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Abstract

Piezoelectric PVDF polymer thin films are nanostructured by swift heavy ion beam resulting in
nanoporous structures. The nanocylindars are then partially filled with Ni(0) in order to create a
composite of higher dielectric permittivity. In a second step, the composite is irradiated with elec-
tron beam, in order to induce chain scissions in the PVDF matrix and render it more flexible. It is
found that e-beam irradiation does not affect the remanent polarization up to more than 1MGy. The
energy harvesting properties are optimized with a maximum for 1MGy irradiation, delivering an
output voltage of 4.1V.cm™ which corresponds to a maximum output power of 25uW.cm™ and an
integrated power of 0.46uW.cm™ for 1bar of external pressure (mechanical solicitations frequency
of 10Hz). The mechanisms responsible for the enhancement of the harvesting efficiency due to e-

beam irradiation are discussed.
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1. Introduction

In the trend of development of autonomous portable devices, energy harvesting including

piezoelectricity appears to be the most promising approach to power wireless micro-devices.
Among various materials used for energy harvesting [1,2], piezoelectric polymeric compounds
compile several advantages such as flexibility and robustness. Moreover, they become really com-
petitive in high deformation regime under severe environment (for e.g. wind generator or penstock
pipe industry). The ideal polymer is polyvinyl difluoride (PVDF), a semi-crystalline polymer with
well-known piezoelectric properties. PVDF is polymorph and presents five crystalline phases: a, B,
Y, 0, and €. The B phase is mainly responsible for the piezoelectric properties. [3—5] PVDF main
inconvenience is its low relative permittivity, with the effect that small sensing elements will have
low capacitances and suffer signal loss through electrical loading. To overcome this low-
capacitance problem, nano-patterning and composite approaches have recently emerged and signifi-
cantly improved both the dielectric permittivity of PVDF based materials and the energy harvesting
by increasing the exchange surfaces [6-7]. Plethora of efficient piezoelectric nanogenerators for
self-powered sensor based on modified B-PVDF including 1D nanostructuration and/or inorganic
nanoparticles fillers are still under study [6-13]. However, CVD and/or lithography techniques are
usually involved in the fabrication steps. Moreover, rigid metallic oxide template may limit the de-
formation under severe strain, and an additional poling step is most of the time necessary to realign
dipolar momentum in B-PVDF-based piezoelectric composites. All these processes impose industri-
al limitations for large-scale and low-cost production.
Quite recently, our research group [14] has shown that swift heavy ions (SHI) bombardment allows
to nanostructure and fabricate by bottom-up processes embedded 1D inorganic nanowires (NWs) in
commercially poled PVDF thin films. No PVDF depolarization occurs under irradiation [14, 15].
This results in highly flexible and robust B-PVDF/Ni NWs composite thin films exhibiting 3D
alignment of 1D Ni NWs with a density of 5.10% per cm? which increased by a factor 5 the dielec-
tric permittivity. The piezopotential of resulted B-PVDF/Ni NWs composites was enhanced by a
factor 2.5.

To go beyond, another important parameter driving the electromechanical constant of piezo-
electric polymer materials is the elastic stiffness. Even if the complexity of the relationship between
piezoelectric and elastic responses [16] is still under investigation, increased compliance stays one
of the key factors and PVDF has already been subjected to various modification approaches such as
copolymerization with the most commonly used PVDF-co-TrFE or additives incorporation. A sup-

plementary treatment was also proposed in 1998 by Zhang et al [17] exposing PVDF based copol-



ymer films to electron-beam (e-beam) irradiation for actuator and transducer applications. It was
reported that e-beam induced defaults generated a giant electrostriction and relaxor ferroelectric
behavior in PVDF-co-TrFE copolymer films. Two years later, Giegerich et al. [18] also showed
improved piezoelectric behavior in similar polymers upon irradiation. However, these works sug-
gested that a polarization step after irradiation is needed due to heating (i.e. induced depolarization)
during radiative treatment. Nowadays, novel e-beam accelerators propose to drastically limit the
heating during irradiation runs. In previous work [15], we have reported that it was effectively pos-
sible to treat polarized B-PVDF films by e-beam without affecting the remanent polarization. To do
this, irradiation experimental conditions were adjusted to minimize the temperature increase. In the
present work, we will strengthen this important experimental adaptation.

At first glance, radiative treatment may look rather complex. However, one should know
that international facilities such GANIL offers industrial beam-lines allowing to rapidly treat hun-
dreds of square meters of commercially poled PVDF film rolls of 50cm wide. It is even easier to
treat polymer films from e-beam irradiations facilities. The present paper reports on the piezoelec-
tric response of B-PVDF/Ni NWs nanocomposites thin films, previously fabricated using our meth-
od by SHI nanostructuration, upon e-beam irradiation. We will investigate the effect of e-beam ir-

radiation in very large dose range, up to 2.5MGy.

2. Material and methods

2.1. Sample preparation

Polarized thin bi-oriented B-PVDF films were purchased from PIEZOTECH SA (around 10 micron
thick). These films were first irradiated under He atmosphere by swift heavy ion bombardment at
GANIL, France. The ion-beam was composed of Kr*®* ions at energy of 10.37MeV/u. A fluence of
5.10%cm™ was chosen for all the samples. During its passage through the entire thickness of -

PVDF films (irradiation angle was normal to film surface), each Kr*®*

ion created, all along its tra-
jectory, a cylindrical and straight zone of damages, called latent track. Once the radiative treatment
has been done, rolls are stored sealed in plastic bags under vacuum or any inert gas such as nitrogen
in a freezer at -18°C without special care. Using this storage procedure, no aging effects were ob-
served years after irradiation campaigns. The ion latent tracks were then revealed by chemical etch-
ing for 30min at 65°C in KOH 10N / KMnOs 0.25N alkaline solution resulting in cylindrical na-

nopores of 50nm of diameter and 10 micrometer long. The nanopore density was equal to the ion

fluence. All nanopores were parallel to each other (deviation angle < 1%). These nanopores of high



aspect ratio were subsequently filled of Ni(0) by electrodeposition using an acidic NiSO4 (0.84M)
solution following exactly the same procedure described in detail in [14]. The length of the resulted
Ni NWs embedded in the PVDF nanoporosity was proportional to electrodeposition time. Ni
growth rate was 2.25um per 50s of electrodeposition time. Three different sets of samples were
obtained for 50, 100 and 150s of electrodeposition corresponding to Ni NWs length of 2.25, 4.50
and 6.25um respectively. After electrodeposition, a 10nm Al203 atomic layer was deposited on the
top of the grown Ni nanowires (NWs) to avoid any short-circuit with the Au layer sputtered on top
at the very end of the process (Scheme 1). The resulting samples displayed a series of vertically
aligned Ni NWs embedded in piezoPVDF films. The ensemble is sandwiched between two gold
layers, one of 200nm connected to the NWs (bottom) and one of 100nm covering the Al>03 atomic

layer (top).

2.2. E-beam irradiation

E-beam irradiations were performed at SIRIUS facility (LSI, France) which is a 2.5MeV pelletron
accelerator purchased from NEC. Two dose rates of 50 and 500kGy.h! were used. The sample
holder, named IRRAPLAST, allows irradiation of PVDF foils of 2x12 cmxcm under constant Heli-
um atmosphere. The e-beam size is 2.5x1 cmxcm and the sample holder is moving in the horizontal
direction. PVDF foils were scanned several times until the desired dose was reached. Scan-rate was
adjusted to the sample size to stop once the foils have completed a run. A stack of no more than two
foils was done. Subsequent characterizations and piezoelectric experiments were performed at least

one month after the e-beam treatment.

2.3. Characterization by Electron Microscopes (FESEM and TEM)

Electron microscopy with field emission scanning (FESEM) (Model HITACHI S-4800) at 2kV
accelerating voltage, 10pA probe current, 30 mm working distance, mixing both upper and low
detectors, was employed to measure the pore diameter and the mean length of NW Ni. No supple-
mentary metal sputtering was necessary to image the samples. Transmission Electron Microscopy
(TEM) imaging was performed using a JEOL2010F TEM, equipped with a field emission gun oper-
ating at 80keV. Samples were first freeze-dried and cut in thin slices using a Leica EM UC7 ultra-

cryomicrotome.

2. 4. Piezoelectric experimental set-up



As previously reported [14] using a home-made set-up, the piezo-potential of nanostructured com-
posite Ni/piezoPVDF films is registered after mechanical strain applied by gas-pressure in a two-
compartment cell. The set-up is composed of: a ISO-TECH DC (IPS 303DD) power supplier, a
KEITHLEY 3390 waveform generator, a PicoScope 4000 series (input impedance 1MQ) and a
GEMS pressure sensor (output 0-5V, range 0-2.5bar). The argon arrival pressure was monitored
with a 3-ways SMC VDW250 solenoid valve. The overall set-up is driven by Python scripts.

Each measurement has been repeated 50 times (or 50 cycles). One cycle means one bending and
one release of piezoelectric film under Ar gas pressure with opening and closing of gas arrival driv-
en by solenoid valve. The frequency of mechanical solicitations and the load resistance can be easi-
ly varied. Notably load resistance was adjusted for a series of samples in order to stay in the limit of
5V imposed by the electronics. An example of piezopotential response of piezoelectric PVDF foil
for 10 cycles generating an alternative current (AC) is presented (Fig. 1). As our set-up registers
simultaneously the generated current I corresponding to each output voltage U [see supplementary
information], we can thus estimate the maximum of generated power Pmax at output voltage peak

maximum Unmax taking into account the resistance of the circuit : Pmax = Umax. Imax.
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Figure 1: Example of piezopotential response during poled PVDF deformation under following
conditions: f = 10Hz, R = IMQ, C = 220nF, P = 0.58Bar



2.5. Electron Paramagnetic Resonance

EPR measurements were done with JES-X310 equipment from JEOL. Power: 2mW, field width:

40mT, acquisition time: 30s; modulation width: 0.5mT; amplitude: 6; time constant: 0.1s.
2.6. Differential Scanning Calorimeter

In order to obtain the heat of fusion and melting temperature to finally correlate it with the
dose of irradiation Differential Scanning Calorimeter (DSC-7) measurement using Perkin-Elmer
equipment with heating rate of 15°C /min was done. The degree of crystallinity was calculated us-
ing the relationship:

Hy
X:(%) =—=—-100
Hpg
where Hr is the heat of fusion of the tested sample, and Hp=104. J/g the heat of fusion of the 100%

crystalline sample. [19]

2.7. Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR examination was performed on polymer films using Nicolet IS50 spectrometer
equipped with a DTGS detector. The sample compartment is kept under nitrogen flow. Placing the
sample at Brewster's angle allows to obtain high quality transmission spectra in eliminating the in-
terference fringes. The background acquisition was performed before each measurement. Spectra
were collected by accumulation 32 scans at a resolution of 2 cm !, The wavenumber from 2000-
500cm™, was the range of choice that consists in polymer skeletal bending region.

The fraction of B-phase present in each sample could be calculated as follows [18]:

F(B) a
25 1.264, + Ap

Where A, and Ag corresponds to the areas of absorption bands of o and B, in our case 766 cm™! and

840 cm’!.

2.8. Elasticity measurements
The elastic modulus was evaluated by tensile test. The measurement was done using tensile test
machine Instron 3342 with software Instron. The PVDF film (with length around 9 cm) was fixed

between two grips and stretched in a uniaxial direction. The measurement was performed at con-



stant strain rate (2 mm/min) at ambient temperature. The foil was stretched until break. During this
process, the elongation of the film was recorded versus applied force. The strain in the material S is

calculated from the measured elongation as,
L - LO
Lo

where Ly and L corresponds to initial and final length, respectively.



3. Results and discussion

The constitutive equations of piezoelectricity as written by Curie brothers in 1880 can be
expressed as follows:
D =€TE +d3;5T
S =ds3E + sET

where D represents the electric displacement (C.m™2), E, the electric field (V.m!), T, the stress
(N.m?), S, the strain, €, the dielectric constant, s¥, the compliance (inverse of Young’s modulus
Pa!), ds3, the piezoelectric constant (m.V™! or C.N'!) in z direction.

PVDF/Ni NWs nanocomposite films were fabricated following the experimental protocol described
in [14] (see also experimental section) to enhance the dielectric constant €. Piezoelectric PVDF/Ni
NWs composite thin films were synthesized from electrodeposition of Ni(Il) ions inside the na-

nopores of a poled PVDF ion-track-etched membrane (scheme 1).
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Scheme 1: a. FESEM image of a nanoporous -PVDF ion-track-etched membrane obtained from
SHI irradiation of Kr’%* (10MeV/mau, fluence of 5.10%cm™) and subsequent chemical etching in
alkaline KOH/KMnQgy solution; b. Electrodeposition set-up principle : reduction of Ni salts inside
PVDF nanopores was performed applying -1V on the gold working electrode (WE) - c. TEM image
of embedded Ni NWs in PVDF after electrodeposition (ultracryomicrotome cutting); d. Sketch of
the final PVDF/Ni NWs composite film displaying multiple layer arrangement and FESEM image
of Ni NWs in place - density of 5.10%cm™ " (the PVDF membrane was dissolved in hot DMF prior

imaging)- The ensemble is treated by e-beam irradiation.

An improvement of the piezoelectric response has already been reported using this approach. [14]
The purpose is now to play on the compliance of the material by inducing damage in the polymer.
To this aim, the PVDF nanocomposite was subjected to e-beam irradiation through its entire thick-
ness. Radiation-induced damages lead to irreversible and over-time stable defects in the solid mate-

rial.

The piezoelectric response of irradiated composites was directly studied in sensor mode. To do this,
an Ar-pressure on the top of golden PVDF/Ni NWs composite thin films was cyclically applied to
deform the films. Generated voltages were simultaneously registered. Figure 2a shows the experi-
mental set-up we used and figure 2c displays a typical registered output voltage profile. As shown
by the pressure variation, the system electrically works only when composite films are subjected to

deformation.
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Figure 2: a. experimental set-up allowing the simultaneous registration of the Ar gas pressure and
the output voltage; b. open cell of 0.78 cm? with a gold sample in place; c. typical registered pie-
zoelectric signal of Ni NWs/PVDF thin composites using our experimental set-up (f =10Hz, Rivad =
500kQ). The output voltage is registered between gold surfaces via metallic balls included inside
the PMMA cell housing; the pressure profile applied during one cycle results from the opening and
closing of the solenoid valve driving Ar gas arrival. The gas pressure is measured using a pressure
sensor placed inside the cell. The mechanical solicitation frequency was set here to 10Hz (peak-to-

peak time of 0.1s).



In figure 3, the output voltage corresponds to the average value of peak maxima of 50 cycles when
opening solenoid valve (positive voltage signals). These average values were plot versus pressure at
various doses. A dose range of 0 to 2.5MGy was investigated. Before any e-beam treatment, in
agreement with previous results [14], the output voltage was enhanced by a factor 2.1 when filling
the initial track-etched poled PVDF membrane with Ni NWs (Fig. 3a). The presence of Ni metallic
inclusions in the poled PVDF improves the output voltage profile versus pressure without affecting

the initial polarization of nanoporous track-etched PVDF.
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Figure 3: Piezoelectric response as function of a. various dose of irradiation and b. different Ni
NWs length at dose 1000 kGy (mechanically solicitated composite surface = 0.78¢m™) - continuous

lines correspond to empirical power law curve fits - [ = 10 Hz, Ripaa = 500kQ.

The remanence of PVDF polarization after irradiation was herein evidenced up to 1000kGy. Even
at 2500kGy (or 2.5MGy), a piezoelectric response was still registered but less effective as the com-
posite became brittle and broke at 1bar. Such a behavior suggests that, radiation-induced defects in
the material provoked many damages which severely impacts on the material integrity. Despite, e-
beam irradiation did not affect the dipolar momentum of the initial poled semi-crystalline PVDF
film as voltage output was still measurable.

Irradiating with e-beam, a beneficial synergy resulting of an additional 1.4 times enhancement of
output voltage was clearly evidenced between radiation-induced defects in the PVDF and Ni

nanostructuration (Fig. 3a). The output voltage was maximum (U.x) for PVDF/Ni NWs composite



foils submitted to lbar of pressure and irradiated at IMGy. Upax was found equal to 4.1V.cm™
which corresponded to a maximum output power of roughly 25 uW.cm™? (registered current Inmax
was 6uA -see supplementary information-). The integrated power output over time was equal to
0.36uW for 0.78cm™ resulting in a power density of 0.46uW.cm™. The pressure was intentionally
limited above 1 bar to ensure staying in the elastic region of PVDF allowing a constant cycling.
Figure 3b shows that Ni NWs of middle length of around 4.5um (PVDF film thickness of around

10um) gave the best results. This phenomenon was maintained even at IMGy.

The exceptional remanence of polarization without any additional poling step after irradiation is
partially due to our irradiation experimental conditions. It is indeed important to note that the irradi-
ation set-up, named IRRAPLAST at the 2.5MeV e-beam SIRIUS international facility, allows to
irradiate under a constant e-beam scanning and a continuous He atmosphere replacement. These
special conditions permit to drastically limit the temperature increase inside the irradiation chamber.
To know exactly which temperature was undergone by samples during irradiation, a thermocouple
was stuck on a PVDF film immobilized inside the IRRAPLAST sample holder made of aluminium
frame (Fig. 4a). A registered mild temperature range of 20 to 40°C was measured at two different
dose rates, namely 250kGy.h"! and 500kGy.h"! as used to reach all the doses for the present study
(Fig. 4b). A depolarization due to heating was thus avoided.
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Figure 4: a. IRRAPLAST samples holder with a PVDF film in place and a flexible thermocouple
sticked along PVDF film; b. Registered sample temperature at two dose rates: 250 and 500 kGy.h™'

-onerun corresponds to one e-beam scan -

However, as abovementioned for 2.5MGy, the mechanical properties of composite films were high-
ly affected with the dose. Upon irradiation, many chain scissions occurred in the polymeric part of
the composite materials. Chain scissions resulted in radical formation [20]. The created radicals,
alkyls and peroxyls ones, were trapped inside the crystalline part of PVDF polymer and can be easi-
ly observed by EPR after irradiation at room temperature (Fig. 5). The radical content was propor-
tional to the dose. The obtained results suggest that chain scissions continuously increase with the
dose. It is important to mention that EPR gives a footprint of what happens when radicals were ini-
tially created. A more important amount of radicals were firstly created and part of them rapidly
disappeared by migration and recombination leading to crosslinks in the material. Thus, the irradi-
ated polymer film is a mixture of broken chains and their unpaired electrons (radicals) and cross-

links.
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By DSC (Fig. 6a), the irradiation damages on the crystallite size due to chain scissions were clearly

evidenced with a dramatic decrease and broadening of melting temperature from 170°C to 155°C.
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Figure 6: a. DSC melting peak for PVDF polymer films treated by different dose of irradiation, b.

percentage of crystallinity in function of irradiation dose

This observation is in agreement with previous studies [21-23]. The drop in the melting peak was
attributed to reorganization of thicker lamellae. It has also been observed that a further increase in
the dose of irradiation intensifies crosslinking and oxidative degradation in membranes (elimination
of HF and peroxidation). This led to the formation of a crystalline structure in which the reor-
ganized thicker lamellae completely disappeared [22].
Integrating melting peak area, the degree of crystallinity was also plotted (Fig. 6b). What is interest-
ing is that the relationship is not linear and depends on the dose. In agreement with previous work
[15], a slight increase of crystallinity content can be observed up to 10 kGy. The gel dose of PVDF
is known to occur in the range of 10-20kGy [24, 25]. Before the gel dose, chain scissions are pre-
dominant. Smaller chains can better reorganize to form new crystallites. Then, increasing the dose,
crosslinking became predominant in the gel dose range reducing polymer chain mobility and limit-
ing new crystallite formation. At very high dose range from 200kGy to 1MGy, even if the crystal-
linity content was not so dramatically affected (still 38% of crystallinity at IMGy), a slight decrease
of the degree of crystallinity was initiated. Indeed, for doses superior to 10MGy, the damages are
expected to result in an important amorphization as shown by Betz et al. [26] in PVDF polymer
matrix.

As B-phase is responsible for PVDF piezoelectric properties, a FT-IR analysis permits to
evaluate the  phase fraction in our PVDF foils. PVDF is known to be polymorph and many crystal-

line phases (Q, B, Y, 0) are simultaneously present. Herein, purchased bi-stretched poled PVDF films



content more than 80% of B-phase. The rest was principally composed of O phase, the thermody-

namically stable phase which was initially predominant before stretching.
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Figure 7: a. Comparison with FT-IR spectra of irradiated PVDF polymer in dose range of 5-2500

kGy and reference sample, b. 3 fraction as function of irradiation dose

At first, it is important to know whether a large dose of irradiation such as 1000 or 2500kGy leads
to the destruction of some polymer crystal phases. According to obtained FT-IR spectra, it can be
stated that no dramatic structural differences were detected (Fig. 7a). Considering the polymer skel-
eton vibration region between 900 and 400cm’!, peak assignment is consistent with previous work,
840 and 510cm! for B and 766, 615 and 532cm™ for a. [15] o and B phases were predominant in
our PVDF films. Some y-phase peaks may also be assigned. However, these peaks are subject to
discussion as they cannot be only assigned to this crystal phase but also to other bond vibration
modes coming from polymer amorphous phase. It ought to be stressed that the d-phase was not vis-
ible. This phase is a polarized version of o phase and usually needs high electric field to be formed
[27]. The initial poling was then not strong enough to generate such crystal phase.

The content of [3 fraction was calculated according to equation shown in experimental part (see sec-
tion 2.7). It should be emphasized that the peak assignment for calculation of 3 to o ratio is still
under discussion [28]. The debate comes from the close proximity of the peaks and the coexisting
connections between the crystalline phases. Despite the fact that for many years the 532cm™ peak
corresponding to a-phase was used in the calculations, as suggested by Salimi et al. [29], recent
scientific studies [28, 30] advice to use the peak at the 766cm’! instead, due to its better separation
in comparison with other overlapping peaks. The calculation of 3 fraction was then done using ab-

sorption FT-IR bands at 766 and 840cm™! corresponding to pure a and 3 phases respectively. Based



on this calculation, B-phase fraction was lowered when PVDF films were irradiated compared to
reference sample (Fig. 7b). Initial B-phase fraction of 82% stated the significant participation of
piezoelectric active phase in studied material. Then, the 3 to a fraction decreases until 60% when
reaching a dose of 100kGy followed by a slower increase to 80% up to 2500 kGy. At low doses, the
sharp decrease may be due to a-phase formation provoked by chain scissions reorganization corre-
sponding to observed increase of crystallinity degree by DSC. At higher dose, the slow increase
suggests that 3 to o phase ratio results in more 0-phase damages by irradiation and perhaps some
chains reorganization in [3-phase. However, this [3 to o fraction evolution with the dose cannot ex-
plain the important piezoelectric response observed at MGy in our composite material. It seems
that the parameter responsible for such an effect is not only the  fraction content but it should also
be associated with an increased polymer deformation upon strain due to enhanced polymer chain

mobilities.

To understand how the elastic component of PVDF is affected by irradiation, further studies were
carried out employing tensile tests. Table 1 displays Young’s moduli obtained in the elastic region

of PVDF films.

Dose (kGy) Y (MPa) sE (10° MPa™)

0 508 +40 1.97
5 700 + 22 1.43
10 504 12 1.98
100 539 +£55 1.85
250 556 £25 1.80
500 445 + 101 2.25
1000 508 £35 1.97
2500 596 £ 18 1.68

Table 1: Young’s moduli Y and corresponding compliances s of irradiated PVDF films obtained

by tensile test

Young’s modulus variations exhibited more or less the same variations as the degree of crystallini-

ty. It effectively reflects a non-negligible rigidity due to crystal content increase above 10kGy. It



confirms that, at low doses, shortened polymer chains created by e-beam damages were reorganized
into new crystallites. In the range from 10kGy to 1MGy the polymer recovers its initial elasticity.
The elasticity was more or less constant. At 2500kGy, higher values of Young's modulus were
measured (table 1). The material became brittle. The rigidity was clearly seen with broken samples
during piezoelectric tests for irradiated sample at 2500kGy. It indicates that severe e-beam damages
caused many depolymerization destroying the material integrity.

To limit the material damages as just its need for elasticity improvement and good piezoelectrical
response, a good compromise was to limit irradiation impact investigation until 500kGy, which
corresponds to the maximum of compliance, s£. A laser was also placed through a pinhole drilled in
the upper cell housing of our experimental set-up to measure piezoPVDF films displacement while
applying pressure and simultaneously registering generated output voltage. In Fig. 8, it was evi-
denced that increasing the dose of irradiation, the displacement gradually increased. The defor-

mation upon pressure of irradiated PVDF was consequently enhanced.
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Figure 8: measured displacement of PVDF films plotted against the applied pressure in the exper-

imental cell used for piezoelectric response registration

It is worth noticing that the increased deformation obtained by irradiation brought better piezoelec-

tric efficiencies for the low displacement mode in comparison to untreated poled PVDEF. This result



is very interesting when dealing with renewable energies as the expected pressures coming from
environmental vibrations are not always in the optimum pressure range.

Exhibiting almost parallel linear behaviors whatever the e-beam irradiation dose, the figure 8 gave
us a conversion, pressure to displacement, AL/AP. Up to 1bar pressure, the polymer deformation
was in the elastic and reversible part of tensile strength curves. It is worth noting that the slopes
AL/AP exhibits slight variations which can be nicely correlated to Young's modulus variations with

the dose (Fig. 9).
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Figure 9: comparison between Young's modulus variations and deformation induced by pressure
with the dose; inset: mirror effect in the low dose range with strong variation of Young’s modulus

and corresponding polymer displacement with pressure.

Despite radiation-induced damages result in crystallite breaks as observed by DSC (Fig. 6a), the

amount of amorphous phase is globally unchanged (Fig. 6b). It reversely induces a slight increase



of 10% of crystallinity, especially before the dose-gel of PVDF at 10kGy. Young’s modulus reflects
this increase of crystallinity below10kGy in exhibiting a peak well-above error bars (inset of Fig.
9).

The decrease of Young’s modulus at 500kGy evidences the highest deformation (Fig.9). This may
suggest that one of the key parameters for a higher energy harvesting for piezoelectric composite
polymer foils is a higher deformation under strain. However, above 500kGy up to 2.5MGy, the ma-
terial looses the benefit of softening effect provided by e-beam damaging and become brittle. At the
light of this observation, it seems that the polymer chain re-organization in favor of B-phase content
under e-beam irradiation up to 1MGy as shown by FTIR cannot be minimized. In such large dose
range, both phenomena explain the additional enhanced piezopotential response of composite

PVDF/Ni NWs foils once submitted to e-beam irradiation as shown in Fig. 3.

IV. Conclusion

The results presented in the discussed work indicate that successive irradiative treatments,
nanostructuration by SHI and e-beam irradiation, significantly modify the properties of piezoelec-
tric PVDF/Ni nanostructured composites foils. The beneficial effect of both e-beam irradiation
damages and embedded metallic nanowires, enhancing the dielectric permittivity, was confirmed.
Synergies of both treatments lead to a total output voltage improvement of 3.5 times in comparison
to untreated poled nanoporous PVDF films. The important piezoelectric response up to IMGy re-
sulted in a balance between a higher PVDF compliance provoked by smaller crystallite size and
shortened polymer chains re-organization into [3-phase crystallites. Nevertheless, at 1MGy, the
damages in the polymer films were tremendous, even if not as dramatic as it was at 2.5MGy. The
durability of the material may thus be thrown into serious question. To limit the material damages
as just its need for elasticity improvement and good piezoelectrical response, a good compromise
for material use in industrial devices would be to limit irradiation treatment to doses until 500kGy.
In this study, the pressure was intentionally limited above 1bar to ensure staying in the elastic re-
gion of PVDF polymer during deformation cyclings. Such a polymer matrix is able to undergo
more strain without exhibiting irreversible creep. It means that there is still room for further optimi-

zations in exploring higher pressure range and harvest even more energy.
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