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Poly(vinyl alcohol)/Poly(vinylidene fluoride) blends reinforced with Nano - Graphene Platelets render piezo-
electric by combining uniaxial plastic deformation end polarization. Comparative Broadband Dielectric Spec-
troscopy on fresh and piezoelectric specimens were carried oud at various temperature and hydrostatic pressure
states. Dc conductivity, which results from inter-NGP fluctuation induced tunneling of electrons through the

Graphene . . R . h .
Nan[())composites effective potential barrier set by the polymer, involves two charge transfer mechanisms. The shift of the glass
Piezoelectricity transition temperature and the temperature triggering a kinetic process due to the enhancement of the mobility

of water molecules bound to PVA, upon pressure are detected indirectly through associated changes to the
conductivity modes. NGP filling induces a couple of interfacial charge trapping. Relaxations exhibit different
thermodynamics and different dependencies for fresh and piezoelectric specimens on pressure. Hydrostatic
compression of heterogeneous matter results in an inhomogeneous internal stress field, whereas stress is locally
amplified. In PNC, small scale relaxation is disturbed by the spatial fluctuation of the internal stress field.
Rendering the PVdF grains piezoelectric, local stress amplification induces fluctuations of the local electric field.
Fluctuations (of the internal stress or electric field) affect rather a short-range charge relaxation, rather than
macroscopic dc conductivity.

Broadband dielectric spectroscopy

1. Introduction

Poly(vinylidene fluoride) (PVdF) is a widely used semicrystalline
polymer with good mechanical properties, resistance to chemicals, high
dielectric permittivity and exceptional pyro- and piezoelectric proper-
ties [1,2]. Amongst other uses, materials of piezoelectric PVdF are of
great interest in broadband acoustic and ultrasonic transducers [3],
particularly for medical imaging applications since they are flexible and
with acoustic impedance similar to water and biological tissues [4]. It is
well known that quantitative modeling of the frequency response of
piezoelectric transducers requires the accurate characterization of the
material properties [5]. Compared to inorganic piezoelectric materials,
the internal losses (both mechanical and electrical) are much larger in
polymers. In consequence, it is very important to consider the frequency,
pressure and temperature dependence of the relative complex dielectric
permittivity €*, when describing transducers based on piezoelectric
polymers. XRD, FTIR and Raman spectroscopy on Poly(vinyl alcohol)
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PVA)/poly (vinylidene fluoride) (PVdF) blends of variable mass ratios
indicated that optimal structural and thermal stability and properties
are attained at concentration 22.5 wt % PVdF [6] (see Table 1).

The addition of graphene nanoparticles to PVA improves the com-
posite’s electrical conductivity and thermal stability. NGPs (nano-gra-
phene platelets) are a cost-effective way to strengthen a polymer. The
electrical conductivity of the composite can be comparable to that of a
semiconductor at mass fractions low enough to avoid a continuous
percolation network due to physical touching among NGPs. Percolation
thresholds have been found in polymer nano-composites (PNCs) loaded
with diverse carbon allotropes [7,8] at very low mass fractions.
Inter-NGP tunneling occurs through the separating polymer barrier due
to thermal changes in the Fermi level of electron states in NGPs. The
electron percolation network consists of isolated NGPs (or isolated ag-
gregates) and the inter-NGP polymer regions through which the
inter-NGP tunneling current flows; the former consists of isolated NGPs
(or isolated aggregates) and the inter-NGP polymer regions through

Received 27 June 2022; Received in revised form 9 February 2023; Accepted 11 February 2023

Available online 1 March 2023
0022-3697/© 2023 Elsevier Ltd. All rights reserved.


mailto:antpapa@phys.uoa.gr
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2023.111277
https://doi.org/10.1016/j.jpcs.2023.111277
https://doi.org/10.1016/j.jpcs.2023.111277
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2023.111277&domain=pdf

E. Kolonelou et al.

Table 1

Description and code naming of the materials studied in the present work.
sample description code name
PVA/PVdF at mass ratio 2:1 (unfilled matrix) Matrix

Nanocomposite with 2% NGP PNC
Nanocomposite with 2% NGP + Piezo-electric PNC-PZ

which the inter-NGP tunneling current flows. The tunneling current is
determined by the tunneling volume or inter-NGP distance, as well as
the polymer matrix’s polarizability and thermodynamic state (glassy,
semi-crystalline or rubber). Pressure sensing or pressure
electro-switching PNCs can be developed by tweaking the pressure
dependence of these parameters. As a result, it’s critical to identify
specific electric charge flow pathways and link them to heterogeneity,
the polymer’s glassy or rubber state, and any kinetic phenomena that
may occur, such as solvent water molecule movement. Pressure-induced
electro-switching has been seen in PVA/NGP composites as a result of
competition between the components outlined above [8]. It is worth
noticing that the piezoelectric nature of PVAF in PVdF/PVA compounds
loaded with graphene nanostructures have proved to be important for
bio-medicine: The osteogenesis rate of human-induced pluripotent stem
cells (hiPSCs) cultured on PVdF-PVA-graphene oxide (GO) electro spun
scaffolds is significantly higher than other scaffolds, making them a
highly promising scaffold-stem cell system for bone remodeling medi-
cine [9].

The nanocomposite material in the present work consists of a PVA/
PVdF blend at a mass ratio 3:1, obtained by drop casting a water solution
of a-PVA and suspended PVdF micro-grains, reinforced with 2 wt %
dispersed NGPs. The as-received fresh polymer nanocomposite (PNC)
renders to piezoelectric (NPC-PZ) by applying mechanical stress and
electric field to the PNC. Differential Scanning Calorimetry (DSC),
Broadband Dielectric Spectroscopy (BDS), electro-mechanical coupling
response (EMCR) and Scanning Electron Microscopy (SEM) studies at
ambient pressure and different temperatures on PNC and PNC-PZ pro-
vided information about the thermal and electric properties at ambient
pressure conditions: Two dc conductivity mechanisms appear in suc-
cessive temperature regions. Their temperature dependencies obey the
fluctuation induced tunneling (FIT) of electrons among neighboring
NGPs separated by the polymer matrix. The bounds of the aforemen-
tioned temperature regions coincide with structural phase transitions in
the polymer blend and the onset of a kinetic process related with the
enhancement of the mobility of water molecules bound to PVA. A couple
of dielectric relaxation mechanisms are correlated with the NGP in-
clusions. The temperature dependencies of the frequencies of maximum
loss angle indicate that relaxation occurs by FIT of electrons, too. Fresh
specimens render piezoelectric, by applying uniaxial stress and electric
polarization. While the mass fraction of piezoelectric PVdF grains is only
25%, the overall electromechanical coefficient comparable to neat
piezoelectric PVdF. BDS and DSC experiments on piezoelectric com-
posites converge to the conclusion that the electro-activity of PVdF
grains affects weakly the electric and thermal properties of the nano-
composites [6].

In the present work, were employing BDS on PNC and PNC-PZ at
combined pressure and temperature states ranging from ambient pres-
sure to 1750 bar and from 293 K 393 K, respectively. The application of
hydrostatic pressure affects the structure and the electrical properties of
the nanocomposite in different ways, such as:

(i) The distance between neighboring NGPs gets reduced and, hence,
the inter-NGP tunneling length.
(i) The polarizability of the polymer blend separating NGPs reduces
and the inter-NGP tunneling current weakens.
(iii) The glass transition temperature changes monotonically with
pressure; therefore, dc conductivity mechanisms are tuned by the
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modification of the polymer blend matrix from a rubber to a
glassy state.

(iv) Heterogeneity is likely to change due to small scale re-ordering of
their elements, so as to make better use of the volume of the
compressed material.

(v) The heterogeneous structure of the material and the dispersion of
hard sharp NGP flakes, induce local fluctuations of the internal
stress field when the sample is externally hydrostatically com-
pressed. Additionally, if one of the constituents of the blend is
piezoelectric, amplified local stress fields may induce fluctuations
in the local electric fields.

The role of the above-mentioned phenomena on the electric and
dielectric properties of PVA/PVdF blends loaded with NGPs is explored
in the present work. The functionality of the materials studied in the
present work as flexible, non-toxic paintable pressure sensors and en-
ergy harvesters of spare vibrational energy, depends on the synergy of
different microscopic processes. The knowledge of how each one of
these depends on pressure and temperature determine at which envi-
ronmental conditions, the material’s efficiency is optimal and which
parameters should furthermore be tailored to improve functionality.

2. Materials and methods

The starting materials used for the preparation of the free-standing
bulk specimens comprised polyvinyl alcohol (PVA), (CoH40),, purity
99,5%; ASG SCIENTIFIC, CAS 9002-89-5), powder of poly(vinylidene
fluoride) (PVdF) of molecular weight 534.000 (Sigma Aldrich Ltd) CAS
24937-79-9) of mean grain size 2.5 pm [10] and graphene nano-platelets
(NGPs) (Angstrom Materials Ltd) which were used without any further
purification. According to the manufacturer, the lateral size of NGPs is
< 10 um? and the average through dimensions were 50-100 nm deter-
mined by BET surface analysis and size distribution. Earlier publications
on water soluble polymers (such as PVA, PVP and blends) reinforced
with different mass fractions of NGPs by solution casting similar to that
mentioned in the present work, indicated that the critical mass fraction
of NGPs ranges from 0.1 to 0.3 % wt. % [7,8,11]; the conductivity
percolation cluster is formed at much lower fraction than that required
for the formation of a continuous physical NGPs, due to the inter-NGP
tunneling current through the polymer barrier. Here, the mass fraction
is 2 wt %, i.e., at a value close enough and above percolation threshold,
but, low enough to prevent the formation of a continuous network of
NGPs. The homogeneous distribution of NGPs and the absence of any
continuous network of NGPs were verified by SEM inspection [6]. In a
past work, we have used NGP composites in PVA blended with 25 wt %
a-poly (vinylidene fluoride) (PVAF) micro-grains. The structural and
thermal stability of PVA/PVdF blends, the way that the composite be-
comes piezoelectric, after mechanical stressing and polarization, were
published recently [6]. SEM, DSC, electromechanical coupling charac-
terization and BDS at ambient pressure and various temperatures on
PNC and PNC-PZ are reported on [6], too.

The percolation threshold (0.1-0.3 wt %, at ambient conditions)
changes on pressure: to a first approximation, hydrostatic compression
yields a reduction of the volume of the specimen and, subsequently, an
increase of the volume fraction of the conductive inclusions. In the
present work, we require a percolation cluster being created, so as to
study how the inter-NGP tunneling volume is affected at various pres-
sures (and temperatures): 2 wt % NGP filler ensures that the our mate-
rials are electrically percolative, beyond its criticality (0.1-0.3 wt %)
and unaffected from pressure and temperature induced fluctuations of
the percolation threshold.

3. Theoretical background

The increase of the mass fraction of nano-graphene platelets (NGPs)
results a systematic increase of the dc conductivity of the nano-
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composite blends [7]. The overall dc conductivity is therefore tuned by
the electronic density dictated by the free electrons available by NGPs. .
A mass fraction of 2 wt % in nano-graphene platelets provide a high
electron density distributed in conductive islands within the polymer
matrix. The values of the effective activation energy are of the order of a
few meV, i.e., orders of magnitude smaller than the band gap of an
insulator (polymer). Small mass electrons, rather than ions, can perform
inter-NGP quantum mechanical tunneling (expensing a few meV energy)
through the polymer separation. In the manuscript, we state that elec-
tron transport dominates: i.e., any ionic transport operating in parallel
with electron conduction, is weak compared with the avalanche of
electrons.

Sheng proposed the Fluctuation Induced Tunneling (FIT) theory to
explain electronic transport in heterogeneous materials with an insu-
lating matrix and distributed conducting inclusions [12]. FIT initially
explained electronic transport in granular metals, with thermal fluctu-
ations of the Fermi energy level assisting inter-grain tunneling of elec-
trons over a separating insulating barrier. It has also been effectively
used to a wide range of electron-conducting in homogeneously disor-
dered materials, including conducting polymers and composites. As a
result, the temperature dependency of dc conductivity og is as follows:

—-T
e = 0p exp(TJr;_) (€8]
0

Sheng and Klafter [13,14] demonstrated that the latter function is
T 12dependent:

. T\ "2
04 = 0 exp (7) 2

Both (macroscopic) dc conductivity and localized charge mobility
are caused by a certain sort of atomic charge flow event. If T';j denotes the
transition rate of electric charges tunneling from site i to site j, under the
influence of an external field, then, o4/ and r'«l; , where 7 is the
dielectric relaxation time. In the frequency domain, dielectric loss
maximizes at fyq = 1/7, which implies that f.xI'; . As a result, the
temperature dependence of the relaxation maxima resembles that of o4,
ie.

-7,
Snaxxexp <T m To) 3

and, approximately:

1/2
e (7)) @

The height of the effective potential barrier involved in FIT, within
the assumptions and the approximations made to derive eq. (4), is of the
order of magnitude kzT; , where kp denotes the Boltzmann’s constant.
Approximate T2 dependence resemble that of the Mott’s Variable
Range Hopping (VRH), but has different physical basis: in brief, FIT
accounts for in-homogeneous disordered materials whereas electron
states extended over the volume of each one conducting grain and
tunnel to neighboring grains due to thermal fluctuations of the Fermi
level, while VRH accounts for phonon assisted tunneling of electrons
from a localized state to another one within a homogeneously disor-
dered solid.

4. Results and discussion

4.1. Dc conductivity study by means of complex electric modulus M*(f)
studies

Bypass of undesirable electrode polarization effects in the determi-

nation of the dc conductivity o4, is achieved through the use complex

electric modulus function: Mx = L = M’ + iM ', where:

ex
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M (f) =M. Py (5)
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A low frequency "conductivity peak," which originates from the dc
component alone, builds up a plot of M(f), reaching a maximum at

fmaxes = (Zm'(,)’l, or:

fmu)c,(f = ad('/(2ﬂ80€m> (7)

where ¢, = ¢'(f >o0) . The fact that ¢ (f >o0) has a mild temperature
dependence is widely assumed (and confirmed by our experimental
findings). As a result, the FIT equation (3) and its approximation (eq.
(4)) can be utilized to examine the f,,,x (T) data. Dielectric relaxations
are recorded as well, but the maxima are shifted to a higher frequency
than those seen in ¢’ (f) or tans(f) [14,15]. M (f) is a step-like plot, and its
high frequency plateau yields M; = M (f - o) as well as the (relative)
static dielectric constant & = Mls By definition, the electric modulus

function suppresses the unwanted low frequency space charge capaci-
tance contributions, allowing a precise estimate of both dc conductivity
and the static dielectric constant g (see Fig. 8).

In Fig. 9, where isotherms of M*’(f) at different pressures are depicted
for PNC and PNC-PZ, a low-frequency conductivity peak dominates. In
all the plots, the shift of peaks to higher frequency upon temperature
indicates that the relaxation time becomes shorter. It is worth to notice
that the undesirable electrode polarization effects dominating at low
frequencies, contribute to the low frequency tail of a conductivity peak,
leaving unaffected the position and value of the peak maximum [16].
Hence, by simply using the electric modulus function we have a clear
(free from electrode polarization) insight to the dc conductivity itself
[17].

The temperature history of dc is traced from the shift of the con-
ductivity peak towards higher frequencies with increasing temperature
(Fig. 4), as discussed previously. To see if one or more dc conductivity
mechanisms work over the temperature range spanned by BDS tests, we
looked at whether l0gfrmax, (T™'/?) has one or more linear portions each
corresponding to a separate FIT mechanism specified by eq (2). Indeed,
the data points in Fig. 3 are distributed over two linear zones, each of
which corresponds to a different de conductivity mode: C1 and C2. As
the temperature rises, the switch of the dc conductivity mechanism C1 to
C2 marks a shift in the temperature dependence and corresponds to the
commencement of the kinetic process (attributed to increased water
molecule mobility) shown in the first scan of the DSC thermograms. Dc
electron conduction by FIT across the whole volume of the specimen
captures heat changes in the polymer matrix [6].

4.1.1. Estimation of the pressure dependence of the glass transition
temperature Tg(P) from electric modulus studies

In Fig. 1, logfmax, m~(T) at different pressures are depicted. At
ambient pressure, two successive FIT dc conductivity mechanisms
(labeled as C1 and C2, respectively) are detected [6]. The glass transi-
tion temperature for PNC and PNC-PZ was found by DSC at 20 °C and
27 °C, respectively [6]. In the ambient pressure diagram of Fig. 1, the
vertical arrow points toward the temperature range Ty were found by
DSC. We stress that DSC is a non-equilibrium method and the resulting T
values depends, more or less, on the scan rate; nevertheless, it is worthy
to highlight in Fig. 1 the temperature region where the values of T, were
detected (by a vertical full arrow); the open arrow point the temperature
around which a kinetic process of water molecules bound to PVA were
detected by DSC [6]. On increasing pressure, we observe that the tem-
perature range whereas a thermally activated FIT applies is gradually
restricted within a high temperature region. The transition temperature
from a weak to stronger temperature dependence, initiates from the Tg
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Fig. 1. Isobaric diagrams of logfy,,.x v (T) data points for PNC (0) and PNC-PZ ( x ). The full arrows at the ambient pressure diagram, indicates the glass transition
temperature T, determined by DSC (20 °C for PNC and 27 °C for PNC-PZ) and [6]; the open arrow point the temperature around which a kinetic process of water
molecules bound to PVA were detected by DSC [6]. On increasing pressure, it indicates the transition temperature from a weak to stronger thermally activated

behavior and signatures the glass transition temperature, hence, providing the rate: %’f = 0.030(5) gb%d. Curves are regional best fits of the T~/ FIT law (eq. (2)) to

the data points.
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value determined experimentally by DSC at ambient pressure and in-

creases upon compression at a rate of % = 0.030(5)grad/bar and is
attributed to the pressure coincides with the T, determined by DSC and
shift of the glass transition temperature. The latter is typically around

0.04 d
004 grad 18],

4.1.2. Effect of pressure on the activation energy kgT; for dc conductivity

The temperature evolution of the maximum of the conductivity peak
at ambient pressure was investigated thoroughly in Ref. [6]. Two dc
conductivity mechanisms, labeled C1 and C2, each on obeying a FIT law,
operate in two successive temperature regions, respectively. Mechanism
C2 is triggered above a temperature where a kinetic process initiates in
DSC scans [6] and is attributed to an augmented mobility of water
molecules bound to the hydrophilic PVA. The distinction among
different conductivity mechanisms becomes difficult at elevated pres-
sure, because of the shift of the glass transition temperature, the number
of data points to be fitted above T¢(P), reduces. The best visualization is
achieved by plotting 10gfmax. m~(T~/?): according to eq. (2), straight
lines are predicted for individual FIT mechanisms. In Fig. 2, a couple of
T~Y/2 diagrams at 300 and 1750 bar, are comparatively shown. Above
Tg(P), conductivity mechanisms C1 and C2 appear as straight lines of
different slopes. At 1750 bar, it is hard to detect and resolve different
mechanisms; the data points above T¢(P), lie on a single straight line.

Within the frame of the T~ /2 dependent FIT model (eq. (2), the
activation energy (and a rough estimate of the related effective potential
barrier) is about kgT; . The effective activation energies E¢; and Ecy, for
the dc-conductivity mechanisms C1 and C2, respectively, as a function
of pressure are presented in Fig. 3. Firstly, we observe that data points of
both fresh PNC and PNC-PZ, that were rendered piezoelectric by axial
deformation and polarization, share (within the experimental accuracy)
a common trend upon pressure. Combined DSC and BDS experiments, at
ambient pressure [6], indicated that a kinetic process due to enhanced
activated mobility of water molecules bound to PVA, proceeds in par-
allel with conductivity mechanism C2. The activation energies for the dc
conductivity mechanisms, which were resolved through the electric
modulus function, are plotted against pressure in Fig. 3. Below 1000
bars, the data points distribute in two sets, each one attributed to the
conduction mechanisms C1 and C2, respectively.

The activation volume for a thermally activated process is thermo-

dynamically defined as: v** = (%;t) i where g** denotes the Gibbs free

energy per transition [8,19], which is, to a first approximation, roughly
equal to the activation energy, we can write:

act ~u ()E
v (a?) ®

Therefore, v** is a measure pf the change of the effective potential
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Fig. 3. The activation energy for dc conductivity as a function of pressure <
Below 1000 bar, mechanisms C1 and C2 are detected. Above 1000 bar, a unique
mechanism is detected. ( (0) : PNC, ( x ).: PNC-PZ).

barrier (kgT; upon hydrostatic compression and its value can be posi-
tive, negative or null. The slope of straight line fitted to each one of the
data points belonging to C1 and C2 (Fig. 3), equals (due to eq. (8)) the
activation volume 0% = 4(2) x 107m® and v = 2(4) x 107°m?,
respectively. Both values are too low (compared, for example, with
typical values for ionic conductivity), evidencing that the overall dc
conductivity to electron tunneling (FIT). This conclusion supports the
attribution of the low activation energy values to electron tunneling.

Above 1000 bar, a single mechanism can be observed, which is
interpreted as the result of the joint dependence of two thermal phe-
nomena upon pressure:

(i) the glass transition temperatures measured at ambient pressure
for PNC and PNC-PZ by DSC [6] move toward higher
temperature.

(ii) the kinetic process related to the increase of the mobility of water
molecules bound to PVA, which was detected around 70 °C by
DSC [6], is expected to shift toward higher temperature, as well.

In Fig. 3, we observe that the activation energy values of the single
conductivity mechanism detected above 1000 bar, are laying between
those of C1 and C2. It is more likely that a coupling of C1 and C2 occurs
at high pressure, rather than identifying the high-pressure mechanism
with C2.

4.2. Study of charge trapping through the tangent of the loss angle tans(f)

Study of dielectric relaxation phenomena is considered as a vital

method to explore the molecular interaction in a polymer [20]. The

Tp=1750bar

&

_1 T T T T
0,050 0,052 0,054 0,056 0,058
K™

Fig. 2. T'/? dependence of the conductivity relaxation peak observed in M"" (f). Linear regions signature individual dc conductivity mechanisms. Arrows indicate the
data points corresponding to temperatures below Tg(P), which depend weakly on temperature ( (0) : PNC, ( x ).: PNC-PZ).
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segmental motion of the polymer backbone within the polymer matrix
plays an important role in ions transference that can be perceivable with
the relaxation process [21]. Accordingly, to observe the relaxation
behavior in the PNC films, the tangent loss (tand) was analyzed. The loss
tangent (tand) can be defined as a ratio of dielectric loss per dielectric
constant tan (5§) = %/ (9) and it is a measure of electrical energy lost ratio
to the stored energy in a periodic field [22,23].

In Fig. 1, isotherms of the dielectric loss factor tans(f) of PNC and
PNC-PZ at different pressures. At ambient pressure and 500 bar, the
spectra consist of a couple of overlapping peaks, which shift toward
higher frequencies on increasing temperature. We label DR1_tand and
DR2 tand the longer and the shorter relaxation times mechanism,
respectively. Their occurrence is related with the filling of the polymer
blend by NGPs; they are attributed to inter-NGP tunneling restricted
within localized territories of the PNC and polarization of individual
NGP, respectively [6].

4.2.1. Effect of tuning T, (P) on the dielectric relaxation mechanisms

In Fig. 4, typical tané(f) spectra, recorded at various pressure values
and constant temperature are depicted, for PNC and PNC_PZ, respec-
tively. Two overlapping relaxation mechanisms: the low and high fre-
quency ones are labeled as DR1 and DR2, respectively. In fig. 8, tans(f)
isotherms for four different pressures sampled from the entire set of
isobars recorded.

4.2.2. Relaxation activation energies within the FIT theory

In Fig. 5, some representative 10gfmax, tans(T ~1/2) jsobaric diagrams
are presented. Each set of data points are fitted by a unique straight.
Fitting eq. (4) to the logfmax’tans(T_l/ 2) data points the activation energy,
which is roughly equal to the related effect potential barrier, can be
estimated from the parameter magnitude T; of the FIT model (eq (3))
[13] E=x kBTl.

4.2.3. Pressure dependence of the relaxation activation energies

In Fig. 6, the relaxation activation energies for DR1 of PNC and PNC-
PZ are plopped as a function of pressure. The corresponding data points
exhibit a common increasing trend upon pressure. Moreover, there is not
a clear and systematic discrimination between the data sets of PNC and
PNC-PZ, respectively. We can, therefore, state that the capacitance
mechanism related to DR1 is practically the same in fresh PNC and the
uniaxially deformed and polarized specimens. The effective potential
energy barrier for DR1 is not affected by the sample preparation history,
i.e., the axial compression and polarization procedure to render fresh
NPC piezoelectric. The large relaxation time of DR1 (compared to that of
DR2) indicates localized relaxation involving multiple inter-NGP
tunneling events. Consequently, DR1 proceeds within larger localiza-
tion territories, in comparison with DR2.

A straight line was fitted to the data points of PNC and PNC-PZ,
respectively (Fig. 6). The slope reveals the activation volume vt =~
(%)T for each relaxation mechanism. The activation volume for DR1 is

2.6(6) x 1072° m® for PNC and 2.9(5) x 10~2°m® for PNC-PZ, respec-
tively. In polar polymers with dispersed nano-carbons, the effect of
hydrostatic compression on the inter-NGP tunneling through the po-
tential battier set by the polymer separation is dictated, to a first
approximation, by two competing phenomena: the reduction of the
tunneling length, which enhances the tunneling current and the reduc-
tion of the polarizability, which impedes tunneling. In PVA filled with
NGPs around the percolation concentration threshold, we found that the
role of the second phenomenon is quite important [8,19]. The latter may
explain why the potential barrier increases on pressure, since a multiple
inter-NGP tunneling is hundred by the multiple polymer separators that
have to be penetrated quantum mechanically.

A straight line was fitted to the data points of PNC and PNC-PZ,
respectively (Fig. 6). The slope equals the activation volume v =
(&), for each one of the relaxation mechanisms. The activation volume
for DR1 is 2.6(6) x 102 m® for PNC and 2.9(5) x 10~2°m® for PNC-PZ,
respectively. Within the experimental accuracy, we can conclude that
the changes in the height of the potential barrier upon pressure of PNC
and PND-PZ is practically the same. This finding supports the scenario
that the deformation and polarization procedure to render PNC to PNC-
PZ does not affect DR1.

The dependence of the activation energy of DR2 upon pressure
(Fig. 7) is quite different than of DR1. The deformation and polarization
stages applied to PNC to render piezoelectric, yields to a systematic
reduction of the potential barrier heights, apart from a singular behavior
at 1250 bar, whereas PNC and PNC-PZ data points contribute to the
appearance of a “spike”. DR2 is a high frequency dispersion, the relax-
ation time is shorter (compared with that of DR1) and, hence, the mean
relaxation length. It is likely that DR2 stems from a single or few inter-
NGP FIT. The differences observed between the effective potential bar-
riers (and their dependencies on pressure) of PNC and PNC-PZ can be
understood as follows: On increasing pressure, the corresponding acti-
vation energies evolve differently. The heterogeneity of both PNC and
PNC-PZ is mainly characterized by the occurrence of sharp hard NGP
flakes in a soft polymer blend matrix. Due to that a of heterogeneity, the
external hydrostatic pressure results in an inhomogeneous internal
stress field, whereas stress is locally amplified. In PNC, small scale
relaxation is disturbed by the spatial fluctuation of the internal stress
field. Hydrostatic compression of PNC-PZ yields an additional effect:
piezoelectric PVdF grains are mechanically stimulated by those NGPs
which are randomly in direct contact with PVAF and couple local electric
fields. Fluctuations, due to heterogeneity, of the internal stress field and
fluctuations, due to the piezo active PVdF, of the internal electric field
couple to the temporal scale of charge transport process. Fluctuations
affect rather a short-range electron transfer phenomenon (interfacial
polarization DR2), rather than their macroscopic charge transport (such
as dc conductivity).



E. Kolonelou et al.

Journal of Physics and Chemistry of Solids 178 (2023) 111277

DR1 DR2
54
4 1
34
S 2] S 04
5 s s
o % B
o “_E 11 “_(Eu
o j= {o2]
™ kel o
1 04 -1
o O
14
X
-2 T T T T T T 1 2 . : . : : !
0050 0051 0052 0053 0054 0055 0056 0,057 0050 0051 0052 0055 0054 0055 0,056
T"(K"?) TK?)
1+
~ 04
. )
E |3 5
(= 8 “_E 14
frg) E =)
~ =) k=)
o
I =
o
9.}
0,050 0,051 0,052 0,053 0,054 0,055 0,056 0,057 0.050 0.051 0.052 0.053 0.054 0.055
T—1 Z(K—1 2) T.|y2(K~1!2)
0,5 I
4
0,04
34
e _ 0,51 |
5 2 S
® - N
e} = X -1,0
o |uE 11 19 £ I
L8 2 J
- O .15
- 04 = -15 ><
1l L
o
-1 > -2,04
-2 T T T T T Q 1 '2.5 T T T T 1
0,050 0,051 0,052 0,053 0,054 0,055 0,056 0,050 0,051 0,052 0,053 0,054 0,055
(K12 TRK%)

Fig. 5. Typical isobaric logfmax, tans(T —1/2y diagrams. Straight lines are fitted to the data points, according to the FIT model.( (0) : PNC, ( x ).: PNC-PZ). A comparative

three dimensional representation is provided in the bottom graph.

5. Conclusions

Polymer Nanocomposites (PNC) of PVA/PVdF blends filled with
NGPs, which render piezoelectric (PNC-PZ), were studied at various
temperature and pressure conditions by using BDS. Dc electrical con-
ductivity mechanisms are resolved by using the complex electric
modulus formalism. Charge transport proceeds by (either single or
multi-stage) -NGP fluctuation induced tunneling (FIT) of electrons
through the effective potential barrier set by the polymer separating

neighboring NGPs, operate in successive temperature regions. The glass
transition temperature and the temperature where the kinetics of water
molecules bound to PVA gain increased mobility were earlier detected
by DSC. Their shift toward higher temperature on increasing pressure, is
realized by their signatures to the electric modulus spectrum. The esti-
mated activation energy and activation volume for individual dc con-
ductivity mechanism, profile their changes upon the alteration of the
rubber state of the polymer blend and onset of the increased mobility of
bound water molecules. Comparing the results for PNC and PNC-PZ, we
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found that the conduction mechanisms are not practically affected by
the normal or piezoelectric state of the PVAF micro-grains. The evolu-
tions of microstructure and crystalline phases under varying pressure are
crucial for understanding the dielectric properties of the composites,
would be a challenge for further exploration.

The dispersion of NGPs results in the appearance of two dielectric
relaxation peaks in the tangent of the loss angle formalism. The low
frequency mechanism involves relaxation of electrons within large
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Fig. 7. The activation energy for relaxation mechanism DR1. Open squares
correspond to fresh PNCs and full squares to the piezo-electric ones.

localization clusters over a large number of inter-NGP transitions.
Activation energies and activation volumes are practically indistin-
guishable between PNC and PNC-PZ. The activation energy of a high
frequency relaxation, which involves relaxation of trapped electrons
within small sized regions, differs between PNC and PNC-PZ. On
increasing pressure, the corresponding activation energies evolve
differently. The heterogeneity of both PNC and PNC-PZ is mainly
characterized by the occurrence of sharp hard NGP flakes in a soft
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polymer blend matrix. Due to that heterogeneity, the external hydro-
static pressure results in an inhomogeneous internal stress field, whereas
stress is locally amplified. In PNC, small scale relaxation is disturbed by
the spatial fluctuation of the internal stress field. Hydrostatic compres-
sion of PNC-PZ yields an additional effect: piezoelectric PVdF grains are
mechanically stimulated by those NGPs which are randomly in direct
contact with PVAF and couple local electric fields. Regarding the role of
heterogeneity and piezo activity, we may conclude that fluctuations (of
the internal stress or electric field) affect rather a short-range electron
transfer phenomenon (interfacial polarization DR2), rather than their
macroscopic charge transport (such as dc conductivity).
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