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1 | INTRODUCTION

Nico Zamperlin' © |

Guilherme M. O. Barra® |

Abstract

Poly(vinylidene fluoride)/thermoplastic polyurethane (PVDF/TPU) composites
filled with carbon-black polypyrrole were prepared via melt compounding fol-
lowed by compression molding and fused filament fabrication. CB-PPy was
added to the blends from 0 up to 15% to possible act as nucleating filler for
PVDF p phase in order to increase its piezoelectric response. The influence of
blending PVDF and TPU and of the addition of CB-PPy on the overall crystal-
linity, content of  phase, and piezoelectric response of composites were inves-
tigated by differential scanning calorimetry (DSC), Fourier-transformed
infrared spectroscopy (FTIR), X-ray diffraction (XRD) and determination of
the piezoelectric coefficient (ds3). It was found that the addition of TPU to
PVDF induced an increase of the crystallinity degree and content of  phase in
PVDF. Moreover, although the degree of crystallinity of the composites
decreased with the addition of CB-PPy, the percentage of § phase in PVDF was
increased. This effect is more significant in samples with filler concentration
higher than 6 wt%. As expected, the ds; of the composites increased as the con-
tent of the B phase increased. Furthermore, 3D printed samples displayed
lower content of f phase and reduced piezoelectric responses when compared

to compression molded samples with same composition.
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positively and negatively charged creating a piezopoten-
tial that leads to a flow of the free electrons through the

The piezoelectric effect is based on the generation of elec-
trical potential variations as response to externally
applied mechanical strains. Therefore, when a mechani-
cal force is applied, the electric dipole moments separate
and the opposite surfaces of a flat sample become

external circuit to reach a balanced state again.'> Piezo-
electric materials have been employed in various techno-
logical applications including sensors, actuators, and
energy harvesting devices."®’ The energy conversion effi-
ciency of these materials can be assessed by the
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piezoelectric constant or piezoelectric charge coefficient
(ds3) that refers to the materials electric response to an
applied force in units of electrical charge (in Coulomb)
per unit of force (in Newton).>”* Among piezoelectric
materials, piezoelectric ceramics present a high ds3 con-
stant but suffer from low flexibility and brittleness mak-
ing them not suitable for flexible electronic devices.
Moreover, the preparation of ceramics requires specific
equipment for high processing temperature."*° For this
reason, several studies have been carried out on the
development of flexible piezoelectric materials based on
piezoelectric polymers or polymer composites, which dis-
play higher flexibility and an easier integration to func-
tional devices even though their piezoelectric coefficient
ds3 is not as high as for inorganic materials.>*'° A poten-
tial piezoelectric polymer is PVDF which is well known
for its substantial higher dielectric constant around
10 when compared to the usual 2-5 of other polymers'*
and offers the advantages of nontoxicity, lightweight,
flexibility, good biocompatibility, good processability, low
cost, and easy integration to devices."*'°

PVDF is a thermoplastic semi-crystalline polymer
composed of repeated units of vinylidene difluoride.
Depending on its chain conformations, PVDF can exist in
five crystalline phases: , p, v, 8, and &."'*'* The nonpo-
lar a phase is predominant in commercially available
PVDF because it is thermodynamically more stable than
the other phases.'>'> However, PVDF piezoelectric prop-
erties are related to the all transplanar zigzag TTTT and
trans-gauche T3GT3G' conformations of the polar phases
B and v,'° respectively, being p the one with the higher
dipole moment and, therefore, the higher piezoelectric
response.>7#121315719 1 this framework, the main
challenge is to convert the nonpolar o phase of PVDF in
the B phase. Several techniques have been developed to
increase the fraction of § phase in PVDF polymers to
enhance its piezoelectric properties such as mechanical
stretching, high electrical field poling, crystallization
under high pressure, polymer blending, electrospinning,
thermal annealing, addition of nanofillers, hot pressing,
and 3D printing.1’5’7’9’10’12_14’16’17’20_23

The piezoelectric properties of PVDF are related not
only to the polymer phase, but also to the degree of crys-
tallinity, microstructure and processing conditions.** For
instance, Seena et al'* succeeded in raising the overall
polar phases of PVDF samples, specially the  phase, by
proper hot pressing conditions. Besides the traditional
manufacturing methods, 3D printing is a promising tech-
nology for preparing materials with complex 3D geome-
tries and technological functionalities.”'® In this context,
the fused filament fabrication (FFF) technique has a great
potential to produce components with multifunctional
response, including piezoelectricity.”> Nevertheless,

processing PVDF via FFF is still a challenge because of its
large thermal expansion coefficient that leads to warping
deformation and its elevated shrinking during crystalliza-
tion.”**” In addition, PVDF printed parts present low
stretchability and low elongation at break thus limiting
their applications.

In this context, blending PVDF with thermoplastic
polyurethane (TPU) could be an efficient way to prepare
materials with an excellent combination between the pie-
zoelectric response of PVDF and the elastomeric proper-
ties of TPU.®***° Previous researches showed that hybrid
materials of PVDF and TPU offers unique advantages of
mechanical properties, such as stretchability and flexibil-
ity, and pyroelectric/piezoelectric properties.*®**3!

Furthermore, the dispersion of nanofillers is an interest-
ing strategy to induce the formation of an electroactive
phase and enhance piezoelectric properties of
PVDF,>101213:162021,23.2532 Among the reported nanofillers,
carbon nanofillers have been mostly used because of their
high surface area, good mechanical properties, elevated
electron transport properties, and superior polymer-filler
interfacial interactions.>'*'* For instance, Fakhri et al'
developed PVDF composites containing graphene oxide
doped with Au and Cu (GO/Au and GO/Cu) with high con-
tent of electroactive phases and high dielectric constant.
Moreover, Georgousis et al® reported an enhancement of
the B phase content in PVDF composites by adding 6 wt%
and 8 wt% of CNT via melting compounding.

Therefore, this work investigates the development of
PVDF/TPU composites filled with carbon black
(CB) doped with polypyrrole to increase the content of
PVDF f phase and to enhance the piezoelectric proper-
ties of the resulting composites. Two fabrication methods
were investigated: melt compounding followed by com-
pression molding and extrusion followed by FFF. To our
best knowledge, there are no similar studies concerning
the development of materials filaments comprising poly-
mer blends of PVDF/TPU and conductive filler.

2 | EXPERIMENTAL

2.1 | Materials

The selected PVDF with a melting temperature of 165-
175°C, a density of 1.78 g cm > and an electrical conduc-
tivity of 107 "* S cm ™! was purchased from Amboflon®.
The selected TPU is a Desmopan® DP 6064 A from Cov-
estro with a melting temperature of 200-220°C, a relative
density of 1.09 g cm > and an electrical conductivity of
107" Scm™'. A CB-PPy containing 80 wt% of CB with a
density of 2.22 gcm > and an electrical conductivity of
3 x 10" S cm™ ! was purchased from Sigma Aldrich.
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TABLE 1 Composition of PVDF/TPU/CB-PPy composites. TABLE 2 Composition of 3D printed composites.

PVDF/TPU 38/62 vol% PVDF/TPU 50/50 vol% PVDF/TPU 38/62 vol%

CB-PPy (%) CB-PPy (%) CB-PPy (%)

3 1 5

5 2 6

6 3 PVDF/TPU 50/50 vol%

7 = CB-PPy (%)

10 6 10

15 10

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic
polyurethane.

2.2 | Sample preparation
221 | Preparation of PVDF/TPU/CB-PPy
composites

PVDF/TPU/CB-PPy composites were produced using two
different PVDF/TPU blend compositions as matrices,
PVDF/TPU 38/62 vol% and PVDF/TPU 50/50 vol%. The
final composition of the composites is displayed in
Table 1. Composites were produced by melt compound-
ing using a Thermo-Haake Polylab 600 Rheomix internal
mixer with counter-rotating rotors and 50 cm® of internal
volume. Before mixing, the materials were dried over-
night at 60°C. Then, previous calculated amount of PVDF
and TPU were mixed at 180°C and a rotor speed of
50 rpm and after 2 min CB-PPy was introduced and
mixed for more 13 min.

222 | Compression molding

The prepared composites were compression molded in
squares plates of 120 mm? with 2mm of thickness
using a Carver Laboratory press at 180°C under a pres-
sure of 3.9 MPa for 10 min. Compression molded sam-
ples were cut in specific formats for different
characterization. Moreover, samples in film format were
also prepared by compression molding at a pressure of
3.9 MPa for 5 min at 180°C using a BOVENAU P15 ST
hydraulic press.

2.2.3 | Fused filament fabrication

According to the results from our previous
investigations,**>! three compositions (see Table 2) were
selected to be printed via FFF. For the preparation of the
filaments, the composites prepared by melt compounding

were immersed in liquid nitrogen, grinded and then
extruded in filaments with a diameter of 1.75 + 0.10 mm
using a single screw extruder Friul Filiere SpA model
Estru 13 operating at 30 rpm with four temperature zones
at 130, 170, 175, and 180°C (die). The extruded filaments
were collected on a rolling belt at 20 mm s~ .

The filaments were used for the 3D-printing of circu-
lar disks with a diameter of 15 mm and 2 mm in thick-
ness by a Sethi S3 3D printer based on the FFF
technology. The following printing parameters were set-
tled using the open source software Slic3r: nozzle temper-
ature 230°C; nozzle diameter 0.4 mm; nozzle speed
40 mm s~ '; printing platform temperature 40°C; layer
height 0.2 mm; object infill rectangular 100% and raster

angle +45°/—45° (horizontal alternate direction H45).

2.3 | Testing techniques

Differential scanning calorimetry (DSC) measurements
were conducted on a Perkin Elmer JADE DSC calorimeter
at a heating rate of 10°C min~" from 20 to 250°C under a
nitrogen flow of 100 mL min~'. Samples of about 10 mg
were analyzed. The melting temperature of the composites
was measured and the crystallinity content (X.) of PVDF
was calculated according to the following equation:

AHpy

X.=—2
¢ AHLD

x 100%

where AH,, is the melting enthalpy of the specimen
obtained by the DSC measurement, AH,* is the melting
enthalpy of pure crystalline PVDF (104.5J g~ ' 7*>*%) and
() is the weight fraction of PVDF in the composites.

The chemical structure, interaction between compo-
nents and crystalline phases of PVDF were evaluated by
Fourier transform infrared (FTIR) in the attenuated total
reflectance (ATR) mode using a ZnSe crystal by an Agi-
lent Cary 660 spectrometer. The scans were performed in
the range of 4000-650 cm ™' and the samples were ana-
lyzed in the film format.
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FIGURE 1 Heat flow curves as a function of temperature for

neat poly(vinylidene fluoride) (PVDF) and PVDF/thermoplastic
polyurethane blends.

The X-ray diffraction patterns (XRD) were obtained
from an Italstructures IPD3000 diffractometer equipped
with a standard sealed-tube source of Copper [Cu] anode,
a multilayer flat monochromator on the incident beam
selecting CuKa and a Dectris Mythen 1 K detector with
20 angles ranging from 10 to 120°.

The piezoelectric response of the samples was
assessed using a piezolelectric ds3; meter OKD3-2000-
F10N purchased from PolyK Technologies. An oscillating
force of 0.25 N was applied to the specimens with a fixed
frequency of 110 Hz and three different static clamping
forces of 1, 2, and 4 N were applied to evaluate the effect
of the applied load. The ds; constant (pC/N) was mea-
sured by reading the surface charge on the electrode.
Nine measurements were performed on three different
spots of each sample in film format.

3 | RESULTS AND DISCUSSION

3.1 | Differential scanning calorimetry
The DSC thermograms for neat PVDF and for PVDF/
TPU 38/62 vol% and 50/50 vol% blends are displayed in
Figure 1. In addition, Table 3 summarize the melting
temperature (Ty,), the melting enthalpy (AH.), the
weight fraction of PVDF () in the samples and crystallin-
ity content (X.) values of the materials.

The results show that the melting temperature (Ty,)
of the mixtures slightly decreases with the addition of
TPU to PVDF due to the poor compatibility between the
two polymers, which confirms the results already

described in our previous work.*® According to previous
studies, the decrease in the melting temperature is more
significant in highly compatible blends. In fact, Bera et
al*® reported a considerably reduction in the Ty, of PVDF
for poly(vinylidene fluoride)/poly(methyl methacrylate)
(PVDF/PMMA) 70/30 compatible blends (i.e., 27°C) than
for PVDF/TPU 70/30 blends.

Moreover, from the calculation of the crystallinity
content (X.) is possible to notice that blending PVDF
with TPU leads to an increase of the degree of crystallin-
ity of the samples supporting the claim that the addition
of TPU to the blends can assist to the crystallization of
PVDF chains.

Furthermore, Figure 2 presents the curves of heat
flow as a function of temperature for PVDF/TPU/CB-PPy
38/62 vol% and 50/50 vol% composites comprising vari-
ous amount of conductive filler. In addition, the melting
temperature (Ty,), the melting enthalpy (AHy), the
weight fraction of PVDF () in the samples, and crystal-
linity content (X.) values of the composites are summa-
rized in Table 3. Overall, the addition of the conductive
filler CB-PPy decreases the melting temperature and the
percentage of crystallinity of the mixtures indicating that
the particles of the filler can probably hinder the crystalli-
zation of PVDF chains.

Moreover, it is interesting to notice that a double
melting peak was found for PVDF/TPU/CB-PPy 10%
(38/62 vol%) and PVDF/TPU/CB-PPy 5% (50/50 vol%)
composites, which can be explained by the formation of
imperfect crystallites, the formation of two distinct types
of crystals or melt recrystallization.>* While a single melt-
ing peak is generally associated to more homogeneous
lamellae that melt simultaneously during the heating
process.

3.2 | Fourier transform infrared

FTIR analysis was performed in order to investigate the
chemical structure of PVDF and TPU, their interaction in
the PVDF/TPU 38/62 vol% and 50/50 vol% blends, to esti-
mate the crystalline phases of PVDF and the effect of
material composition and processing technique in PVDF
f phase.

Figure 3 shows the FTIR spectra of neat PVDF, neat
TPU, PVDF/TPU 38/62 vol% and 50/50 vol% blends fab-
ricated by compression molding and a zoom of the 1750-
650 cm ' region is also provided. For neat PVDF, the
peaks at 870 and 1402 cm ™' correspond to C—F stretch-
ing vibration and the peak at 1177 cm™ " corresponds to
C—C bond.®*° The band at 762 cm ™! is related to CH, in-
plane bending, while the bands at 795 and 974 cm™ ' can
be attributed to CH, rocking and twisting, respectively.**
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TABLE 3 Summary of melting Sample T., °C) AHn, (Tg Y 0 Xe (%)
temperature values, melting enthalpy
values, PVDF weight fraction, and PVDF 172.6 51.9 1 49.6
crystallinity content for neat PVDF and PVDEF/TPU 38/62 vol%
PVDF/TPU/CB-PPy composites. CB-PPy (%) T (°C) AHn,(Jg™h 0 Xc (%)
0 170.2 35.00 0.5 67.0
3 168.6 29.96 0.485 59.1
5 169.2 30.61 0.475 61.7
10 166.6/172.3 28.58 0.45 60.8
PVDEF/TPU 50/50 vol%
CB-PPy (%) T (°C) AH, (T g™ 0 Xc (%)
0 171.3 48.22 0.620 74.4
1 167.9 36.46 0.614 56.8
5 165.7/170.9 35.23 0.589 57.2
10 175.0 34.01 0.558 58.3

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

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

0.0
0.2
S 04
=3
2 —
Lo
=
®
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—3% T
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—10% exo
24— T T T T T T T
90 105 120 135 150 165 180 195 210 225 240
Temperature (°C)
FIGURE 2

PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane

Moreover, the presence of some peaks reported in the lit-
erature as characteristics of PVDF o phase can be seen at
762, 795, 854, 974, and 1424 cm™'.71#1318242328 Op the
other hand, the peaks corresponding to PVDF  phase
are found at 840, 1073, and 1278 cm ™ !.61%15:18:25.35 pop
neat TPU, the peak at 3301cm ' is attributed to
hydrogen-bonded N—H stretching. The bands at 2917
and 2915 cm ™ corresponds to symmetric and asymmet-
ric axial deformation of aliphatic CH,. In addition, the
band at 1728 cm ™ is related to free carbonyl stretching
vibration, while the band at 1702 cm™*' is related to
hydrogen bonded carbonyl groups.****3° The peaks at

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

047 o |
0.6 /
9
S o084
3 !
]
=
= 1.0
()]
T
12
1| =———0%
—1%
1.4 5% t
—10% exo

—_—
90 105 120 135 150 165 180 195 210 225 240
Temperature (°C)

Heat flow curves as a function of temperature for PVDF/TPU/CB-PPy composites comprising various amount of filler.

1978, 1529, 1309, and 1222 cm™! are associated to
C—0O—C bond, C—N stretching, N—H bending and ali-
phatic C—O stretching, respectively.*® Furthermore, for
the blends PVDF/TPU 38/62 vol% and 50/50 vol%, the
FTIR spectra present the main absorption peaks of
both components because they are not chemically
bonded and the phases of the blend are not mutually
soluble.

Furthermore, the FTIR peaks at 762 and 840 cm ™
(characteristics of a and p phases) were used to calculate
the percentage of p phase in PVDf, F(p), according to the
following equation®'*">2*;

85UB017 SUOWWOD 8AIEaID 3(edldde ayy Aq peusenob ale sajoie YO ‘SN JO SanJ 10y Afeiq18UlUO 8|1 U0 (SUONIPUOD-PUE-SWBIAL0D" AB| 1WA Leiq) | BU1UO//ScY) SUOIPUOD Pue S 1 8L 88S *[£202/0T/S0] Uo ARIqiTauliuo A8]IM ‘elfeleueiyood Aq 2600T ZsId/Z00T 0T/I0pAu0D" A8 1M Afeiq Ul uo'suo eol gndedsty//:sdny Wwouy pepeojumoq ‘v ‘€202 ‘2G8E0692



“ | WILEY_§ e SPE

BERTOLINI ET AL.

rroressionas POLYMERS
(A)
220
] ~—~—
200 [ —pvoF
1| —TpPU
180 1 PVDF/TPU 38/62 vol%
1 | ——PVDF/TPU 50/50 vol%
—~ 1601
:I_ 4
B 140 1
3 ]
S 120
S 4
£ 100
& ]
§ 80
F 604
40 -
20 W/ W
o+
3300 3000 2700 2400 2100 1800 1500 1200 900
Wavenumber (cm™)
FIGURE 3

(B)

220

200—-
180—-
160—-
140—-
120—-

14
100 1728

—TPU
PVDF/TPU 38/62 vol%
——PVDF/TPU 50/50 vol%

1529

80

Transmitance (a.u.)

60 1078
40

20 W

T T T T T T T T T T T T T T "1
1700 1600 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumber (cm™)

(A) Fourier-transformed infrared spectroscopy (FTIR) spectra of neat poly(vinylidene fluoride) (PVDF), neat thermoplastic

polyurethane (TPU) and PVDF/TPU 38/62 vol% and 50/50 vol% blends prepared by compression molding; and (B) zoom in the FTIR spectra

at the region of 1750-650 cm ™.

Sample Ao (cm ™) Ap (em™) Ay

Neat PVDF 762 840 0.403
PVDF/TPU 38/62 vol% 762 840 0.115
PVDF/TPU 50/50 vol% 762 840 0.017

TABLE 4 Valuesof 4, A, and F(f)

Agp F(p) (%)

for neat PVDF and PVDF/TPU
0.204 31 38/62 vol% and 50/50 vol% blends.
0.092 41
0.009 33

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

_ Ap
o= (Kp/Ka)Aa+Ap

where F(3) is the p phase content, A, and A are the absor-
bance intensities and K, and Kj are the absorption coeffi-
cients at 762 and 840 cm ™!, respectively, with values of
6.1 x 10* cm? mol ! and 7 x 10* cm? mol*.'>* The cal-
culated F(f) in neat PVDF and in the PVDF/TPU blends
are presented in Table 4. The results show that the content
of PVDF P phase increases when TPU is added to the
blend. In fact, the F(f) for neat PDVF is 31% and it
increases to 41% in the PVDF/TPU 38/62 vol% blend and
to 33% in the PVDF/TPU 50/50 vol% blend. This indicates
that polymer blending can contribute to the phase trans-
formation of PVDF as described in some studies.*"***’
The contribution of the addition of the conductive
filler CB-PPy on the phase transformation of PVDF was
also evaluated by the FTIR analysis. Previous studies
describe the addition of carbonaceous fillers to PVDF
composites as a strategy to improve the formation of its
phase >!*1#13:16:203233 1n this context, Wu et al®® state
that the addition of the conductive filler CB in PVDF

composites assisted its f phase formation since CB acted
as a nucleating agent.

The measured F(p) values for the PVDF/TPU/CB-PPy
38/62 vol% and 50/50 vol% compression molded compos-
ites comprising various amount of CB-PPy are displayed
in Table 5. The results illustrate that the addition of high
amount of CB-PPy (i.e., 5% or more) improves the con-
tent of p phase in PVDF. In fact, it is possible to observer
that composites comprising 6% and 10% of CB-PPy dis-
play higher p phase content, from 50% up to 61%, for both
composites. Thus, endorsing the claim that the addition
of the filler can assist the formation of § phase in PVDF.
Although the DSC results show that the overall crystal-
linity of the samples decreases with the addition of CB-
PPy, the percentage of the p crystalline phase increases.

In addition, the influence of the processing method
on the formation of the p phase in PVDF was also investi-
gated. Table 6 shows a comparison between the F(f}) in
compression molded and 3D printed samples with same
composition. The content of § phase in PVDF was found
to be lower for all samples fabricated by FFF when com-
pared to the samples with same composition prepared by
compression molding. It may happen because the
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PVDF/TPU 38/62 vol%
for PVDF/TPU/CB-PPy 38/62 vol% and
50/50 vol% composites containing CB-PPy (%) Ay (cm™Y) Ag (cm™ ) Ay Ag F(P) (%)
various amount of CB-PPy prepared by 0 762 840 0.115 0.092 41
compression molding.

3 763 840 0.029 0.023 41

5 762 837 0.163 0.152 45

6 764 835 0.018 0.021 50

10 763 835 0.023 0.042 61

PVDF/TPU 50/50 vol%

CB-PPy (%) Ao (cm™) Ap (cm™) A, Ap F(B) (%)

0 763 840 0.017 0.010 33

1 762 841 0.047 0.026 32

3 763 840 0.023 0.013 32

6 764 840 0.237 0.289 52

10 764 833 0.027 0.040 57

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

TABLE 6 Comparison between F()% of compression molded
and 3D printed PVDF/TPU/CB-PPy composites.

PVDF/TPU 38/62 vol%

CB-PPy (%) F(B) CM (%) F(B) 3D (%)
0 41 37

5 45 43

6 50 43
PVDF/TPU 50/50 vol%

CB-PPy (%) F(B) CM (%) F(B) 3D (%)
10 57 49

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic
polyurethane.

thermal effect of processing techniques that can affect
the polarization of PVDF crystalline phases decreasing
the amount of p phase."®

3.3 | X-ray diffraction

In order to further evaluate the influence of the addition
of TPU and CB-PPy and also the processing techniques
on the PVDF crystalline phases, XRD measurements
were carried out for neat PVDF, neat TPU, PVDF/TPU
38/62 vol%, and 50/50 vol% blends and composites con-
taining various amount of CB-PPy. The XRD peaks dis-
played in Figure 4 show the characteristic peaks of the
neat polymers. The broad and diffuse peak at 20.5° of
neat TPU is characteristic of a completely amorphous
material and it is associated to both hard and soft

1200

—TPU

PVDF/TPU 38/62 vol%
——PVDF/TPU 50/50 vol%
——PVDF

1000

800

a (021)

5200

600

Intensity (a.u.)

400

200

o+
10 20 30 40 50 60 70 80

26 (%)

FIGURE 4 X-ray diffraction patterns of neat poly(vinylidene
fluoride) (PVDF), neat thermoplastic polyurethane (TPU) and
PVDF/TPU 38/62 vol% and 50/50 vol% blends prepared by
compression molding.

domains of TPU. Different from TPU, PVDF presents a
substantial degree of crystallinity resulting in the diffrac-
tion peaks at 17.7°, 18.4°, 20.0°, and 26.6° related to the
(100), (020), (110), and (021) diffraction planes that are
commonly associated to the nonpolar o phase of
PVDF.'»'*!%3% On the other hand, the peak that corre-
sponds to the polar f phase of PVDF can be found at 36.0
(200)."*'® Although previous studies show that main
peak corresponding to the PVDF f phase is at 20.6°,%'% it
is difficult to relate this peak only to the p phase by XRD
patterns since a, f and y phases have an intense diffrac-
tion peak around 20°.'°
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FIGURE 5

(B) | PVDF/TPU/CB-PPy 50/50 vol% CM
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Intensity (a.u.)
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200

26 (°)

X-ray diffraction patterns of (A) PVDF/TPU/CB-PPy 38/62 vol% and (B) PVDF/TPU/CB-PPy 50/50 vol% composites

prepared by compression molding comprising various amount of CB-PPy. PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane

3D printed samples
1400
—— PVDF/TPU 38/62 vol%
) ——— PVDF/TPU/CB-PPy 5% (38/62 vol%)
1200 PVDF/TPU/CB-PPy 6% (38/62 vol%)
—— PVDF/TPU/CB-PPy 10% (50/50 vol%)
1000
= ]
S 800+
> ]
2
3 600 -
E 4
400+
200+
0 T T T T T T T T T T T
10 20 30 40 50 60 70 80
20 (%)
FIGURE 6 X-ray diffraction patterns of PVDF/TPU/CB-PPy

composites with various content of CB-PPy prepared by fused
filament fabrication. PVDF, poly(vinylidene fluoride); TPU,
thermoplastic polyurethane

Moreover, the diffraction patterns of the compression
molded blends composed of PVDF/TPU 38/62 vol% and
50/50 vol% are a combination of the XRD patterns of the
neat polymers, as expected. In addition, the peak related
to PVDF o phase found at 18.4° seems to be diminished
with the addition of TPU to PVDF, while the peak corre-
sponding to the P phase of PVDF found at 36.0° was
slightly increased. These results corroborate to those
obtained from the FTIR analysis.

Furthermore, the XRD patterns of PVDF/TPU/CB-
PPy 38/62vol% and 50/50 vol% compression molded

18 | Neat polymers |

] —s— 1N
16 T —e— 2N

14
12

10+

d,, (PC/N)

I

T T
Neat PVDF Neat TPU

Sample

FIGURE 7
poly(vinylidene fluoride) (PVDF) and neat thermoplastic
polyurethane (TPU) samples prepared by compression molding.

Piezoelectric coefficient (ds3) of neat

composites are displayed in Figure 5. The results show
that the addition of low amount of CB-PPy (i.e., 3% and
5%) slightly changes the diffraction patterns of the com-
posites indicating a similar content of PVDF  phase in
these materials. However, when higher amounts of CB-
PPy (i.e., 6% and 10%) are added to the composites, more
substantial changes are observed in the XRD patterns of
the composites indicating that PVDF crystalline phases
are modified. In fact, the peak at 17.7° corresponding the
PVDF « phase disappears when 6% and 10% of CB-PPy
are added in both composites, while the peak at 18.4°
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TABLE 7
PVDF/TPU/CB-PPy composites prepared by compression molding.

Summary of the piezoelectric coefficient (ds3) of

ds; (pC/N)
Sample 1N 2N 4N
Neat PVDF 9.1+6.9 44 +13 32+11
Neat TPU 3.6 £1.4 3.6 £04 34+02
PVDF/TPU 38/62 vol%
% CB-PPy 1N 2N 4N
0 2.8 +£0.7 2.7+ 0.6 2.8+ 0.5
3 35+03 32+0.1 32+0.1
5 49 +22 33+£13 3+07
6 35+ 1.7 3.5+ 0.6 3.7+0.2
7 7.6 +£29 48 +1.5 3.7+ 0.6
10 169 + 7.6 7.5+ 24 51+1.1
15 202+ 3.4 10.7 £ 2 6.4+ 0.7
PVDF/TPU 50/50 vol%
% CB-PPy 1N 2N 4N
0 3+08 31+03 31+0.1
1 53+21 3.9+09 33+03
2 3.7+0.6 32+0.1 31+0.1
3 3.4+0.6 33+03 32+01
5 3+1.1 3.7+14 33+03
6 6+29 3.7+12 3.5+£04
10 12.2 +4.3 7+1.9 51+1.2

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic
polyurethane.

(A) 25 | PVDF/TPU/CB-PPy 38/62 vol% CM |
—=— 1IN T
1|—e—2N
204 4N
~ 151
Z
(@]
=
=5 10
5_
0 T T T T T T T T
0 2 4 6 8 10 12 14
% CB-PPy
FIGURE 8

912 INSPIRING 151
w fHortionas  POLYME RS_W I L E Y

significantly decreases in PVDF/TPU/CB-PPy 50/50 vol%
composites. Moreover, the peak at 26.6° decreases when
6% of CB-PPy is added to PVDF/TPU/CB-PPy 38/62 vol%
and practically disappear when 10% of CB-PPy is added
to the composite. For PVDF/TPU/CB-PPy 50/50 vol%
composites, this peak nearly disappear when 6% and 10%
of CB-PPy are added. Those results are also in agreement
to the FTIR spectra of the composites.

\ PVDF/TPU/CB-PPy 3DP |

7
—=— 1N
64| —*—2N
4N
5 -
—~ 4
-
g
=, 3
_O(V)
2 -
1!
0 T T T T T T T T T
PVDF  0(38/62) 5(38/62) 6(38/62) 10 (50/50)
% CB-PPy
FIGURE 9 Piezoelectric coefficient (ds3) of PVDF/TPU/CB-

PPy 3D printed composites. PVDF, poly(vinylidene fluoride); TPU,
thermoplastic polyurethane

(B) 5 | PVDF/TPU/CB-PPy 50/50 vol% CM |
1| —=—1N
16 | —e— 2N
] 4N

% CB-PPy

Piezoelectric coefficient (ds3) of (A) PVDF/TPU/CB-PPy 38/62 vol% and (B) PVDF/TPU/CB-PPy 50/50 vol% compression

molded composites. PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane
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The XRD patterns of the 3D printed composites were
also evaluated and they are displayed in Figure 6. It is
possible to observe some small changes when comparing
the diffraction patterns of the 3D printed samples to the
diffraction patterns of the same composites prepared by
compression molding, thus indicating that the printing
process may affect the crystalline phases of PVFD, as
already discussed in the FTIR section.

3.4 | Piezoelectric d;; constant

The piezoelectric coefficient (d3;) was measured in order
to investigate the relationship between the content of

TABLE 8 F(#)% and piezoelectric coefficient (ds3) of
compression molded for PVDF/TPU/CB-PPy composites applying
1 N of static force.

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

CB-PPy (%) F(B) (%) ds; (pC/N)
0 41 2.8

3 a1 3.5

6 50 3.5

10 61 169
PVDF/TPU/CB-PPy 50/50 vol%

CB-PPy (%) F(B) (%) ds; (pC/N)
0 33 3

3 32 34

6 52 6

10 57 12.2

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic
polyurethane.

PVDF f phase in the composites and their piezoelectric
responses. The ds; values for the neat polymers are dis-
played in Figure 7 and the ds; coefficients with the appli-
cation of 1, 2, and 4 N of the static force for the neat
polymers and the compression molded PVDF/TPU/CB-
PPy composites are summarized in Table 7.

For the neat polymers, the results show that PVDF
has better piezoelectric properties with respect to TPU, as
expected. Regarding the PVDF/TPU/CB-PPy composites,
Figure 8 and Table 7 show that although the piezoelectric
responses is generally poor for the analyzed samples,
when high quantities of the conductive filler are added to
the composites a noticeable improvement in the piezo-
electric coefficient can be detected. In fact, the piezoelec-
tric responses significantly increase when the CB-PPy
concentration overpasses the piezoelectric threshold
value of 6% for PVDF/TPU/CB-PPy 38/62 vol% and 7%
for PVDF/TPU/CB-PPy 50/50 vol%. The highest values of
ds3 are achieved with the addition of 15% of CB-PPy in
PVDF/TPU/CB-PPy 38/62 vol% composites and 10% of
CB-Py in PVDF/TPU/CB-PPy 50/50 vol% composites.

Moreover, it can be observed that the error bars are
considerably large when static clamping force is 1 N. It
may be related to non-homogeneity of samples or to non-
optimal clamping, which can induce to imprecisions dur-
ing the measurements. On the other hand, when the
clamping force is increased to 2 N and 4 N, the error bars
substantially decrease. However, a flattening can be
observed in the ds; curves when the static force is raised
to 4 N because the clamping force is probably too high
for soft polymers and thin samples causing high sample
deformation.**'

Furthermore, the d;; constant was also measured for
the specimens prepared by FFF. Figure 9 presents the ds;
values of 3D printed samples showing that very low pie-
zoelectric response was found for the 3D printed compos-
ites. Moreover, the concentration of CB-PPy in the 3D

TABLE 9 Comparison of F()% and
the piezoelectric coefficient (ds3)

CM 3D
Sample F(p) (%) d3; (pC/N)
PVDF 31 9.1+69 32
PVDF/TPU 38/62 vol%
CB-PPy (%) F(B) (%) ds3 (pC/N)
0 41 2.8 +0.7 37
5 45 49 +22 43
6 50 35+ 1.7 43
PVDF/TPU 50/50 vol%
CB-PPy (%) F(B) (%) ds3 (pC/N)
10 57 122 +4.3 49

Abbreviations: PVDF, poly(vinylidene fluoride); TPU, thermoplastic polyurethane.

F(p) (%)

F(B) (%)

F(B) (%)

ds; (pC/N)
22+1.7

between compression molded (CM) and
3D printed (3D) specimens applying
1 N of static force.

ds3 (pC/N)
32+02

3.5+05
31+0.1

ds3 (pC/N)
4+0.7
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printed composites does not significantly affect the piezo-
electric response of the materials. In fact, even samples
with high amount of CB-PPy (i.e., 6% and 10%) have not
exhibited a substantial improvement in the piezoelectric
coefficient values.

Additionally, in order to evaluate the relationship
between the content of PVDF f phase in the composites
and their piezoelectricity, Table 8 presents the values of
F(p) and d5; for compression molded PVDF/TPU/CB-PPy
composites. Generally, the piezoelectric constant
increased with the percentage of f phase for 38/62 vol%
and 50/50 vol% composites. In addition, samples with
more than 6% of CB-PPy have shown higher f phase con-
tent, thus higher values of ds3, endorsing the claim that
the addition of high amount of CB-PPy was capable of
assist the PVDF phase transformation.

Moreover, Table 9 presents a comparison of the F(f})
and d;; values between compression molded and 3D
printed specimens. As discussed before, the FFF process
leads to a decrease in the content of § phase and in the
piezoelectric responses of the composites when com-
pared to compression molded samples with same
composition.

Overall, the results confirm that the piezoelectric
properties of PVDF are associated to its § phase and that
the compression molded composites have shown higher
B phase content, thus better piezoelectric responses, con-
firming that the 3D printing process affect directly phase
transformation of PVDF.

4 | CONCLUSIONS

In this study, the development of PVDF/TPU composites
filled with CB doped with polypyrrole to increase the con-
tent of PVDF P phase and to enhance the piezoelectric
properties of the composites was proposed. The piezoelec-
tric responses, crystallinity and phase transformation of
PVDF in compression molded and 3D printed PVDF/TPU/
CB-PPy composites were investigated.

According to the results, the addition of TPU to PVDF
can assist the crystallization of PVDF chains increasing
degree of crystallinity and content of § phase in PVDF.
Furthermore, the results show that although the addition
of CB-PPy in the composites reduces the degree of crys-
tallinity of PDVF, the percentage of PVDF f phase in the
final materials is increased, however, it is more evident
in samples with filler concentration higher than 6%. The
addition of CB-PPy higher than 6%-7% seems to have a
significant effect also on the piezoelectric coefficient (ds3)
of compression molded samples. In addition, specimens
prepared via FFF displayed lower content § phase in
PVDF when compared to compression molded samples

W somers— WILEY-L22
with same composition. As expected, 3D printed samples
also presented lower piezoelectric responses when
compared to compression molded composites with
composition.

Overall, the piezoelectric responses of all composites
increased with the percentage of PVDF f phase and the 3D
printing process affected directly the phase transformation
of PVDF and the piezoelectric response of the materials.
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