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Flexible multiferroic composite films are perspective materials for sensors, actuators and similar com-
ponents of wearable and stretchable devices. Here we present the study of functional properties of flexible
composites prepared by embedding nickel zinc ferrite and barium titanate powder into polyvinylidene fluo-
ride (PVDEF) polymer optimizing the ratio of polymer and fillers to get the best flexibility and functionality.
ATR-FTIR analysis revealed that hot pressing of the flexible films caused a transformation of about 38% of
the electro-inactive PVDF « phase into electrically active 8 and y phases. Broadband dielectric spectroscopy
revealed two relaxation processes responsible for PVDF and space charge relaxations. Activation energies
of both processes and the freezing temperature of PVDF to the glass phase were estimated for all films.
Ferroelectric measurements have shown unsaturated hysteresis loops for all samples, although the clear
dependence of the amount of the electrically active phase on polarization values of composites is visible.
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1. Introduction

Flexible ceramic-polymer composites are becom-
ing a topic of interest for both academy and in-
dustry due to the possibility to combine mechani-
cal flexibility with the remarkable electrical and/
or magnetic properties such as high dielectric
permittivity, good magnetic and piezoelectric
properties [EI]. Coupling of ferroelectric and fer-
romagnetic phenomena would be attractive for
multifunctional devices, thus flexible devices are
promising components for wearable and stretch-
able electronics — especially for medical purpos-
es, energy harvesting and conversion, sensors,
etc. [R-4].

Polyvinylidene fluoride (PVDF) is one of
the frequently used electroactive polymer for this
purpose due to its excellent flexibility, chemical

resistance and tunability. Flexible PVDF-based
composite materials can be prepared by differ-
ent methods, such as solvent casting, electrospin-
ning and hot pressing [H, H]. The latter method
has the advantage being solvent-free and cost-
effective. PVDF is a semicrystalline polymer ma-
terial well known for its piezoelectric, pyroelec-
tric and ferroelectric properties [H]. Depending
on the crystallization conditions it can be trans-
formed into the one of five crystalline phases («,
B, v, § and ¢), of which  and y are the most in-
teresting since they possess spontaneous polariza-
tion [E, ].

Since the dielectric permittivity of PVDF is
quite low, by loading it with ferroelectric fillers
a composite material can be prepared with an
increased dielectric permittivity. On the other
hand, inclusion of ferrites in the PVDF might add
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a ferromagnetic state to such a composite. Ad-
vances in material manufacturing during last dec-
ades have allowed one to create composite mate-
rials where both ferroelectric and ferromagnetic
phases coexist together and even can be indirectly
coupled through ferroelasticity and magnetostric-
tion, respectively []. Often in such composites
BaTiO, (barium titanate, BT) or PbZr Ti, O,
(lead zirconium titanate, PZT) based materials are
used as a ferroelectric counterpart while the mag-
netic phase is induced by CoFe,O, (cobalt ferrite,
CF), NiFe O, (nickel ferrite, NF) or Ni Zn, Fe O,
(nickel zinc ferrite, NZF) spinels. Numerous in-
vestigations of functional properties of di-phase
composites have been done by us [[11-15] and
other scientists [], but flexible composites
are only gaining attention from scientific com-
munity []. The main purpose of this work is
to investigate the microstructural, dielectric and
terroelectric properties of flexible films prepared
from PVDF with ferroelectric BT and magnetic
NZF inclusions. We believe this data will be useful
for further improvement of functional properties
of flexible multiferroic composites and may lead
to their applications in bendable devices.

2. Experiment

BT and NZF powders were prepared by the au-
to-combustion method as described in Ref. [@]
and they were further used for the preparation
of composites by their mixing in different mass
ratios. These composites were embedded into
a PVDF matrix by the hot pressing method un-
der the defined and optimized pressure and tem-
perature. The thickness of the prepared flexible
films was around 50 microns. Three flexible com-
posite films differing by NZF and BT mass ratio
(indicated by numbers in parenthesis) were pre-
pared and employed for further analysis: NZF-
BT(90-10)/PVDE, NZEF-BT(50-50)/PVDF and
NZF-BT(10-90)/PVDF. The volume ratio between
the ceramic filler and the polymer matrix was 30
to 70 vol% in the flexible composite in order to
have the maximum possible flexibility of the films
and not to sacrifice their functional properties.
The flexible films were analyzed by Fourier
transform infrared spectroscopy (FTIR), which is
a useful technique to identify the crystalline phas-
es of the PVDF matrix. It is highly important for

the estimation of the electroactive phases (8 and/
or y) amount of this polymer in each composite.
The analyses were carried out in the attenuated
total reflectance (ATR) mode by using a Perkin-
Elmer Spectrum Two™ FTIR spectrometer and
the spectra were collected in the 4000-400 cm™
wavenumber range. Equation (1) was used to es-
timate the relative fraction of the electroactive
phase(s) F,, on the normalized spectra, subtracted
from the contribution of the filler [E, E, @]

_ Iy .
Fea = 1261, +1,, 100. (v
where I, is the absorbance of the band at about
840 cm™ that can be assigned to the 8 and/or y
phase, I is the absorbance of a characteristic band
of the & phase and 1.26 is the ratio between the ab-
sorption coefficients at the respective wavenum-
bers. As suggested by Cai et al. [@], when B and y
phases were present simultaneously, the peak-to-
valley height ratio between the two peaks around
1275 and 1234 cm™ was used to separate the two
contributions F,and F..

To prepare samples for electrical measure-
ments, silver contacts in the form of disks (3 mm
in diameter) were applied on the both surfaces
of flexible films. The dielectric properties of all
flexible composites were measured in the cool-
ing regime from 420 down to 120 K temperatures
by employing an LCR meter (HP4284A, Hewllet-
Packard) in the frequency range from 100 Hz to
1 MHz and a vector network analyzer (Agilent
8714ET) from 1 to 100 MHz. Complex dielectric
permittivity was calculated using a flat capacitor
approach from the measured capacity and tand
values at frequencies up to 1 MHz. At higher
frequencies, a complex reflection coefficient was
measured of the short-circuited coaxial line with
the sample placed at its end and the dielectric per-
mittivity was calculated from the reflection mag-
nitude and phase values. For precise temperature
monitoring a Keithley Integra 2700 multimeter,
equipped with either a T type thermocouple or
a 100 Q platinum resistor, was used.

Ferroelectric measurements were carried out
on a precision multiferroic test system equipped
with a high voltage interface (Radiant Technolo-
gies, Inc.) applying an alternating electric field up
to 330 kV/cm at 1 Hz frequency.
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3. Results and discussion

3.1. FTIR spectroscopy

The ATR-FTIR analysis (Fig. ) of the PVDF pow-
ders has shown a predominance of the « phase,
where the principal peaks characteristic of this
non-polar polymorph at 1423, 1383, 1209, 1149,
975, 854, 795, 763, 614, 532, 489 and 410 cm™
are clearly visible. The hot-pressing processing of
the polymer induces the formation of electroac-
tive PVDF phases, indicated by the peak around
840 cm™ in the spectrum. The presence of the band
at 1234 cm™ can be ascribed exclusively to the y
phase and at 1275 cm™ to the  phase, and this sug-
gests that both the polar polymorphs are simulta-
neously present in the flexible polymer films.

The broad band at around 503 and 546 cm™,
the intensity of which increases by increasing
the filler amount, is due to the BT and NZF pow-
ders, respectively, and it is connected to the met-
al-oxygen (M-O) stretching vibrations. In all
the composites the peaks characteristic of the two
electroactive phases (i.e. f and y) are identifi-
able but with a different intensity depending on
the film composition. Using Eq. (1) the amounts
of a (F,) and electroactive phases, § (F,) and y
(Fy), were derived. The amount of electrically in-
active a phase is dominant and the electroactive
phases in all flexible films NZF-BT/PVDEF/ pos-
sessed 37-40% of the most desirable ferroelectric 8
phase with traces of the y phase [E, E, ]. This

a Bty

percentage slightly increased with the amount
of NZF in the film. For the comparison, flexible
films prepared from pure BT and NZF powders
have shown the formation of the same amount of
the electroactive § phase, ~38%.

3.2. Dielectric properties

The temperature evolution of the complex dielec-
tric permittivity for all measured films is present-
ed in Fig. . Two overlapped peaks can be distin-
guished in the real part of the complex dielectric
permittivity data of all compositions above 200 K.
At lower temperatures, the dielectric dispersion
tends to decrease to a value less than 10 and die-
lectric losses go to zero for all the composite films
measured, in agreement to previous investigations
of PVDEF-based composites [@, ].

The broad dielectric dispersion, visible above
200 K as a steep increase with a subsequent satu-
ration in the real part and a corresponding peak
in the imaginary part of dielectric permittivity,
can be attributed to the relaxation of electroac-
tive 8 and y phases, since it is visible not only in
PVDE-based composites, but in the pure PVDF as
well [@]. This relaxation slows down on cooling
with a following freezing to the glassy state below
the room temperature.

Another dispersion region, clearly visible as
a peak in both real and imaginary parts of the dielec-
tric permittivity above 350 K, extends till the highest
temperatures reached in our experiments (~420 K).

Y B

Fig. 1. FTIR ATR mode for all investigated flexible films

and BT and NZF powders.
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Fig. 2. Temperature dependences of dielectric permittivity of NZF-BT(10-90)/PVDF (left), NZF-BT(50-50)/
PVDF (middle) and NZF-BT(90-10)/PVDF (right) flexible films at several selected frequencies.

It significantly overlaps with the PVDF-based re-
laxation around the room temperature at low fre-
quencies and moves toward higher temperatures
on the increase of the measurement frequency,
disappearing completely from the temperature
window above 1 MHz. It is interesting to note that
this dispersion strength increases with the BT
concentration in the composite. Since it appears
in PVDF-based materials only by doping with fer-
romagnetic and/or ferroelectric phases, as con-
firmed in previous works [], we can attribute
this process to the relaxation of charge carriers
accumulated at the interfaces between differ-
ent phases — usually called a Maxwell-Wagner
relaxation.

To obtain more information about relaxa-
tion processes in these flexible films we analyzed
the data in the frequency domain. Figure E(a) shows
the frequency dependences of the complex dielec-
tric permittivity of NZF-BT(50-50)/PVDF film. At
high temperatures, close to the melting point of
PVDE, two partially overlapped dispersion regions
can be easily distinguished. One of them is located
mainly at microwaves, another one below MHz
frequencies. On cooling both relaxations move to-
ward lower frequencies, thus, the low frequency
process disappears from our frequency window

below 350 K. Since the dielectric dispersion of all
composites looks qualitatively similar, we present
the comparison of dielectric dispersions at different
temperatures in Fig. E(b). One can easily deduce
that adding more BT to the composite increases its
dielectric permittivity at microwaves, while below
kHz frequencies, where the low frequency process
starts dominating in dielectric dispersion, we see
the opposite behaviour. Barium titanate is the well-
known ferroelectric material with a high value of
dielectric permittivity even at room temperature,
so the increase in the dielectric response of com-
posite films adding more BT is the expected result.
On the other hand, adding more NZF obviously
creates more interfaces between ferroelectrically
and ferromagnetically active phases, thus leading
to the formation of localized charge accumulation
at these interfaces. This leads to space charge po-
larization, usually called in the literature as Max-
well-Wagner relaxation, that increases both dielec-
tric losses as well as the real part of the dielectric
permittivity at low frequencies.

To gain more information from the dispersion,
we analyzed the data within the Cole-Cole formal-
ism with the added conductivity term to take into
account the increase of dielectric losses at low fre-
quencies and high temperatures:
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Fig. 3. Frequency dependences of dielectric properties of the NZF-BT(50-50)/PVDF flexible
films at several selected temperatures (a), where symbols represent the measured data points
and lines show the fits by Eg. (2); the comparison of ¢' frequency dependences of all flexible
films at room and 390 K temperatures (b) and the inverse temperature dependences of their
characteristic relaxation times (c) obtained from the Cole-Cole fits described by Arrhenius or

Vogel-Fulcher relationships (solid lines).

X Ag,
e (w)=¢,+ H s

1+ (wty)

+ Ag, . O (2)
1+({wr, ) oo

Here the parameter ¢_ includes the contribution
of electronic polarization and atomic vibrations to
the dielectric permittivity, parameters Ae, « and 7
are the dielectric strength, distribution width and
the mean relaxation time of high and low frequen-
cy processes, denoted in the formula by subscripts
H and L, respectively. o is the electrical conductiv-
ity of the sample, w is the angular frequency, and ¢
is the permittivity of the free space.

The temperature dependence of the mean re-
laxation times 7, and 7,, are presented in Fig. H(c).
It is easy to notice that 7, values for all investi-
gated films follow the thermally activated behav-
iour and can be described by the Arrhenius rela-
tionship 7 ~ exp(E /T) fairly well. The calculated
activation energies E_are around 0.7 eV for all

specimens and are well below 1 eV, which is con-
sidered as the activation energy related to oxygen
vacancies [@], thus confirming our assumption
about space charge polarization related phenom-
ena. The mean relaxation time of high-frequency
relaxation, 7, shows a nonlinear dependence in
the respect of the inverse temperature and was fit-
ted with the Vogel-Fulcher relationship:

£, ] 3)
-1,

Here 7, is the relaxation time at infinite tempera-
ture, E_is the activation energy of dipoles, and T is
their their freezing temperature. The obtained val-
ues of fits are presented in Table 1.

Usually, the divergence of the mean relaxation
time means the transition of the material to a glass
state. It was proven experimentally that such
atransition occurs in pure PVDF as well as in PZT-
PVDF composites [é]. So, the high frequency

T=r1, exp(
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Table 1. Comparison of the fitting parameters of the mean relaxation time 7y for all flexible films.

Ty S E,eV T, K
NZF-BT(10-90)/PVDF 1.4+£0.35x107™ 0.22+0.008 118+3.4
NZEF-BT(50-50)/PVDF 1.4+£0.21x107"2 0.1+£0.003 174+1.9
NZF-BT(90-10)/PVDF 5.2+1.4x1071 0.12+0.006 167+3.2

dipolar dynamics can be related to the relaxation
of dipoles formed by electroactive PVDF phases.
For NZF-BT(50-50)/PVDF and NZF-BT(90-10)/
PVDF films we obtained similar values of activa-
tion energies in comparison to the abovementioned
PZT-PVDF composite, but freezing temperatures
are significantly lower. This is not surprising, since
freezing temperatures can be significantly reduced
depending on the size, type and distribution of par-
ticles dispersed in PVDE. A somewhat unexpected
result was nearly twice higher value of the acti-
vation energy and, respectively, a lower value of
the freezing temperature for the NZF-BT(10-90)/
PVDF sample, but this, again, can be related to
a slightly different distribution of the ferroelectric
and ferromagnetic phases within PVDE

3.3. Ferroelectric properties

There is a lot of factors that can influence the fer-
roelectric properties of films — such as interface
areas, agglomerations, voids, an inhomogeneous
distribution of filler in the polymer matrix, etc. [,
@]. Among them all, a couple of effects are most
influential and have to be considered. The first one
is the concentration of barium titanate as a ferro-

(a)

P (uC/cm?)

E (kV/cm)

(b)

electric phase in the flexible polymer film. The re-
sults of the room temperature polarization vs
electric field measurements (presented in Fig. @)
have shown exactly the influence of the barium
titanate amount on the ferroelectric properties of
the films. Flexible films have shown different break-
down fields, namely, for NZF-BT(90-10)/PVDF it
was 170 kVem™!, for NZF-BT(50-50)/PVDF it was
220 kVem™ and the sample NZF-BT(10-90)/PVDF
managed the whole range of applied electric fields.

Non-saturated ferroelectric loops were obtained
for all investigated flexible films. As expected,
due to a high conductivity of ferrite phases and
the presence of interfacial polarization, the sam-
ple with the largest amount of the ferrite phase has
shown very lossy ferroelectric curves quite differ-
ent from the conventional ferroelectric materials.
The sample with the largest amount of the ferro-
electric phase obviously has the potential to have
more saturated ferroelectric loops and higher val-
ues of saturation polarization. However, to prove
this statement, measurements at larger fields will
be needed. The next effect that should be consid-
ered is the amount of the electroactive PVDF phase
in the flexible films. The literature data about fer-
roelectric properties of pure &, § and y PVDF

P (uC/cm?)

E (kV/cm)

Fig. 4. Hysteresis P-E loops for NZF-BT(90-10)/PVDF, NZF-BT(10-90)/PVDF and NZF-BT(10-90)/
PVDF at 150 kVem™ (a) and at the max field without breakdown of the sample (b).
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films suggested that there is a clear possibility
that the formed type of the PVDF phase can have
some effect on the ferroelectric properties of these
composites as well [E, @]. Pure p-phase PVDF
shows a typical characteristic of normal ferroelec-
tric in the rectangle-shaped loops. & and y PVDF
phases have a smaller remnant polarization under
the same conditions, and P_of y-PVDF is slight-
ly higher than that of a-PVDF [@]. In this case,
the calculated value of electroactive PVDF phases
obtained from the FT-IR analysis in all investigated
films is almost the same and around 38%. Thus, we
can come to the conclusion that the amount of fer-
roelectric/barium titanate phase in the sample has
the dominant effect on the ferroelectric properties
of the films. More detailed analysis should be per-
formed in order to get clear conclusions and this
will be the subject of future investigations.

4. Conclusions

In summary, we have successfully prepared
the composite multiferroic films by varying the
composition of ferroelectric and ferromagnetic
fillers in PVDE The hot pressing applied during
the preparation of films created 38% of ferroelectri-
cally active 8 and y phases in the PVDF component
of the composite.

All compositions have shown qualitatively the
same dielectric behaviour that consists of PVDE-
based high frequency relaxation and a space charge
relaxation visible at high temperatures and low fre-
quencies only.

We successfully observed the divergence of
the mean relaxation time according to the Vogel-
Fulcher law, which means the transformation of
the PVDF to the glassy state. The calculated freez-
ing temperatures are lower than in pure PVDE, but
this is a usual behaviour in composite systems.

Measured ferroelectric hysteresis loops have
shown no saturation for all flexible films. This result
is not surprising, since the vast majority of multi-
ferroic composites exhibit space charge accumula-
tion at interfaces between different phases, leading
to the decrease of their resistivity, especially at low
frequencies. Despite that, the change of the remnant
polarization value with the increase of BT content
evidently shows the dominating effect on the polar-
ization of flexible films compared to the influence of
the electroactive 8 and y phases of PVDE.

The increase of BT composition in all flexible
films leads to the increase of the dielectric permit-
tivity at microwaves in all the investigated tem-
perature region. This result offers the possibility
to effectively tune the value of the dielectric per-
mittivity in these composites, which can be ben-
eficial for applications in the field of stretchable
devices.
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Santrauka

Lankstas multiferoiniai kompozitai yra perspek-
tyvios medziagos dévimy bei lanks¢iy jrenginiy jutik-
liams, aktuatoriams ir kitiems komponentams. Siame
darbe pristatomi lanks¢iy kompozity, pagaminty jter-
piant cinko ferito ir bario titanato miltelius j polivinili-
deno fluorido polimers, funkciniy savybiy tyrimai. Poli-
mero ir intarpy santykis kompozite gamybos metu buvo
parenkamas taip, kad biity pasiektas maksimalus lanks-
tumas nepakenkiant funkcionalumui. ATR-FTIR ana-
lizé atskleidé, kad karstas lanksciy pléveliy presavimas

transformavo apie 38 % elektri$kai neaktyvios « fazés j
elektrigkai aktyvias 3 ir y fazes. Placiajuosté dielektriné
spektroskopija parodé Siose medziagose du relaksaci-
nius procesus, sukeltus PVDF ir atitinkamai erdvinio
kravio. Buvo jvertintos abiejy procesy aktyvacijos ener-
gijos bei PVDF stikléjimo temperatiiros visoms pléve-
léms. Feroelektriniy medziagy tyrimai parodé, kad his-
terezés kilpos nejsisotina. Nepaisant to, matoma aiski
poliarizacijos savybiy priklausomybé nuo elektriskai
aktyvios fazés kiekio kompozituose.



