagnetic shielding
materials require a minimum attenuation of the electromagnetic
waves of —20 dB, which corresponds to the shielding of more than
99% of the incident radiation.>! This value was reached for compres-
sion molded composites of PVDF/CB-PPy with 5% of filler, however,
for TPU/CB-PPy composites the minimum shielding value required
for EMI shielding applications was not achieved at any filler content
tested. For PVDF/TPU/CB-PPy 38/62 vol% compression molded
composites, 15% of CB-PPy was necessary to reach the attenuation
of at least —20 dB, while for the co-continuous PVDF/TPU/CB-PPy
50/50 vol% composites 10% is already enough.

In addition, the developed PVDF/TPU/CB-PPy show the advan-
tages of higher contribution of the absorption mechanism that
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FIGURE 7 Total SE, SEg and SEa as a function of CB-PPy
fraction for PVDF/TPU/CB-PPy 38/62 vol% composites prepared by
compression molding.

| PVDF/TPU/CB-PPy 50/50 vol% CM |

-35
1 ]SEr
_so| | Z) SEa
—25 -
m 204
RS
L
@ _15
=
L
_10_
7 ]
0% 1% 2% 3% 5% 6% 10%
% CB-PPy

FIGURE 8 Total SE, SEg and SE, as a function of CB-PPy
fraction for PVDF/TPU/CB-PPy 50/50 vol% composites prepared by
compression molding.

eliminates the electromagnetic waves, while the reflection may be a
source of secondary pollution.

Another parameter that is evaluated in EMI shielding applications
is the shielding effectiveness by absorption (SE,) and the shielding
effectiveness by reflection (SEg). The particles of CB-PPy added to
the composites interact with the electromagnetic waves absorbing
(A) or reflecting (R) the electromagnetic radiation. The radiation that is
not absorbed or reflected by the shielding material will be transmitted
(T) to the environment. The stack plots reported in the above pictures

show that the EMI-SE of all compression molded composites is the

I ]SEr
—-304 SEa
e =

5% (38/62v0l%) 6% (38/62v0l%)

Sample

10% (50/50vol%

FIGURE 9 Total SE, SEg and SE, as a function of CB-PPy
fraction for PVDF/TPU/CB-PPy composites prepared by fused
filament fabrication.

TABLE 6 Comparison of total EMI-SE values between
compression molded (CM) and 3D printed (3D) composites.

EMI-SE (dB)
PVDF/TPU/CB-PPy CM 3D
5% (38/62 vol%) -7.6 -59
6% (38/62 vol%) -84 —6.5
10% (50/50 vol%) -23.0 -15.2

sum of reflection and absorption mechanisms and both are increased
with the addition of CB-PPy. Nevertheless, the contribution of the
absorption mechanism is generally higher for the investigated com-
posites, which is required for some applications, for example in appli-
cations for military radars, since the absorption mechanism eliminates
the electromagnetic radiation while the reflection may be a source of
secondary pollution. For carbon-based composites, the commanding
EMI shielding mechanism is commonly absorbed due to the compos-
ite's electrical properties.> However, for TPU/CB-PPy composites, the
shielding of the incident electromagnetic radiation was found to be
similar by absorption and reflection mechanisms.

Overall, PVDF/CB-PPy composites present much higher values of
EMI-SE than TPU/CB-PPy composites, however, their mechanical
flexibility is much lower. On the other hand, PVDF/TPU/CB-PPy
50/50 vol% co-continuous composites display a good balance
between mechanical properties (as discussed in our previous
works®324) and EMI-SE values and are capable to reach —23 dB of
EMI attenuation with 10% of filler, which is higher than the minimum
value of attenuation required for shielding applications.

In addition, the 3D printed PVDF/TPU/CB-PPy composites were
also investigated in order to evaluate the influence of the printing pro-
cess on the EMI shielding effectiveness, and their stack plots with the
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total EMI-SE, SEg, and SE, are presented in Figure 9. The total EMI-
SE values of compression molded and 3D printed composites with the
same composition are compared in Table 6. The results show that
the samples prepared by fused filament fabrication have EMI-SE
values lower than compression-molded samples with the same com-
position. For instance, the compression molded PVDF/TPU/CB-PPy
50/50 vol% composite with 10% of CB-PPy displays an EMI-SE of
—23 dB, while the 3D printed composite with the same composition
presents an EMI-SE of around —15 dB. The EMI-SE values are related
to the volume conductivity of the samples. In fact, the 3D printed
specimens presented a substantial drop in the electrical conductiv-

ity33,34

the presence of defects and voids in the 3D printed specimens occa-

when compared to the compression molded samples due to

sioned by the layer-by-layer deposition, which is much lower in more
compacted compression molded composites. In addition, the porous
structure of 3D printed specimens results in a lower amount of mate-

rial available to interact with the incident electromagnetic waves.

4 | CONCLUSIONS

In this study, the electromagnetic interference shielding effectiveness
of composites based on immiscible polymer blends of PVDF/TPU
filled with CB-PPy as conductive filler and based on neat PVDF and
TPU filled with CB-PPy prepared by compression molded and fused
filament fabrication was investigated.

The results show that the rheological behavior of the compos-
ites based on the PVDF/TPU blends as matrix presented a behav-
ior intermediate between those found for the composites based on
the neat polymers. In addition, the effect of filler was found to be
much more pronounced in PVDF than in TPU. The storage modu-
lus and glass transition temperature (T) of the composites follow
the same pattern where the storage modulus curves and T, values
of PVDF/TPU/CB-PPy composites are between those found for
the composites based on the neat polymers indicating that the
addition of TPU to the blends assists the preparation of compos-
ites with improved flexibility. Moreover, as the content of CB-PPy
increased, the storage modulus of the composites also increased
leading to more rigid materials. Concurrently, the T, values of the
composites decreased.

The EMI-SE of the investigated composites resulted to be
directly related to their electrical conductivity, i.e. to the content of
the conductive filler CB-PPy. In fact, specimens with higher electri-
cal conductivity reported higher shielding of the electromagnetic
radiation since the amount of conductive particles that can interact
with the electromagnetic radiation is higher. Furthermore, the main
shielding mechanism of the investigated composites was found to
be the absorption, which is desired for some technological
applications.

Moreover, the composites based on the PVDF/TPU 50/50 vol%
co-continuous blend as matrix displayed a better combination of EMI
shielding efficiency and mechanical properties. For instance, the addi-
tion of 15% of CB-PPy was necessary to reach the attenuation of at
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least —20 dB (which corresponds to a shielding efficiency of more
than 99% of the incident wave) in PVDF/TPU/CB-PPy 38/62 vol%
composites, while the addition of 10% of CB-PPy was capable to
induce the same level of EMI shielding in PVDF/TPU/CB-PPy 50/50
vol% co-continuous composites. Furthermore, specimens prepared by
fused filament fabrication presented diminished values of electrical
conductivity and EMI-SE response when compared to compression
molded samples with the same composition due to the presence of

voids and defects in the 3D printed parts.
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