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Abstract

The purpose of this work is to promote and optimize the formation of the S poly(vinylidene
fluoride) (PVDF) phase, known to exhibit the maximum piezoelectric and ferroelectric
properties, in free PVDF film as well as in hybrid one containing ferrimagnetic cobalt ferrite
nanoparticles inclusions (CoFe,O4 NPs). In practice, uniaxial stretching was applied on both a-
neat PVDF and o/ PVDF hybrid films, and the o to g transformation was followed by in situ
near-field AFM observations and ex situ XRD, FTIR and DSC experiments. A strong influence
of the nano-inclusions was observed on the mechanically induced allotropic transformation. They
clearly promote the growth of the electroactive B phase in the PVDF matrix and favour the
improvement of the whole film crystallinity. The proposed flexible material processing is easy-
to-achieve and low cost. It is very promising for architecting original and smart magnetoelectric
devices, in which the piezoelectric phases (B-PVDF) could be well interfaced with the
magnetostrictive ones (CoFe,0,).

Introduction
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Poly(vinylidene fluoride) (PVDF) and its copolymers [1] are widely used as polymeric
ferroelectric material in the field of micro-electronic devices, high-charge storage [2] and energy
conversion [3] thanks to their excellent piezoelectric/ferroelectric properties [4-6], dielectric
feature and elasticity and flexibility [7]. Focusing on PVDF, it is well established that its final
crystalline structure strongly affects its ferroelectric behavior [8]. Depending on its processing
conditions, it can crystallize in various allotropic forms [4] known as non-polar e and ¢ phases
and polar f, y and o phases. The o and g are the most commonly obtained. The a phase (trans-
gauche bond conformation TGTG’) is formed by cooling from the melt or by solvent cast at a
temperature above 120°C [9-11], whereas the £ one (all trans planar zigzag conformation TTTT)
is obtained by solution casting from polar solvents under controlled operating conditions [12].
Typically, the annealing temperature must not exceed 70°C to avoid the simultaneous formation
of a phase [6]. Unfortunately, low processing temperatures (T < 70 °C) lead to the production of
highly porous, opaque, brittle and consequently hardly polarizable films. Since the £ phase is
much tricky and most technologically desirable [13-15], many material processing investigations
were carried out in order to preferentially elaborate S-PVDF films exhibiting the best mechanical
[16] and electrical properties. For such a purpose, the application of a high uniaxial pressure (15
MPa) on films processed at 140 °C was successfully achieved [10,17]. Interestingly, the resulting
films appeared to be non-porous, transparent, flexible and highly polarizable. Uniaxial
mechanical loading was also tested on a-PVDF films [18-20] to induce the reorientation of the
polymer chains according to the g-trans-planar zigzag (TTT) conformation. In this latter case, all
dipoles arranged perpendicularly to the direction of the applied stress. Several works were then
reported dealing with the influence of tensile conditions over the mechanically induced « to g

transformation. The impact of the operating temperature and the reached elongation R = ALgina/Lo



on the content and the orientation of § phase were particularly investigated: g films can be
obtained by working between 70 °C and 100 °C and limiting R within the 3 to 5 range [10,19,21-
24]. Beside, the high mobility of macromolecular chains at high temperature makes the highest
stretching temperatures (above 120 °C) less desirable since they reduce the phase transition
efficiency. A compromise was found by fixing R to its highest value, i.e.5 [19]. The
improvement of the « to S transformation was also achieved by applying-a poling. Samples
presenting the highest content of £ phase (T = 80 °C and R = 5) were the ones poled by the
corona charge method using a suitable electric field. The orientation of the dipoles along the
electric field direction was thus favored leading to a better intrinsic polarization in the poled films
compared to the simple stretched ones [25]. It is important to note that in all these works, based
on a uniaxial tension process [19,22,28-30], only few of them were interested by in situ
measurements and observations. To the best of our knowledge, Li et al. [31] and Guo et al. [32]
performed such an investigation using tensile stress tester under polarizing microscope. Also, Wu
et al. [33] used the same kind of tester for in situ synchrotron wide angle X-ray diffraction
(WAXD) and Small Angle X-ray scattering (SAXS) experiments to investigate the internal fiber
morphology in PVDF films during deformation.

The effect of a biaxial tension process on the content and orientation/alignment of £ crystallites
was also explored [26]. FTIR spectroscopy combined to WAXD analysis at different elongation
and deformation rate evidenced that these two processing parameters were very important for the
desired allotropic transformation [26]. SAXS and WAXD measurements [27] revealed also

morphological changes in the deformed zone near crack tips in a-PVDF films, highlighting the «

to Stransition.



It is worth noting that an alternative approach to increase the £ phase ratio consists in adding
inorganic nano-fillers to the PVDF matrix. There are an impressive number of studies in literature
reporting the optimization of the electroactive S phase content by this route. Indeed, the
flexibility of the polymer is expected to promote the strain transmission at the hybrid interface
[34], allowing a better crystallization control of the S/-PVDF phase, the nano-fillers acting as
nucleating agents.

BaTiO; [35,36], Carbon Nanotubes (CNTs) [37], clays [37,38,39] ‘and ferrite oxide
nanoparticles (NPs) [40-42] were already used as nano-inclusions. Unfortunately, only few
reports [43-44] mentioned the role played by the nano-fillers (shape, size, content) on the
crystallization of the p-PVDF phase. Most of them [45,46] focused on the preparation and
characterization of composite films obtained by simple dispersion of NPs (mainly iron oxides) in
the preformed polymer. Some others described that the incorporation of NPs (typically cobalt
ferrites) [46] led to high percentages of polar g phase in self-standing hybrid films processed at
80 - 100 °C.

Surprisingly enough, nothing is really stated in the literature on the combination of mechanical
stretching and NPs incorporation. So far, there is no complete in situ nor ex situ study
demonstrating clearly the process of the o to g transitions in PVDF-NP composite films under
traction. To overcome this lack, we investigated the transition in uniaxially elongated a-neat and
ol f-hybrid films. The hybrids consisted of 13 nm sized almost spherical polyol-made CoFe,04
particles [46] dispersed in PVDF. In situ analyses were performed by coupling a tensile test
machine to a near-field microscope (AFM) and ex situ ones were conducted on pre- and post-

stretched films by X-Ray Diffraction (XRD), Infrared spectroscopy (IR) and Differential



Scanning Calorimetry (DSC). At the end, dynamic mechanical analysis (DMA) was performed
and the obtained results were correlated to the mechanical properties of the films.

Experimental

A Nanoparticles synthesis

13 nm CoFe;O4 NPs were elaborated by the well-known polyol process, consisting in the
forced hydrolysis of anhydrous Fe(CH3;COOQ), (Sigma-Aldrich, 95%) and Co(CHsCOO),,4H,0
(Sigma-Aldrich, 99%) in a polyol, namely triethyleneglycol (ACROS Organics, 98%). Thanks to
its high relative permittivity and high boiling temperature (280 °C), the polyol acts as a solvent
for the precursor salts and allows carrying out hydrolysis ‘and condensation reactions under
atmospheric pressure in a large temperature range. As previously described [46], the chemical
composition, structure, size and size distribution of the produced NPs were checked by
combining X-ray Fluorescence spectroscopy, X-ray diffraction and TEM observation.

B Film preparation

100 mg of PVDF powder (Aldrich, M,, = 534 000 g mol™) was dissolved in 1 mL of anhydrous
N,N dimethylformamide, abbreviated as DMF (Sigma-Aldrich, 99.8%) under mechanical and
then ultrasonic stirring at 25 °C. The resulting solution was deposited to form a continuous
polymer film using the doctor blade technique. In practice a casting knife from Elcometer was
employed to control the final film thickness in the 20 - 70 um range. PVDF-CoFe,0,4 hybrid
films were prepared in a similar way. 1 mg of CoFe,O4 NPs was dispersed in a solution of 100
mg of PVDF in 1 mL of DMF (1 wt.-%). Neat PVDF films were thermally treated in an oven at
240 °C for 30 min leading predominantly to a-PVDF while hybrid films were melt processed at
80 °C during 1 hr. The films, of 1 x 10 cm?® lateral size, were finally peeled off from glass
substrates by diving them into cold water.

C Tensile test coupled to in situ Near-Field Microscopy and ex situ X-ray Diffraction



A micro-tensile 300 N Deben™ tester, able to apply loads up to 300 N, was used. It was

equipped with a 75 N load cell enabling the force measurement with an accuracy of 0.1 N. It was
employed within the uniaxial stretching configuration, fixing the stretching rate to 0.1 mm min™.
It was also coupled to an AFM to study the film morphology. The sample surface was imaged at
room temperature in the standard tapping mode of a Scan Probe Microscopy -apparatus by
VEECO (DI-3100 Model) Silicon Tips with a K = 40 N W™ and resonance frequency v = 300
kHz. Height images were collected for each sample and analyzed using the NANOSCOPE
Analysis program.
The crystalline quality of the prepared films was checked by XRD. Typically, their 6-6 patterns
(26 = 15-40°, 0.025°) were recorded before and after stretching using an Empyrean
(PANALYTICAL) diffractometer equipped with a multichannel P1Xcel 3D detector, 0.04 rad
Soller slits and a Cu Ka X-ray source (1.5418 A, 45 kV and 40 mA). Structure analysis was
performed using HIGHSCORE software (diffraction peaks of « and g phases were identified
according to ICCD files n°00-042-1650 and n°00-042-1649, respectively).

D Ex situ Infrared spectroscopy and Differential Scanning Calorimetry

All the infrared spectra were recorded (v = 4000-650 cm™, 4 cm™) on a ThermoNicolet 8700
spectrophotometer using an ATR instrument to quantify the f phase content before and after
uniaxial tension process. Finally, DSC was performed with a TA Q20 equipment under N,
atmosphere at a heating rate of 10 °C min™ to evaluate the crystalline fraction of the polymer
before and after stretching.

E Dynamic Mechanical Analysis

In order to study the viscoelastic properties of PVDF, DMA was performed using Electroforce

3100. A sinusoidal strain was applied at room temperature by varying the frequencies from 1 to



10 Hz, at a speed of 0.2 mm s™ and with an amplitude not exceeding 10 %. In all the cases, a
small pre-tensile load was applied to properly position the sample between the jaws. At the end,
the collected strain vs. deformation data allowed the determination of the complex modulus.

Results and discussion

A Stretching induced o to p transformation in neat PVDF films

During stretching a film whitening was observed, marking the phase transformation beginning.
According to previous studies [21-23], the mechanical deformation is expected to improve the
development of the £ phase through a stress induced crystallization process.

Near-field microscopy imaging of the surface morphology during the uniaxial tension process
evidenced also significant changes. These changes are well-illustrated by the optical images
captured for each stretched sample state (Figure 1a,b,c), before engaging the AFM tip: an
evolution from a spherulitic structure to a fibrillar one is unambiguously observed. So in the 6%
elongated film well-defined large spherulites, assigned to the non-electroactive o phase [47-49],
are present (Figure la), while'in the 28% elongated one (Figure 1b), the spherulites are
destabilized and start to align along the uniaxial traction direction giving rise to the fibrillar
morphology. Darker transversal “belts” between the reorganized spherulite zones also appear
(Figure 1g). This phenomenon is accompanied by the emerging of fibrillar new presumably
crystalline structures in the AFM Z-images (Figure le,f). While the deformation increases,
transversal belts narrow and the amount of the fiber phase increases and becomes predominant in
the observed areas (Figure 1c,g). At the end, almost 80% of the imaged surface is transformed
from the spherulite morphology (Figure 1a,b) to the fibrillar one (Figure 1c,g). Attributing the
latest morphology to the S phase structure [43-45], one can assume that by this process, 80 % of

the film has gone under « to g transformation.



These observations suggest that the formation of # phase starts from the middle of the stretched

sample and progressively extends to its border, in good agreement with previous results [31].

Figure 1. Optical microscopy (a, b, ¢) and AFM pictures (d, e, f, g) for different stretched states.
Granular morphology (o phase) is clearly observed in d and e while fibrillar morphology (5
phase) is revealed in f and g. ALsna/Lo refers to the maximal strain applied to the deformed

sample.

On the film elongated at 40% and assumed to be rich in § phase, AFM Z- images were
collected at different scales. Focusing on the 25 um x 25 pm images, one can easily observe

aligned fibers of 0.7 to 1.3 um in width (Figure 2). Moreover, the fibers appear to be composed



of transversal lamellae. Unfortunately, we could not go further than an elongation of 46% (i.e.
80% of transformation) of the film putting in evidence its mechanical fragility, most probably due
to its high crystallinity degree. According to literature, the f phase can be transformed by
mechanical deformation from a phase through a transformation efficiency linearly proportional to

the stress value. The mechanical properties of the film did not allow a 100% transformation.

2446 nm 16.1°

1
1: Height 250um

-234.8 -188°

Figure 2. Optical microscopy (a) and AFM images (b, c) of neat PVDF film elongated at 40%;

the fibrillar morphology (B-phase) is analyzed both by Z-image (b) and deflection one (c).

To complete this study, the IR spectra of neat PVDF films were collected before and after
uniaxial tensile process (Figure 3) and compared (see experimental section). The respective
amounts of apolar o and polar g phases were determined through the analysis of the specific
absorption bands of each phase [2,50]. IR spectra were normalized to be comparable by using the
875 cm™ band (showing a stable intensity). Two different absorption bands at 762 cm™ and 840
cm™ are in fact characteristics of a and S phases respectively. Assuming that the infrared
absorption follows the Beer-Lambert law, the A, and Ay absorbances, at 762 cm™ and 840 cm™

respectively, are given by Eq. 1:
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— rIJLE —
A,z = Log (r )—Cxﬁ'uﬁxxaﬁx}: Eq. 1
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Where L is the sample thickness, C is the average monomer concentration, « and /g refer to the
allotropic phases, lo and | are the incident and transmitted intensities of the radiation, K is the
absorption coefficient at the respective wavenumber, and X is the degree of crystallinity of each
phase. The value of K, is 6.1 x 10* cm? mol™ and K is 7.7 x 10* cm? mol™[51]. For a system
containing o and g phases, the relative fraction of the S phase, F(B), can be calculated using Eq.

2:

'S 4 4
FB)=—"Ff = £ —= £ Eq. 2
(8) Xq+Xg (i_i}x‘qﬂf‘mﬁ 1.264,+Ag q

In the present case, the intensity of the characteristic « phase bands (762, 796, 976, 1210, 1383
cm™) decreases, but does not disappear, after stretching, while that of the 3 phase bands (840 and
1275 cm™) increases. It should be noted that mostly all the absorption bands of 4 and y phases are
overlapped. However, we can distinguish between the two phases by the band centered at 1234
cm™, which is unique forthe 7 phase. The distinction between these two piezoelectric phases is
extremely important, since the 8 one is the most desirable form [52-53]. The intensity of this
band in the recorded spectra is relatively weak and almost constant (see Figure 3), making our
quantification-of the relative fraction of the g phase, F(f), quite significant for the studied
samples.” Values of 25 and 48% were thus obtained on elongated films at 6% and 46%,

respectively. These results support also the uncompleted transformation observed by AFM.
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Figure 3. IR spectra of neat PVDF film before (a) and after (b) mechanical loading.

The degree of crystallinity of PVDF (including polar and apolar polymorphs) was deduced from

differential scanning calorimetry (DSC) experiments (see Supporting File, Figure S1) using Eqg.
3:

‘ AH g =100
xo/m = cim Eq. 3

x X AH 100 crystalline)a TY < IAH 100% crystalline ) g

where x and y are the weight fraction of the o and £ phases, respectively, (AH100% crystalline)a @nd
(AH100% crystaliing)p are the enthalpy of pure crystalline a- and S-PVDF phases, equal to 93.04 and
103.4 J g*, respectively [4]. The recorded DSC thermograms revealed that the degree of
crystallinity of uniaxially oriented PVDF, sharply increased from 36.3 to 87.0% indicating that
the strain promotes the crystallization of f phase from the a one and induces an improvement of
the whole film crystallinity.

The o to g transformation was investigated also by ex situ X-ray diffraction. The pattern of neat

PVDF (Figure 4) displays four intense peaks at 20 = 17.8°, 18.3°, 19.9°, and 26.6° [43,54,55]
11



associated to (100), (020), (110) and (021) reflections of the monoclinic a phase. The pattern of
the elongated film at 46% displays almost the same peaks, their 20 positions being slightly
shifted to higher values for some of them. Typically, the peak at 19.9° is shifted to 20.10°
[43,54,55] and assigned to (110) and (200) reflections of the orthorhombic S phase. The peak at
18.3° is shifted to 18.5° and assigned to the overlapping of the a and y (020) lines. Note that
the intensity of a phase diffraction peak at 26.6° decreases significantly after stretching,

confirming the a to B transformation, in agreement with AFM and IR investigations.

19.9°

a (020)

a-phase

17.8°
a (100)

\

. B-phase

26.6°
a (021)

v B(110) (200)

I
I

3 |

2 185° | a

> o~

& y(020) | 1 —tEe s

c and « (020) | 20.1

£

17.8°
a (100)

15 20 25 30 35
2 theta (°)

Figure 4. XRD patterns of neat PVDF films obtained before (a) and after (b) uniaxial tension

loading.

B Stretching induced a-to-g# phase transformation in hybrid PVDF films
After the introduction of 1 wt.-% of 13 nm sized CoFe,O4 NPs inside the PVDF matrix [46], and
before any mechanical treatment, the nominal F(5) content of the electroactive f phase is found to

be about 68% (determined by Eq. 2). This relatively high percentage of the g phase is confirmed
12



by AFM observations (Figure 5e). Clearly, spherulite () and fibrillar (5) morphologies co-exist.
By stretching, the £ content increases: an elongation of 13.5% induces a film whitening, marking
again the beginning of the « to g transition, and transversal belts appear (Figure 5b,c,d). An
elongation of 47%, induces the predominance of the oriented S phase (Figure 6a). Micrometric

spherulites constituted of nanofibers appear (Figure 6b), suggesting that the reorientation of the

polymer chains starts first inside the spherulites.

004m 20 1: Height 184m y
m %0 1: Height 1.6

-829nm 652nm

Figure 5. Optical microscopy (a, b ,c, d) andAFM (e, f, g) images of the hybrid PVDF film
containing 1 wt.% CoFe,O4 NPs under mechanical loading. Mixed area (a+p phases) is visible in

(e) while the fibrillar morphology (f phase) is easily observable in (f, g).
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4823 m 17 nm o 23.5 nm
¥y r ] J /

Figure 6. Optical microscopy (a) and AFM (b, c, d) images of the hybrid PVDF film containing
1 wt.-% CoFe,O4 NPs stretched to a final elongation of 47%; (b), zoom-in of the yellow square;

fibrillar morphology (c, d) characteristic of § phase; Z (c) and-deflection (d) images.

The width of the fibers was estimated (Figure 6¢,d). It varies from 40 to 100 nm, one order
smaller than that measured on stretched neat PVDF films, traducing a confinement effect of the
fibrillary morphology inside the micrometric spherulites. All these features clearly evidence that
the presence of NPs strongly influences the process of the o to £ transformation. The polymer
chains reorientation still starts inside the spherulite during stretching. It propagates afterwards
from one spherulite to another, but it is reasonable to figure out that this propagation is not fully
allowed by the presence of the nano-inclusions. This explains why the £ fibers are so thinner in
the hybrid film compared to the neat one.

It is worth noted that in spite of these differences, the granular structures of the fiber are still
present, as observed in the neat PVDF film. The structure evolution of the composite films was
also investigated by IR spectroscopy and the relative S phase fraction was quantified and
compared before and after stretching, using Eq. 2. The infrared spectrum of the film after an
elongation of 47% (Figure 7b) demonstrates that the bands at 762, 796, 976, 1210 and 1383 cm™,

characteristic of a phase, disappeared and/or reduced while the characteristic band of g phase at
14



840 and 1275 cm™ increased confirming the phase transformation. The F(8) was found to

increase from 68% to 79% upon increasing the deformation from 0 to 47%, confirming the AFM

results.
3
o
o
c
8
E | o] !

n
S a (762 cm) T o (976 o)
~ a (796 cm™") T T

840 cm™! 1275 cm™
Bl ) Bl - a (1383 cm™)
a (1210 cm)
710 810 910 1010 1110 1210 1310 1410

Wavenumber (cm-')

Figure 7. IR spectra of hybrid PVDF film (1 wt.-% CoFe,0,4) before (a) and after (b) uniaxial

loading.

The XRD patterns of the as-produced hybrid film (Figure 8) revealed a strong diffraction peak at
20.3° which means that the  phase is the predominant crystalline PVDF phase. A large shoulder
at lower diffraction angles, around 19°, ascribed to the presence of a and y phases [55] or to a
distorted 8 one [60] was also evidenced.

Elongated to 47%, a weaker shoulder was detected and the reflection peak of the B phase
becomes tighter which could indicate the transformation of the distorted 8 or y conformations to a
more crystalline 8 phase. The appearance of a small peak at 36.2° [61] assigned to the reflections
(020) and (101) of B phase highlights the efficiency of this phase transformation. Note that the

peak at 28.5° could be assigned to the (211) diffraction line of a metastable y phase.
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Figure 8. XRD patterns of hybrid film (1 wt.-% CoFe,0,) before (a) and after (b) uniaxial

tension loading.

Beside, DSC measurements demonstrate an increase of the degree of crystallinity in the
composite film upon mechanical stretching at a final elongation of 47%: X" increases from 39.2
to 47.5% (see Supporting file, Figure S2). Hence, the phase transformation induces an
improvement of the polymer crystallinity also in the presence of NPs. It is worth noted that the
improvement in this case is less impressive than the one observed in the case of the neat PVDF
film albeit their final g phase content is almost similar.

As reported in literature [56,57], it is now known that the nucleation of the electroactive S
phase of the polymer is influenced by the interactions between ferrite NPs and PVDF. The strong
interaction between the magnetic NPs (characterized by a negative zeta potential) and the CH,
groups (exhibiting a positive charge density) tends to align the polymer chains at the surface of
these NPs in an extended TTTT conformation favoring the crystallization of the g phase. It is also

16



interesting to notice that in previous works the inclusion of 30 to 50 nm NPs led to a decrease of
the polymer crystallinity [58,59] suggesting that an important fraction of polymer chains was
confined in interphases with the filler particle. In the present case, the mechanical deformation
not only helps improving the content of S phase but also the crystallinity of both neat and hybrid
films. This can be explained by the smaller size of the incorporated ferrite NPs than that of the
previously used NPs in the literature. In other words, our inclusions seem to be less disturbing the
polymer chain motions. Hence we can conclude that the presence of small NPs (typically 13 nm)
rather than bigger ones (30 to 50 nm) promotes the crystallinity of P\VDF based films as well as a
higher content of polar phase during the mechanical deformation of the films.

In situ AFM imaging was performed on films containing 5 wt.-% of NPs but unfortunately they
broke at small elongation values (i.e.< 16%) probably due to the toughness of the film caused by
the presence of higher amounts of NPs and a quite high PVDF crystallinity ratio.

To deeply investigate the relationships between the introduction of NPs and the mechanical
behavior of the resulting hybrid film, DMA experiments were performed on neat PVDF and
PVDF containing 1 wt.-% of CoFe,O, NPs. The evolution of the Young complex modulus |E*|
with increasing frequencies is shown in Figure 9 for both samples. As expected, the value of |E*|
is higher while dispersing 1 wt.-% of NPs in the PVDF matrix. |E*| increases with frequency in
this latter case from 269 to 362 MPa compared to neat PVDF that highlights an increase from 89
to 218 MPa. This observation suggests that the presence of a small amount of NPs (1 wt.-%)
increases the complex modulus of the composite leading to a higher stiffness of the material
compared to the pure one. However, this reinforcement of the matrix does not seem to affect the
deformation of the film neither its flexibility as confirmed by the elongation obtained during the

in situ AFM observations (a deformation of 47% was achieved before film breaking).
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Figure 9. Modulus-frequency curves measured by DMA on neat PVDF (a) and PVDF containing

1 wt.-% CoFe,04 NPs (b).

Conclusions
In conclusion, the process of strain-induced « to g transformation was monitored in a-neat and
o/B-hybrid films by.in situ coupling tensile test to near-field AFM. The phase transition was first
observed by optical microscopy through the presence of transversal belts in the middle of the
deformed spherulites. The AFM images, also consistent with the ex situ XRD experiments,
highlighted that this phenomenon is accompanied by the appearance of a new fibrillary
crystalline morphology, characteristic of the g phase. In uniaxially oriented hybrid films, the
presence of the NPs impacts the transition mechanism from the one observed for the neat PVDF
film since it affects the polymer chain reorientation. A confinement is observed which reduces

the mean width of the formed fibers during the allotropic transformation. Indeed, while in the a-
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neat film, the fibers are micrometric, they are submicrometric in the hybrid one. Ex situ IR and
DSC analyses highlighted the improvement of the [ phase content as well as the increase of the
relative crystallinity of PVDF in stretched hybrid films. Stretching appears as a powerful
technique to produce highly polarizable PVDF films whose polarizability can still be improved
by introducing very low amounts of CoFe,O4 NPs compared to literature [62, 63]. The design of
such flexible magneto-electric materials (exhibiting both piezoelectric and magnetic properties)
can open the way for the development of a new generation of magnetic recording media, sensors

and/or transducers. Magneto-electric measurements of our systems are in progress.
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Highlights

Pol
ymorphic o to [ transformation induced by stretching is successfully monitored in
flexible a-neat PVDF and o/f PVDF-CoFe,O4 based hybrid films, by coupling tensile
test machine to near-field microscopy (AFM).

Co
Fe,O4 NPs inclusions drastically change the crystallinity improvement mechanism
observed in the B-phase transformation of hybrid self-standing films compared to
the one of the a-neat PVDF films under stretching.

Th
e reinforcement of the elastic properties of the PVDF matrix by the NPs
inclusions does not affect the deformation ability of the film.

Th
e stretching induced o to B transformation technique is promoted for the easy and low
cost optimization processing of hybrid flexible films containing a small amount of

magnetic inclusions.
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