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ARTICLE INFO ABSTRACT

Keywords: The effectiveness of the poling process of poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) nanofibers is
Corona poling essential for their use in engineering applications (i.e., artificial piezoelectric skins, self-sensing composite ma-
Piezoelectric

terials). While traditional contact poling methods present electrical breakdown risks through the highly porous
nanofibrous membranes, the corona poling technique offers a non-contact alternative, utilizing ion generation to
polarize piezoelectric materials without direct interaction between the high-voltage electrode and the sample.
The corona poling process is well-established for P(VDF-TrFE) thin films, but literature lacks a reliable meth-
odology for P(VDF-TrFE) nanofibers. This study addresses this gap by systematically investigating the differences
between the corona poling of P(VDF-TrFE) films and nanofibers and aims to disclose the distinct physical
mechanisms involved. First, the corona triode setup is optimized for P(VDF-TrFE) films, achieving a piezoelectric
strain coefficient dss of 23 pC N™1. The parameters of the corona setup are then methodically recalibrated for the
nanofiber’s polarization, with the rationale behind these adjustments discussed and validated through experi-
mental investigations. Such a refined corona poling method leads to a dss equal to —20.8 pC N7! for the
nanofibers, contemporary allowing for a comprehensive understanding of the physical mechanisms behind the

P(VDF-TrFE) nanofibers
Factorial design

two distinct methods.

1. Introduction

In recent years, the rapid development of multifunctional materials
has accelerated the transition towards the use of smart components for
industrial and wearable applications, such as flexible electronics or self-
sensing composite materials [1-3]. Among them, piezoelectric materials
feature an intrinsic energy conversion mechanism, which paves the way
for a variety of self-sensing materials with autonomous power supply [4,
5]. Since the piezoelectric effect locally converts mechanical energy into
electrical energy, piezoelectric sensors have been increasingly used to
accurately measure pressure, acceleration and force changes in various
applications [6,7]. Among them, the high piezoelectric performances of
piezo-ceramics materials have been widely exploited in various fields,
such as accelerometers, structural health monitoring (SHM) systems and
self-sensing composite structures [8-11].

Alternatively, piezoelectric polymers attracted enormous interest in
the last decades, due to their great flexibility and processability [12].

* Corresponding author.
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Poly (vinylidene fluoride) (PVDF) and its copolymer with trifluoro-
ethylene P(VDF-TrFE) are the most widespread piezoelectric polymers,
and they can be used to monitor bending [13-16], twisting, finger
tapping [17] and for energy harvesting purposes [18,19]. Furthermore -
via electrospinning technique - piezoelectric polymers can be fabricated
in the shape of nanofibers, whose high flexibility can be exploited for
wearable applications, such as soft electronic skins (e-skin) [20,21], or
tactile sensors [22-24]. Thanks to their high porosity, nanofibers can be
also embedded into hosting matrix to develop of self-sensing materials
with special shapes or curvilinear structures, such as prosthetic soles,
robotic hands, and pressure sensors [25-27]. In addition to their
piezoelectric functionalization, numerous studies have demonstrated
the positive influence of nanofiber interleaving on the mechanical
properties of composite materials [28,29].

Since P(VDF-TrFE) generally presents low piezoelectric perfor-
mances, a poling process is required to achieve higher sensitivity before
to be used for sensing or energy harvesting applications. Starting from
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the early 1990s, several studies have been performed on the poling
phenomena to align the dipoles of the material crystal lattice [30,31].
Traditional poling methods involve the use of a high-voltage electrode
and a ground electrode which are put in contact with the sample,
generating a high electric field across the specimen thickness, both using
DC or AC voltage [32,33]. However, during the polarization of nano-
fibers, several issues may arise due to the presence of air voids within the
nanofibrous membrane, which can initiate an electrical breakdown
avalanche. To mitigate this, the nanofibrous mat is often polarized after
being embedded into a hosting matrix [20,25,34]. The primary draw-
back of this approach is the uneven distribution of the applied electric
field between the piezoelectric phase and the filler matrix, depending on
the electrical properties of the two phases [10,25]. This disparity can
significantly reduce the electric field experienced by the piezoelectric
phase, thereby limiting the piezoelectric response of the composite
material.

Promising strategies exist for the alternative polarization of nano-
fibers before the integration within the composite material, avoiding
electric breakdowns risks. For instance, highly sensitive piezoelectric
membranes have been fabricated by aligning the dipoles using a peculiar
electrospinning procedure [35], or by polarizing them in an oil bath
with high dielectric strength, which can subsequently be removed [36].

Alternatively, a non-contact poling method such as the corona
technique could represent an effective and non-disruptive way to induce
permanent polarization on the piezoelectric material. When a suffi-
ciently high potential difference is established between a fine wire
electrode and a plate, the surrounding air is ionized, and the generated
ions flow towards the ground base. By placing the piezoelectric film on
top of the ground electrode, ions will deposit onto its surface and induce
the movement and orientation of dipoles [37]. This technique has
already attracted significant interest in the field of polymer film poling,
as reported for PVDF films [38-40], or for Big.gsBag.osFe.95Zr0.0503
(BBFZO) incorporated in PVDF [41]. Moreover, the corona poling
method can also be applied on composite metamaterials with 3D shapes,
enhancing the piezoelectric response compared to the traditional DC
contact poling method. In these materials, the use of corona poling al-
lows to apply high electric field to the piezoelectric phase limiting the
risk of electrical breakdown [42-44]. However, the attainment of a
uniform polarization on the whole sample surface is challenging, which
is why a significant improvement has been made with the so-called
corona triode technique.

This method involves the use of a metallic grid placed between the
high-voltage electrode and the ground plate to achieve a more uniform
distribution of the electric field within the deposition area, hence a
better surface charge distribution. The effects of poling time and grid
voltage were investigated in PVDF film using Fourier transform infrared
spectroscopy (FTIR) and direct measurement of piezoelectricity [45].
Meanwhile, Giacometti et al. employed a constant current corona triode
method for charging nonlinear optic (NLO) polymers and PVDF foils
[46,47]. Instead of using a metallic grid, Li et al. set up a meandering
path for the movement of the high voltage needle controlled by a robotic
arm, to uniform the ion distribution [48].

As far as corona poling on nanofibers is concerned, exiguous works in
literature provide detailed polarization procedures and they focus on
few parameters, such as the voltage values to be applied to the needles
and the grid [49-51]. Owing to the intrinsically porous nature of
nanofibrous mats, the ion deposition mechanism responsible for polar-
ization differs significantly from that of thin-film polarization.

This study bridges this gap by elucidating the different physical
processes involved during the corona poling of P(VDF-TrFE) thin films
or nanofibers, identifying the corresponding corona triode configura-
tions that optimize the piezoelectric strain coefficient ds3. In addition to
the systematic investigations of the two distinct mechanisms, this work
provides guidelines for tailoring the desired ds3, supported by in-depth
analyses of the influence of each parameter in the corona triode tech-
nique. First, a Design of Experiment (DoE) [52] approach was adopted to
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identify the optimal poling conditions for a commercial thin film of P
(VDF-TrFE), by studying the effects of the variety of parameters
involved in the corona triode technique (i.e., temperature, geometrical
and electrical parameters). Starting from these findings, the corona
triode method was systematically readjusted for the polarization of P
(VDF-TrFE) nanofibers produced via electrospinning, thus offering a
comprehensive understanding of the two distinct mechanisms.

2. Experimental

The manufacturing process of P(VDF-TrFE) nanofibers and the fea-
tures of the commercial P(VDF-TrFE) film are first described in Section
2.1. The corona polarization apparatus used in this work is shown in
detail in Section 2.2, with a particular focus on the parameters that are
involved in the process. The methods to measure the charge deposition
on the sample surface and the corona current distribution are described
in Section 2.3 and Section 2.4, respectively. The former method is
employed to have feedback on the impact of certain parameters, i.e., the
presence or absence of the grid and the number of needles, on the corona
poling process. Finally, Section 2.5 reports the electromechanical and
chemical analyses performed on the piezoelectric specimens, before and
after poling.

2.1. Sample preparation

Commercial P(VDF-TrFE) films (40 x 40 x 0.02 mm) were kindly
provided by Solvay S.p.A. Milan.

The P(VDF-TrFE) nanofibrous mats were manufactured via electro-
spinning starting from a polymeric solution, prepared by dissolving the
piezoelectric copolymer (P(VDF-TrFE)80/20 mol%, M,, = 600 kDa,
Curie temperature T, = 133 °C, provided by Solvay S.p.A. Milan) in
dimethylformamide (DMF) and acetone (AC). The polymeric solution (7
wt% P(VDF-TrFE), 23 wt% DMF, and 70 wt% AC) was magnetically
stirred for 3 h to fully dissolve the polymer. The electrospinning process
was performed with a Spinbow Lab Unit (Spinbow S.r.1., Bologna, Italy)
and comprises a needle connected to a high voltage generator (HVDC
Spellman SL10-60 kV) set at 14 kV. The nanofibers were collected on a
low-speed rotating drum (165 rpm) connected to the ground and placed
15 cm from the needle. The process took place for 6 h to obtain a
nanofibrous mat with a thickness equal to 80 pm and a grammage of 45
g m2

The electrospun nanofibers were analyzed using a Phenom Pro X
scanning electron microscope (SEM). Prior to the micrographs, one
sample was cut in a nitrogen bath for the cross-section examination, and
all the samples were sputter-coated with gold. The average diameter was
evaluated on 100 nanofibers using an image analysis software (ImageJ).

2.2. Corona poling

Corona discharge is a phenomenon that occurs when a high voltage is
applied to an asymmetric electrode configuration, such as point-to-plane
geometry. The gas that fills the gap between the electrodes is subjected
to a divergent electric field, especially in the proximity of the tips. The
local electric stress incepts a collisional process between available free
charge carriers and the surrounding neutrals, unleashing a large number
of ionic species, strongly dependent on the applied voltage and medium.
This restricted area around the needle is named ionization region,
whereas the confining region that extends towards the ground plate is
called drift or conduction zone. When a dielectric layer is introduced in
between the high voltage electrode and the ground plane, free carriers
are able to reach and deposit onto the surface of the insulation. This
produces an accumulation of electrostatic charges (positive or negative,
depending on the experimental conditions), which in turn produces an
electric field opposite to the imposed one. Such a process will proceed
until a balance in between the local electric field in the gaseous region
and that created by the deposited charges is achieved is achieved. Under
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this steady state condition, the polarization of the dielectric has
occurred, accomplishing the so-called “corona poling”.

As aforementioned, a metallic grid could be interposed between the
high voltage electrode and the ground plate to homogenize the ion
distribution all over the sample surface [53].

Since the effectiveness of the corona poling technique hinges on a
variety of parameters, a peculiar in-house-built cell was fabricated to
study different conditions (see Fig. 1). In particular, a brass support was
manufactured to hold up to 25 needles, with a grid pattern of 5 x 5
(vertical and horizontal spacing of 10 mm). Moreover, the possibility to
vary the needle-to-grid (Dyg) and the grid-to-ground (D) distances was
included in the cell design. To compare the corona triode technique with
the gridless corona poling method, a removable copper grid (mesh di-
mensions 1 x 1 mm?) was adopted. The supporting structure of the
poling cell was made of PTFE, to electrically insulate the high-voltage
region with the grid and the ground plate, as shown in Fig. 1. The po-
larization setup included two high-voltage (HV) generators, as sche-
matically represented in the equivalent electric circuit of Fig. 1. One HV
generator was connected to the brass needle holder and the other to the
metallic grid. The piezoelectric specimen was placed above the
aluminum plate connected to the ground. An auxiliary resistor (Rgy) of
2.1 MQ was added in parallel to the grid to limit the capacitive coupling
between the HV needles and the grid. The effects of the geometric pa-
rameters (D, and Dg) together with the HV values applied on the grid
(V) and the needles (V,,) were investigated by means of two factorial
designs, so as to optimize the piezoelectric strain coefficient dss. In
addition, the effect of the poling temperature was also evaluated with
the One Factor At Time (OFAT) method. The full description of these
methods is provided in Section 3.3.

2.3. Electrical charge distribution

Since the working mechanism of the corona poling relies on the
deposition of the electric charges on the piezoelectric sample surfaces, in
this work the electrical charge distribution has been measured for
different corona poling conditions. The measurements were performed
after the corona poling process using a 20-kV electrostatic voltmeter
(TREK, model 341B) [54,55]. A non-contact probe (TREK, model 3455
ET) was coupled with the electrostatic voltmeter to perform the surface
potential tests. The probe was clamped to a custom 3-axis motorized
positioning stage with a resolution of 0.1 mm. Immediately after the
polarization process, the ground plate of the corona cell - where the
specimen was placed - was removed and fixed below the probe, as shown
in Fig. 2. The distance between the probe sensing element and the
piezoelectric sample was set to 5 mm. Electrostatic potential mapping
was performed by monitoring the potential while the probe followed a
predefined motion pattern at a constant speed over the entire surface of
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4 Yy :
§ To electrostatic
voltmeter

Fig. 2. Charge distribution measurement setup.

the polarized specimen. The entire scanning process took about 30 s to
cover a 60 x 60 mm? area, and the resulting 2D map was reconstructed
during post-processing.

The output of the electrostatic voltmeter is a surface potential, which
is strictly correlated to the amount of electrical charges deposited on the
specimen surface during the corona polarization process. The surface
potential values were acquired by an oscilloscope (Tektronix DPO
5034B, digital phosphoric oscilloscope) and correlated to the position of
the probe pattern. This setup was exploited for different corona poling
conditions. In particular, the effect of the number of needles (n, equal to
1, 9 or 25) was considered, as well as the presence or the absence of the
metallic grid. The Dy, and the Dy were fixed at 30 mm and 10 mm,
respectively. The voltage applied to the needles V,, was equal to 20 kV,

f

Needles

4 , N

HV
generator

Fig. 1. Equivalent circuit for the polarization process and corona triode poling cell with 25 needles.
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while the high voltage of the grid V, was set to 3 kV. The same config-
urations were repeated by applying a negative voltage value, both to the
needles and the grid.

2.4. Corona current density measurement

Current density measurements were performed for different
geometrical configurations to observe the behavior of the inception
voltage and the maximum applicable voltage prior to electrical
discharge [56-58]. The study of the current density distribution, which
is involved during the corona polarization process, is a suitable method
to investigate the polarization efficiency. The ground plate of the cell
described in Section 2.2 was replaced with a current measuring system
equipped with a guard ring, as shown in Fig. 3, to detect only the current
crossing the bulk insulation of the sample. The central aluminum cyl-
inder was fabricated with the same area of the piezoelectric specimens
used in this study (16 cm?) and it worked as a probe to measure the
current flowing the thickness of the specimen. The current probe was
electrically insulated from the ground plate through a PTFE circular
crown (inner diameter 55 mm outer diameter 65 mm) and it was con-
nected to an electrometer (Keithley 6517B) to measure the current. The
neighboring metal region was grounded to remove the leakage current
(Fig. 3).

The analyses were carried out by varying the number of needles (1, 9,
and 25) and the distance (d) between the tip and the ground plane (30,
35, and 40 mm). For each configuration, the voltage was increased from
zero to the maximum applicable voltage before breakdown.

The same current measurement setup was replicated in the case of a
negative voltage source. These further measurements were performed to
better exacerbate how polarity affects the corona discharge process.

2.5. Piegoelectric characterization

The piezoelectric strain coefficient ds3 of the poled specimens was
measured by using a piezometer (ds; PiezoMeter System, Piezotest,
Singapore, www.piezotest.com), by applying a sinusoidal oscillating
force of 0.25 N at 110 Hz. The ds3 coefficient was calculated as the
average of five measurements performed on the surface of the piezo-
electric sample, and the standard deviation value provides information
about the uniformity of the ds3 of each specimen.

In Appendix A, the piezoelectric signals are also reported as response
of a compressive sinusoidal force oscillating between 0 N and 80 N,
before and after poling both for P(VDF-TrFE) films and nanofibers. The

Journal of Science: Advanced Materials and Devices 10 (2025) 100870

measuring setup consists of a linear motor (LinMot) equipped with a
300 N load cell (Model 1042, Tedea-Huntleigh), and the output voltage
was measured by an electrometer (Keithley 6517B, input impedance
>200 TQ), according to the equivalent piezoelectric circuit described in
Ref. [25]. Moreover, accelerated life cycle fatigue tests have been per-
formed on the polarized P(VDF-TrFE) films and nanofibers, as reported
in Appendix A.

Wide-angle X-ray diffraction (WAXD) analyses were conducted on
the treated samples by means of X’PERT pro Instrument equipped with a
1-D PIXcell using CuKa radiation (40 mA, 40 kV). The measurements
were performed at room temperature in 20 range of 10 °C-80 °C, with a
step size of 0.033° and time/step of 20 s. WAXD was employed to
evaluate the crystallinity of the P(VDF-TrFE) films and nanofibrous mats
before and after poling, as reported in Appendix B. To determine the
B-phase content of the samples, Fourier Transform Infrared (FTIR)
spectroscopy (PerkinElmer Spectrum II) was performed in attenuated
total reflectance (ATR) mode to analyze the chemical composition of the
specimens. The ATR-FTIR spectra were recorded in a wavenumber range
of 4000-450 cm™! (Appendix B).

3. Results and discussion

Prior to the detailed description of the results of the polarizations
performed on the P(VDF-TrFE) films and on the nanofiber mats, in-
vestigations on the optimal configuration of the corona triode setup are
reported. In particular, the preliminary tests were focused on the effect
of the number of needles and the presence of a metallic grid. The number
of needles was changed to analyze the current, which is involved in the
process, as described in Section 3.1. The homogeneity of the charge
distribution on the sample surface was evaluated through the insertion
and the removal of the metallic grid between the needles and the ground
plate, both with numerical simulations and experimental surface po-
tential tests (Section 3.2).

Based on the aforementioned evaluations, the experimental
campaign was first developed on the P(VDF-TrFE) films (Section 3.3).
The poling temperature was first studied using the OFAT method, while
two factorial designs were proposed to study the impact of the
geometrical and electrical parameters (factors: Dy, Dy, V; and V,). The
optimization of such parameters was exploited for subsequent studies on
the piezoelectric nanofibrous mats, as reported in Section 3.4. The
impact of each factor was evaluated by measuring the piezoelectric
strain coefficient ds3, both for P(VDF-TrFE) films and nanofibers.

K

il

Needles ﬂ J 5
10 ;nm
d
[ =T 73
Current Ground plate
probe —

PTFE insulating
rin
N nA Electrometer

0 mm ;

o h

HV
generator \

(V) I

N

Fig. 3. Equivalent electric circuit and corona cell for current measurement.
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3.1. Current-voltage curves

The current-voltage curves for the three different needles-ground
distances (d) defined in Section 2.4 are reported in Fig. 4, both for
positive and negative voltage sources.

In the case of positive currents, the distance d is the parameter that
mostly affects the high voltage limit before electrical breakdown (e.g.,
20 kV for d = 30 mm and 27 kV for d = 40 mm). Moreover, for a fixed
voltage value, the corona current is higher for lower distances between
the needles and the ground. At 20 kV, the current generated by 25
needles placed at d = 30 mm (Fig. 4a) is equal to 164 pA, whereas it
decreases to 25.4 pA and 16.8 pA for d = 35 mm and d = 40 mm (Fig. 4b
and c). This trend remains evident when examining the maximum
applicable voltage for the three different configurations. In all cases, the
highest current value is always measured for d = 30 mm, regardless of
the number of needles used. On the other hand, the number of needles
used for the corona current generation does not affect the breakdown
voltage value, but strongly influences the measured current. Across all
configurations, employing 25 needles consistently led to higher current
values.

The usage of a negative voltage source results in a substantially lower
absolute current measured on the ground electrode compared to the
corresponding positive values at a fixed voltage level, as clearly visible
in the graphs of Fig. 4d, e, f. For instance, in the case of a configuration
with d = 30 mm, 25 needles and an applied voltage differential of 20 kV,
the measured current with negative polarity is reduced by 47%,
compared to the value obtained with a positive voltage supply. More-
over, with negative polarity, the breakdown of the air gap occurs for
higher voltage values.

These trends suggest that negative corona poling leads to a lower
charge generation, likely due to a higher dispersion of the negative
species along the air path between the needles and the ground due to
their much higher mobility, compared to positive carriers.

3.2. Charge distribution analysis

The deposition mechanism of the electric charges is responsible for
the poling of the sample of the P(VDF-TrFE) film. To achieve a constant
piezoelectric response all over the sample surface, the electric species
generated by the corona discharge should homogeneously deposit on the
specimen surface. This aspect is investigated in this section by varying
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the corona poling conditions (i.e., number of needles and presence of the
grid), both in terms of numerical simulations (Section 3.2.1) and surface
potential measurements (Section 3.2.2).

3.2.1. Current density simulations

This section aims to qualitatively describe current density flow by
modeling the Laplacian electric field distribution of each setup.

Numerical simulations (software Comsol Multiphysics) were con-
ducted under different poling conditions to evaluate the distribution of
the current density J on the surface of the P(VDF-TrFE) film. Charge
generation mechanisms and chemical reactions typical of corona
discharge physics will not be considered here.

The poling setup was varied by including different numbers of nee-
dles (i.e., 1, 9 and 25), by varying the distance between the needles and
the ground plate, and by adding a metallic grid, as shown in the left side
of the panel of Fig. 5. The voltage applied to the needles and the grid can
be found in Section 2.3.

Fig. 5 reports values of current density normalized to the minimum
value Jp, which is calculated on the whole sample surface for each poling
condition. In particular, the graphs refer to the J/J, ratio calculated on
the segment AB (line in the middle of the sample) of the piezoelectric
film, while the corresponding maps provide a graphical view of the
current density on the whole sample surface.

When the needle-ground distance is equal to 1 cm (first row of the
panel), a highly uneven distribution of the current density is observable
with a single needle, where J/J, reaches 12 in the central region of the
specimen. The use of 9 or 25 needles mitigates this effect, though sig-
nificant variations remain evident in both the graphs and the corre-
sponding surface maps. A more uniform J distribution is achieved by
increasing the needle-ground distance to 4 cm (second row of the panel
in Fig. 5). However, some inhomogeneity persists in the center of the
sample surface, where J/J; exceeds 1. The final row of the panel illus-
trates the poling conditions with the insertion of the metallic grid be-
tween the needles and the ground. In these cases, J/Jj is uniformly equal
to 1 along the AB segment.

These qualitative results clearly suggest that the addition of the
metallic grid can significantly enhance the uniform distribution of
electric charges on the sample surface, thus leading to homogeneous
polarization all over the piezo-polymer surface.

Positive voltage source

d=30 mm d=35 mm d=40 mm
200 T—— 25 needles <0 —— 25 needles (b) . —— 25 needles
< 150 | 9 needles (a) < 150 9 needles < 150 9 needles (c)
2 —— 1 needle =2 ——1 needle = —— 1 needle
- - b
§ 100 A § 100 E, 100 A
5 50 - 3 50 3 50
3 50 et o 4#’// o A//
0 + 7 T T T 0 * f T T T 0 + t T T T
0 5 10 156 20 256 30 0 5 10 15 20 25 30 0 5 10 15 20 256 30
Voltage (kV) Voltage (kV) Voltage (kV)
Negative voltage source
d=30 mm d=35 mm d=40 mm
200 T needies d 200 T8 rcedies 200 T=——%5reedies )
T .150 | — 9 needies A 2 5, | ——9needes (e) T 50 | 9 needles
2 —<— 1 needle 2 —— 1 needle a- —<— 1 needle
et b e
§-100 R / § -100 - “E’ -100
5 50 3 50 5 50 -
o - o o -
0 + T T T T 0 + T T T T 0 * ’ T T r
0 5 10 -16 -20 -25 -30 0 5 -10 -156 -20 -26 -30 0 5 -0 -15 -20 -26 -30

Fig. 4. Current-voltage curves with positive source for a) 30 mm, b) 35 mm and c) 40 mm of distance between the needles and the ground plate. The same con-

Voltage (kV)

figurations are repeated for the negative voltage source d), e), f).

Voltage (kV)

Voltage (kV)
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Fig. 5. Normalized current density values calculated via numerical simulation on the segment AB of the surface of the P(VDF-TrFE) samples, for different

setup conditions.

3.2.2. Charge mapping

The surface potential maps displayed in Fig. 6 aim to provide in-
formation about the electrical charge distribution under corona-triode
and corona-gridless configurations, both for positive and negative
high-voltage sources, as described in Section 2.3. On each map, the
black-filled circles indicate the presence and the position of the needles
used for each corona poling configuration. Since the probe movement
itself caused a small drift of electrostatic charges on the sample surface,
results were post-processed to confer the potential maps the original
rectangular shape of the specimens [59].

Fig. 6a reports the surface potential 2D maps in the case of positive
high-voltage. The first row refers to the gridless poling configurations. In
this case, mottled surfaces are observable both for 1, 9 and 25 needles. In
particular, the use of 1 and 9 needles led to an extremely irregular

surface charge distribution, with high-voltage values located in isolated
spots of the 2D maps. This trend was mitigated in the 25 needles griddles
configuration, even if some potential differences are still observable. On
the other hand, the presence of the grid allowed to improve the uni-
formity of the 2D potential maps for each needle configuration,
consistently with the numerical simulations of Section 3.2.1. Moreover,
the presence of the grid enhanced the deposition of electric charges on
the sample surfaces, due to the addition of another high-voltage source.
Among all the poling configurations, the 2D map corresponding to the
corona triode poling with 25 needles is the most uniform one and pre-
sents the highest surface potential values.

Fig. 6b displays the surface potential maps after a negative corona
polarization process. Similarly to Fig. 6a, the top row representing
gridless poling exhibits an extremely non-uniform charge distribution on
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Fig. 6. a) Positive potential surface maps, b) Negative potential surface maps.

the sample surface, with a rise in the surface potential in the 25-needles
case. As in the case of positive high-voltage sources, the presence of the
metal grid yields 2D maps with an enhanced uniformity of the surface
potential distribution.

Nevertheless, the assessed surface potential of the 2D negative maps
is substantially lower than that of the positive ones, as discernible in the
color bars. This disparity is attributable to the distinct mechanism
governing the negative corona discharge. Specifically, the reduced mass
of the electrons involved in this process engenders a heightened degree
of instability of the process. Consequently, these electrons tend to
disperse over a broader spatial domain, resulting in a restricted portion
of them which is collected on the sample surface. On the contrary, the
positive ions of the positive corona poling flow from the needles to the
ground electrode in a more defined area, leading to higher values of
surface charge distribution. This result is also justified by the findings of
current measurements shown in the previous chapter.

3.3. Film polarization

As demonstrated in Section 3.2, the presence of the grid remarkably
improves the homogeneity of the potential distribution on the surface of
the samples. Therefore, the following investigations were carried out
using the corona triode method, with 25 needles.

Due to the high number of parameters involved in the corona triode
polarization method, a strategy to lighten the experimental campaign on
the piezoelectric P(VDF-TrFE) commercial films was properly tuned to
preserve the robustness of the results. Three main steps were identified:
first, the poling temperature effect on the polarization was evaluated
with the One Factor At Time (OFAT) method (Section 3.3.1). After-
wards, two factorial designs were adopted to evaluate the effect of the
distances (DoE with two variation levels for the factors Dpg and Dg,) and
the high voltage values (DoE with four variation levels for the factors V,
and V), in Section 3.3.2 and Section 3.3.3, respectively. Additionally,
poling processes with negative polarity have been conducted to assess



L. Gasperini et al.

the behavior of P(VDF-TrFE) films under negative voltage corona
discharge (Section 3.3.4).

3.3.1. OFAT

Initially, the OFAT method was adopted to investigate the impact of
the temperature on the polarization process of the P(VDF-TrFE) com-
mercial films. The other parameters involved in the poling process were
held to fixed values (Dpg = 30 mm, Dg; = 10 mm, V,, = 20 kV, Vg = 4 kV
and n, = 25). Before starting the corona discharge, the sample was
placed in an oven for 30 min to ensure a homogeneous distribution of
the set poling temperature. Each poling test was conducted at a specific
poling temperature, which varied between 30 and 130 °C with a
temperature-step of 20 °C. As observable in Fig. 7, the piezoelectric film
polarized at 30 °C presents the highest dss (20.8 pC N1, while
increased poling temperature values led to lower dss3. This trend could be
likely attributed to the higher conductivity of the P(VDF-TrFE) films for
increasing temperatures, which favor the charge migration toward the
ground plate. On the contrary, at T = 30 °C, the period of time that the
charges remain on the surface is longer, thus improving the polarization
effectiveness.

Therefore, the subsequent analyses on the other parameters involved
in the corona poling of commercial films were conducted at 30 °C.

3.3.2. Factorial design: distances

A 2 factorial design with two factors (k = 2) implies four polariza-
tion tests, where D, and the Dg, were varied according to Table 1. The
voltage of the needles V, was fixed at 20 kV, the voltage of the grid at 3
kV and the poling time was 60 min. For each configuration, the ds3 is
reported in the third column of Table 1, together with the standard
deviation value.

The highest ds3 value (20.82 pC N~1) was measured in correspon-
dence of Dy, = 30 mm and Dy, = 5 mm, which is the configuration where
the distances are the smallest.

These results are visually represented in the response surface graph
of Fig. 8a. In Pareto’s diagram of Fig. 8b, the factors and the interaction
between them are associated with a standardized effect (SE). The factor
that impacts the most on the ds3 value is the distance between the grid
and the ground Dg,, while the variation of Dy, is considerably less rele-
vant, but still higher than the reference line of statistical significance at
95% probability (red line of Fig. 8b). This is well in line with what
should be expected, since a variation of Dy, has a direct impact on the
electric field imposed on the specimen surface, which in turn directly
determines the amount of deposited superficial charges. On the other
hand, D, is more related to the number and kinetic energy of ionic
species, having an indirect impact on deposited charges. Moreover, the
interaction between Dg and D, is just lower than the line of

25
201 [E
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Fig. 7. OFAT analysis of d33 by varying the poling temperature.
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Table 1

22 factorial design for distances evaluation.
Dpg (mm) Dy (mm) ds3 (pCNY)
30 5 20.82 +1.15
35 5 19.70 £+ 1.01
30 10 15.70 £+ 0.96
35 10 12.11 + 1.69

significance, as visible in the Pareto’s chart. This peculiarity also finds a
correspondence in the almost absence of curvature of the response
surface graph. These evidences allow to affirm that the interaction be-
tween the two factors is negligible, while the impact of each of them
influences the final piezoelectric response.

3.3.3. Factorial design: voltages

In accordance with the insights presented in Section 3.3.2 regarding
the distances used in the corona triode, the investigations on the volt-
ages applied to the needles and the grid were performed in two steps.
The Dg was fixed at 5 mm, as it is the most impactful parameter of the
Pareto’s chart of Fig. 8b; whereas two factorial designs were proposed
by fixing D = 30 mm and Dy, = 35 mm.

For both the D, values, a full 4X factorial design was proposed, with
k = 2 (V, and V). However, since the distance between the needles and
the ground limits the maximum applicable voltages before breakdown,
the levels range of V, are different for the two factorial designs. In
particular, in the 30 mm-D,, case the four levels of V, are 14, 16, 18 and
20 kV, while in the 35 mm-D,, case the V,, values are set at 16, 18, 20 and
22 kV. In both cases, the V, levels are equal to 1, 2, 3 and 4 kV. The
poling time was set at 60 min, the number of needles was 25, and the
poling temperature was equal to 30 °C.

The d33 values obtained in the factorial design with D,; = 30 mm are
reported in Table 2 (left part), and their visual representation is shown in
the response surface and Pareto’s diagram of Fig. 9a. From the response
surface graph of Fig. 9a, a curvature is detectable, which can be ascribed
to the interaction between the two factors. This is also evident in the
Pareto’s diagram of Fig. 9a, where the SE is higher than the significance
level. Nevertheless, the prominent factor is the voltage applied to the
grid V,, and the highest d33 can be found for V; = 20 kV and V,, = 4 kV
(ds3 = 23.01 + 0.92 pC N_l). This corroborates what was found in the
previous chapter, being that parameters relative to grid conditions have
a direct impact on deposited superficial charges, hence ds3, while pa-
rameters relative to needles have an indirect influence on results.

For the 35 mm-D,, case, the d33 values are reported in Table 2 (right
part). Based on the response surface graph of Fig. 9b, the curvature of
the response surface is lower than the one of Fig. 9a, which indicates a
smaller interaction between the factors under consideration. Indeed, as
indicated by the Pareto’s diagram (Fig. 9b), this interaction does not
attain statistical significance. On the contrary, both the factors Vg and V,,
substantially influence the d33, which reach the highest value when the
maximum voltage is applied to both the grid (V; = 4 kV) and the needles
(Va = 22 kV), resulting in a ds3 = 22.20 & 0.50 pC N1,

Considering both the configurations (D,; = 30 mm and D,; = 35
mm), it can be generally assumed that the most important parameter is
V,, while the level of significance of V,, slightly decreases for higher
distances between the needles and the grid (SE = 5.25 for D;; = 30 mm
and SE = 5 for Dy = 35 mm).

3.3.4. Negative corona triode

The experimental campaign based on the OFAT approach and two-
factorial designs facilitated an investigation into the effects of various
parameters involved in the corona triode method, with the aim of
maximizing the piezoelectric strain coefficient ds3 of the commercial P
(VDF-TrFE) film. It is important to note that all tests on piezoelectric
films were conducted using positive voltage sources, based on findings
from the 2D surface potential maps shown in Fig. 6.
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Fig. 8. a) Response surface graph and b) Pareto’s diagram based on the Dy, and D, factors.

Table 2
42 factorial design for the voltages evaluation for D,; = 30 mm (left part). 42
factorial design for the voltages evaluation for D,; = 35 mm (right part).

Dpg = 30 mm Dpg = 35 mm

Ve kV) Vo V) di3 (pCN'H Ve kV)  Va(kV)  dy3 (pCN

1 14 5.12 + 0.48 1 16 12.15 £+ 0.59
16 5.93 £0.73 18 12.61 + 0.83
18 6.36 + 1.07 20 13.05 + 1.13
20 6.98 + 0.88 22 13.55 + 1.20

2 14 8.61 +1.18 2 16 15.95 + 1.02
16 9.24 +£1.43 18 16.56 + 0.61
18 9.54 £+ 0.94 20 17.44 + 1.36
20 10.08 £ 1.96 22 17.96 + 1.24

3 14 11.92 £+ 0.97 3 16 16.39 + 0.64
16 13.20 = 0.80 18 17.72 £ 0.79
18 15.76 + 1.90 20 20.06 + 0.49
20 21.18 £ 0.44 22 20.25 +£1.39

4 14 10.22 +1.10 4 16 19.01 +0.73
16 12.76 + 0.94 18 19.58 + 0.88
18 17.00 £+ 0.72 20 21.28 +£1.14
20 23.01 + 0.92 22 22.20 £ 0.50

To assess the film behavior under negative voltage sources, P(VDF-
TrFE) films were polarized under negative voltage conditions, as
detailed in Table 3. By varying V; from —1 kV to —4 kV, V;, was set to its
maximum value before electrical breakdown, for both D,,; = 30 mm and
Dpg = 35 mm. During the negative corona discharge, the broader spatial
domain allows negative species to travel further, enabling an increase of
V,, which reaches a substantially higher absolute value than that ach-
ieved with positive corona (refer to Table 2 and Fig. 4). Despite this
higher absolute V, value, the resulting ds; remain significantly lower
than those obtained with the positive corona triode. This outcome
suggests that, although the increase of V,,, fewer electric charges deposit
on the sample surface during negative corona discharge, as corroborated
by the 2D surface maps of Section 3.2.2.

3.4. Nanofibers polarization

3.4.1. Poling mechanism

The setup that maximizes the piezoelectric strain coefficient ds3 of
the P(VDF-TrFE) commercial film was replicated for the nanofibrous
membrane polarization, based on the considerations made in Section
3.3. Therefore, as a first attempt, the corona triode polarization was
performed with the following conditions: 25 number of needles (n,),
poling time of 1 h, T =30 °C, Dgg = 5 mm, Dpg = 30 mm, V; =4KkV, V, =
20 kV (condition “a” of Table 4). However, with these parameters, no
polarization was obtained and the ds3 value was null.

This effect originates from the intrinsically different nature of a P
(VDF-TrFE) nanofibrous membrane with respect to a P(VDF-TrFE)

film. As visible in the SEM cross-section of Fig. 10a and in the top
view of Fig. 10b, the nanofibrous membrane presents an extremely high
porous grade, characterized by the presence of multiple interconnected
air channels. It is worth highlighting that this study is related to nano-
fibrous mats with a diameter of 431 + 72 nm (average diameter calcu-
lated with ImageJ) and a grammage equal to 45 g m™~2. Variations in
these parameters may influence the size of the air pores, thereby
affecting polarization efficiency. However, the primary objective of this
paper is to investigate the different mechanisms of electric charge
deposition in comparison to homogeneous films. When nanofibers are
placed on the ground electrode of the corona poling cell, the positive
ions generated from the corona needles can easily flow through the air
pores of the piezoelectric membrane without depositing on its surface,
thus preventing polarization. Subsequently, the poling setup has been
readapted to address this issue, by adopting modifications which aim to
increase the residence time of the electric charges on the piezoelectric
nanofibers. First, to favor the dipole mobility of the crystalline lattice of
the nanofibers, the poling temperature was increased up to the Curie
temperature (130 °C). In this way, even if the electrons of the negative
corona discharge reside for a short time on the nanofibers before flowing
to ground, they can still contribute more effectively to the dipole
alignment (condition “b” of Table 4, with V, = 3kV and V, = 16 kV as
maximum values before breakdown). In addition, a dielectric barrier of
poly-coated paper was interposed between the nanofibers and the
ground electrode, to preclude the charges from going directly towards
the ground plate (condition “c” of Table 4). Finally, the positive voltage
generators connected to the needles and the grid were replaced with
negative HV sources. This modification is related to the high electro-
negativity of the fluorinated polymer, which renders the P(VDF-TrFE)
attractive to negative charge carriers and rejective to positive ions. As
a result, negative charges tend to remain longer on the P(VDF-TrFE)
nanofibers than positive ones, since they are affected by the intrinsic
attraction of the polymer, as represented in Fig. 10c and d. It is worth
highlighting that also in commercial bulky films the electronegativity of
the polymer has a role in the attraction of the negative charges on its
surface, but the decreased density of negative species results in lower
polarization level. This aspect is well endorsed by the negative current-
voltage curves of Fig. 4, the negative 2D surface potential maps of
Fig. 6b (see Section 3.2.2) and the ds3 coefficients obtained with nega-
tive HV sources (see Section 3.3.4).

Starting from the same condition of P(VDF-TrFE) film polarization
(condition “a” of Table 4), each change was inserted one at a time to
systematically monitor the piezoelectric response, as summarized in
Table 4. The geometrical parameters D,, and Dy were kept constant.
Overall, the ds3 present values close to zero except for conditions “c” and
“g”. Condition “c” resulted in d33 = 2.6 pC N~L, but the combination of
high temperature, poly-coated paper as dielectric barrier and negative
HV sources (condition “g”) led to a drastic increase of the d33 value up to
~16.2 pCN~L,
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Fig. 9. a) Response surface graph and Pareto’s diagram based on the V, and V,, factors (D,, = 30 mm). b) Response surface graph and Pareto’s diagram based on the

V, and V;, factors (Dp; = 35 mm).

Table 3
P(VDF-TrFE) thin film poling with negative HV sources.

Dyg = 30 mm Dyg = 35 mm

Ve&V)  Va V) dis (CNTD Ve V) Va kV)  dss (pCNTH

-1 —28 —7.24+21 -1 -29 —44+1

-2 -28 —7.4+2.4 ) -29 -71+23

-3 —28 —8+1.6 -3 -29 -82+13

—4 —28 ~12.8 £ 0.5 -4 -29 ~11+0.5

Table 4
Corona poling of P(VDF-TrFE) nanofibers under different conditions.
Dy, Dpg A Va T poly-coated ds3 (pC
(mm)  (mm) (V) (V)  (°CQ)  paper N

(€)] 5 30 +4 +20 30 no 10 x
1073

(b) 5 30 +3 +16 130 no 12 x
1073

(c) 5 30 +3 +16 130 yes 2.6

()] 5 30 —4 -20 30 no -9x
1073

(e) 5 30 -3 -20 130 no —16 x
1073

(63) 5 30 —4 —-20 30 yes —22 x
1073

@ 5 30 -3 —-20 130 yes —-16.2

3.4.2. Parameters optimization

Since the negative corona discharge involves lower current density
than the positive one, the poling conditions (i.e., geometrical parameters
and HV source amplitudes) were further studied to optimize the ds3 of

10

the P(VDF-TrFE) nanofibers. First, the experimental campaign focused
on the optimization of the geometrical parameters. Similarly to the
factorial design performed for the film polarization (see Section 3.3.2),
different nanofibers-polarization setups were adopted by varying Dpg
and Dgg, as shown in the bar graph of Fig. 11a. V,; and V;, were set at their
maximum value before electric breakdown (i.e., the higher D,; and Dy,
the higher the voltage values). In correspondence of the lower distances
(Dpg = 30 mm and Dy, = 5 mm), the ds3 is considerably higher than the
other configurations, despite the lower values of V, and V.

To assess the piezoelectric response under different high voltage
polarization values, the most performing geometrical configuration (Dy,
= 30 mm and Dg = 5 mm) was further explored for a wider range of V;
and V, values. V; was equal to —1, —2 and —3 kV, while V,, was varied
between —16 kV and —28 kV, as shown in Fig. 11b. For all the V, values,
the ds; follows a monotonous increasing trend with V;. Similarly to the
results obtained with the P(VDF-TrFE) films (Section 3.3), the voltage
applied to the grid V; has a remarkable impact, both in terms of
amplitude and surface homogeneity. Indeed, for V, = -28 kV the ds3
rises from —13.2 pC N ! for Ve =-2KkV up to —20.8 pC N~ for Ve=-3
kV, which is a value comparable with the ds3 of the commercial films.
Additionally, for V, = -3 kV the standard deviation is also considerably
reduced with respect to polarization performed with V; = -1 kV and V,
=-2kV.

4. Conclusion

This work aims to systematically investigate the different mecha-
nisms governing the corona poling of P(VDF-TrFE) in the shapes of thin
film or nanofibers. Initially, polarization of P(VDF-TrFE) films was
optimized by evaluating various corona triode parameters, achieving a
piezoelectric strain coefficient ds3 of 23 pC N~L. The focus then shifted
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Fig. 11. ds3 values of the nanofiber membranes for different a) D,; and Dg, and b) V;, and V.

to the distinct mechanisms governing the corona poling of P(VDF-TrFE)
nanofibers. Unlike films, nanofibrous membranes, characterized by their
porous structure, allow corona discharge ions to pass through air voids
without depositing on the fibers, thereby hindering polarization. Start-
ing from the optimized film polarization setup, adjustments were sys-
tematically introduced and validated for nanofibers. Specifically,
negative high-voltage sources replaced the positive corona discharge
used for films. Despite the instability and reduced ion migration in the
negative configuration, successful polarization was achieved due to the
strong affinity of electrons for the electronegative fluorinated polymer.
Additionally, the process was enhanced by increasing temperature to
improve dipole mobility and by interposing a poly-coated paper be-
tween the nanofibers and the ground electrode to delay electron
neutralization. These combined measures enabled effective polarization
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of nanofiber mats, achieving a ds3 value of —20.8 pC N~!. Herein, the
systematic investigations performed on the corona triode poling repre-
sent a novel framework both for achieving high dss of P(VDF-TrFE)
nanofibers and for comprehensively clarifying the physical differences
relative to film polarization. Additionally, the experimental campaign
offers valuable guidelines for tailoring the ds3 by tuning corona triode
parameters. The proposed system has potential applications in industrial
contexts and scaled-up systems, offering a feasible solution for the
poling of larger-sized samples.
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The piezoelectric signal before and after polarization are reported in Figure A.1, both for the P(VDF-TrFE) films and nanofibers membranes. The
poling conditions are the ones which maximize the ds3, both for film and nanofibers. The specimens were mechanically compressed with a sinusoidal
force oscillating between 0 N and 80 N at a frequency of 2 Hz and sandwiched between two copper tape electrodes with an aera of 1 cm? In Table A.1
the peak-to-peak output voltage, the ds3 and the sensitivity are reported. The sensitivity was calculated as the ratio between the peak-to-peak output

voltage and the force amplitude.
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Fig. A.1. a) Piezoelectric signal of P(VDF-TrFE) thin film before and b) after poling (T = 30 °C, Dg; = 5 mm, Dy = 30 mm, V, = 4 kV, V; = 20 kV). c) Piezoelectric
signal of P(VDF-TrFE) nanofibers before and d) after poling (T = 130 °C, Dy, = 5 mm, Dy, = 30 mm, V; = -3 kV, V, = -28 kV).

Table A.1

Piezoelectric properties of the P(VDF-TrFE) film and nanofibers before and after corona poling.

P(VDE-TrFE) film

P(VDF-TrFE) nanofibers

Before poling After poling Before poling After poling
Vpp (V) 151 x 1073 12.5 26.4 x 1073 8.4
Sensitivity (mV N~1) 0.19 154.1 0.33 104.5
d33 (pCN™Y) 17 x 1073 23.0 9.9 x 1073 —20.8

Accelerated life cycle fatigue tests were performed on the same specimens, with the aforementioned setup. The compressive force was oscillating
between 0 N and 80 N with a frequency of 10 Hz, and the total amount of cycles is equal of 10°. As observable from the graphs of Figure A.2a, the
sensitivity of the piezoelectric film decreased from 154.1 mV N 't0148.4 mV N’l, which corresponds to a decrease of 3.7% for the P(VDF-TrFE) film.
In the case of P(VDF-TrFE) nanofibers, a decrease of 6.2% was measured after 10° cycles (Figure A.2b).
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Fig. A.2. Accelerated fatigue cycle tests for a) P(VDF-TrFE) film and b) nanofibers.

Appendix B

FTIR spectroscopy was performed to determine the p-phase content of the samples before and after poling both for film and nanofibers, as shown in
Figure B.1a and Figure B.1b, respectively. The B-phase content reported in Table B.1 has been calculated according to the following equation:

F(p) M 100 (%) (B.1)
(%)A{, + A

where A; and A, are the absorbance values at 840 em ! and 766 cm ™2, related to the p and o phase, respectively, while Kj; and K, are equal to 7.7 x
10% em? mol ! 6.1 x 10* and em? mol ™, and refer to the absorbance at the same wavelength of the characteristic phase. According to literature, the
peaks at 841, 880, 1072, 1180, 1285, 1398 and 1431 cm~! are the one related to the B phase [60-62], while the peak at 1123 cm~ ! is related to the
TrFE content [61].

(a) ——FILM_Unpoled (b) 1180 —— NF_Unpoled
—— FILM_Poled ] —— NF_Poled

880
1180 | 841 470

- —
3 3
s s 1123
[}
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< < 1 !
2 2 I |
5 2 L |
a ] 1431 ] : !
8 143 2 ! i :
< < ! [} I
! [ H
! [ H
1450 1250 1050 850 650 450 1450 1250 1050 8! 650 450
Wavelenght (cm*1) Wavelenght (cm-)

Fig. B.1. FTIR spectra of a) P(VDF-TrFE) films and b) nanofibers before and after poling.

The WAXD analyses were performed to determine the crystalline fractions of the samples before and after poling both for film and nanofibers, as
shown in Figure B.2a and Figure B.2b, respectively. The crystalline fraction (y,) was calculated using the ratio of the integrated crystalline peaks and
the total area of the crystalline peaks (A.) and the amorphous halo (A,), as in the following equation:

— AC
TA+A,

e x 100 (%) (B.2)

The diffractograms were analyzed with Fityk software to quantify the relative areas of the crystalline peak and the amorphous halo, ensuring

accurate determination of the crystalline fraction. The values reported in Table B.1 show an increase of y. after the poling process, especially in the

case of P(VDF-TrFE) nano(ﬁt))ers.
a

———FILM_Unpoled (b) ——NF_Unpoled
- —— FILM_Poled - ——NF_Poled
N 3
s s
£ z
7] 7]
5 5
E £
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Fig. B.2. WAXD diffractograms of a) P(VDF-TrFE) films and b) nanofibers before and after poling.
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Table B.1
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B-phase content crystalline fractions of the samples before and after poling, both for film and nanofibers.

P(VDF-TrFE) film

P(VDF-TrFE) nanofibers

Before poling After poling Before poling After poling
F(p) (%) 90.3 90.4 91.4 94.1
Xc (%) 70.8 77.4 43.5 72.2
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