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Abstract—The influence of the electronegativity of phases, which is controlled by composite crystallization
under the conditions of the effect of the electric discharge and covalence of piezophase cations, on the for-
mation mechanism of the stable electret effect is determined. The specific features of the formation of the
electret effect in composites based on polyolefins (HDPE, PP), fluorine-containing polymers (F42), and fer-
roelectric piezoelectric ceramics of the family of lead zirconate—titanate (Pb(Zr,Ti)O3) crystallized under
conditions of the effect of electric discharge plasma, are revealed. A physical model of electret composites
taking into account the role of homocharges and heterocharges formed in a composite by its dispersion with
piezoceramic particles of various structures—rhombohedral, tetragonal, and heterogeneous—is proposed.
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INTRODUCTION

Currently, there are mainly four directions in the
field of the development of electret and piezoelectric
materials based on solid insulators and semiconduc-
tors. One of them is associated with the synthesis of
ever new piezoceramic materials based on barium tita-
nate and multicomponent ferroactive solid solutions
of the lead zirconate—titanate family (LZT) [1—4].
The second one is based on the synthesis of tempera-
ture-resistant polar and nonpolar polymers that man-
ifest electret properties [5—8]. A new possibility opens
up a third direction, which is associated with the
development of various electret composite materials
based on polar and nonpolar polymers (a matrix) and
microscale ferroelectric piezoelectric ceramics or
semiconductor particles (disperser) [9—16]. Recently,
along with the third direction, the fourth one is inten-
sively developing, connected with the creation of
matrix nanostructured electret composites [17—22].
The multiaspect character of nanotechnologies and
the special properties of a nanoscale inorganic phase
and polymer matrix surrounding nanoparticles make
nanocomposites very important materials for different
applications [19, 21, 22]. A noticeable decrease in the
mobility of macromolecules in a bulk, in which the
effect of micro- and nanoscale particles is spread,
noticeably broadens the limit of temperature stability
of the electret characteristics of the mentioned com-
posites. We note that the unresolved and rather com-
plex problem of the fabrication of nanoscale ferroelec-
tric piezoelectric particles from existing efficient fer-
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roelectric piezoceramics of various structures and
their immobilization stands in the way of development
of the technology of fabrication of electret composites
with a nanoscale phase [21, 22]. Therefore, at present
the most efficient direction in the development of
active electret composites is still the fabrication of
composite SMART materials with a microscale ferro-
electric phase [15, 16, 18, 22, 23].

The aim of our study is to determine the influence
of the electronegativity of phases controlled by com-
posite crystallization under conditions of the effect of
electric discharge plasma on the formation mecha-
nism of a stable electret effect.

The aforementioned questions are solved by means
of the development of technology for the fabrication of
composite piezoelectrics and electrets with deep
charge-capture centers by means of their crystalliza-
tion under conditions of the simultaneous effect of the
barrier electric discharge plasma and temperature, as
well as the creation of a physical model of composites
taking into account the role of homocharges and het-
erocharges formed in a composite by its dispersion
with piezoceramic particles of various structures—
rhombohedral, tetragonal, and heterogeneous.

2. EXPERIMENTAL

We considered matrix composites (0-3 type)
based on piezoceramics of the lead zirconate—tita-
nate family of the PBTiO;—PbZrO;—PbNb,;Zn, ;05—
PbNb,;Mn, ;0; type, polyolefins (HDPE, PP), and
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Fig. 1. Varieties of electric discharge patterns in the metal—
insulator—gas—composite—metal system: (a) the optical
pattern (the EOP-gram), (b) the electric (oscillogram)
pattern, (c) the electrographic surface pattern of the elec-
tret composite subjected to the electric discharge effect,
and (d) the microscopic surface pattern of the electret
composite subjected to the electric-discharge effect.

halogen-containing polymers (F-42) [4, 6, 15]. The
selection of carbochain polymers is caused by the fact
that they have a high reproducibility in terms of their
composition, structure, and physicochemical proper-
ties. The composite elements are fabricated by hot
compaction. An electret element in the form of disc
and cylinders of various geometric sizes is formed from
a mechanical mixture of powders. The temperature
and pressure regions of formation for composites
based on halogen-containing polymers and polyole-
fins were (420—550) K and (30—100) MPa, respec-
tively. The compaction time after attaining the
selected temperature was 0.5 h.

The composite samples were polarized in air upon
applying constant electric field with a strength (£,
from 1 to 6 MV/m at a polarization temperature (7},,)
of 353—450 K and time (z,,;) of 0.5 h. The investigation
procedure of the electret effect is associated with
determination of the surface charge density, sign, and
its conservation duration in time [5, 8, 12]. The surface
effective charge density (Q.) and charge relaxation
time (1) are determined based on the induction
method with compensation of the electret potential
difference Uy [7]. A measuring electrode (ME), on
which the charge from the charge electret surface is
induced, is periodically screened using a four-blade
impeller rotating in the gap between the electret and
electrode. The composite electret elements were mod-
ified under the effect of electric discharge plasma
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effect in air confined by insulators (partial discharge)
[8, 12, 14, 16]. The modification procedures of the
composite phases under conditions of the effect of
electric discharge plasma are described in detail in [8,
12, 14]. To modify the composites under conditions of
the effect of electric discharge plasma, we used the fol-
lowing devices: a UPU-10 high-voltage source (U, =
10kV), an N 307/1 two-coordinate signal recorder, an
S1-176 two-channel oscilloscope, a U5-11 electrome-
ter amplifier, and a V7-57.1 voltmeter. The selection of
the partial discharge is due to the possibility of per-
forming uniform surface treatment of the polymer and
filler particles (Figs. 1a—1d). The electric discharge
appears in the metal—insulator—gas medium—studied
composite—metal system. The discharge intensity was
varied by changing the amplitude of the voltage with a
frequency of 50 Hz applied to the test cell. The treat-
ment time was varied up to 2 h. The discharge power
for a sinusoidal voltage period was determined by the
method of the volt—coulomb characteristic [24]. The
energy of separate partial discharges was determined
from the optical pattern formed by an electron-optical
converter (Fig. 1a) [25].

3. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 1 shows the optical (Fig. 1a) and electrical
(Fig. 1b) discharge development patterns in the
metal—insulator—gas medium—studied composite—
metal (MIGCM) system. It is seen from Fig. 1 that the
electric discharge appears in the form of a series of
partial discharges discrete in time and space (Fig. 1a).
Each series of microdischarges corresponds to one
discharge current pulse in the oscillogram (Fig. 1b).
The current pulses are recorded in the presented pat-
tern for 1/4 period of the applied sinusoidal voltage.
The oscilloscope switch-on for the detection of dis-
charge current pulses is performed upon passage of the
applied sinusoidal voltage through zero (Fig. 1b). Fig-
ure 1c shows an electrographic pattern of the contact
of the composite surface with discrete discharge chan-
nels. After electrographic processing, we derive the
distribution pattern of microdischarges over the entire
area of the composite under study. This pattern also
gives information on the presence of charges formed at
the places of microdischarge—composite contact. The
mentioned optical, electrical, and electrographic pat-
terns also give information on the rather uniform
modification of composite elements under conditions
of the effect of partial discharges in a gas gap confined
with piezoelectric composites.

Figure 1d shows the microscopic surface pattern of
a piezoelectric cell that has undergone discharge mod-
ification. An optical pattern of charge development is
formed using an electron-optical converter developed
by Academician Zavoiskii and his school [25]. The
results of investigation of the electret potential differ-
ence Uy, of the composites depending on the struc-
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Fig. 2. Variation in Ugpg of the PP—Pb(Ti, Zr; _ ,)O3 com-
posite depending on the parameter (X) of the Pb(Ti, Zr; _ )O3

composition; x = 0.2—0.8. (/) Electrothermally polarized
composites and (2) preliminarily plasma-crystallized and
then electrothermally polarized composites.

ture of the piezophase are compared in Fig. 2
(curves I and 2). Curve / in Fig. 2 shows the depen-
dence of U4 on the PbTiO; concentration for electro-
thermally polarized composites, and curve 2—for pre-
liminarily plasma-crystallized and then electrother-
mally polarized composites. It is seen from Fig. 2 that
the regularity of varying the electret potential differ-
ence U,y depending on the concentration (or the
composition) of the PbTiO; solid solution is almost
identical, but the numerical values of U, for each
composition differ noticeably, i.e., plasma-crystal-
lized electret composites possess high Uy, (of the elec-
tret charge). The dependence of the electret potential
difference on the PbTiO; concentration of the piezo-
phase has an extreme character; herewith, the maxi-
mum of this dependence is situated in the rhombohe-
dral region near the morphotropic one. The extreme
character of the dependence of U, on the PbIiO;
concentration of the piezophase of the lead zirconate—
titanate family is apparently associated with a differ-
ence of ferroelectric hardness and ferroelectric soft-
ness of the used piezoelectric ceramics. In addition,
the electronegativity of cations of piezoelectric
ceramic samples with the rhombohedral structure is
also of importance. The presence of local mechanical
stress appearing during the polarization of composites
is also of no small interest. The mechanical factor is
pronounced more clearly for tetragonal ceramic sam-
ples [4] and, consequently, is accompanied by a
decrease in the electret potential difference. The index
of increasing electronegativity of a polymer matrix
under conditions of the effect of electric discharge
plasma is the appearance of the following oxygen-con-
taining groups in the IR spectrum (Fig. 3): C-0,
C—-0-C, OH, and CH,. Similar results were found for
composites based on fluorine-containing polymers, in

particular, PVDF [16]. Our results show that plasma
modification results in strong oxidation of the polymer
chain, i.e., macromolecules acquire electronegativity
and a certain dipole moment. Oxidized centers serve
as traps for injected charges during electrothermal
polarization. The high electronegativity of oxygen-
containing groups forms deep traps for charge carriers
at the phase interface. In addition to the mentioned
effects, macromolecules link via oxygen bridges,
which is in turn accompanied by a decrease in the
mobility of macromolecules and degree of freedom.
The acquisition of electronegativity and the dipole
moment by a macromolecule also enhances intermo-
lecular interactions. In addition to intermolecular
interaction, it is noteworthy that the oxidation of mac-
romolecules is accompanied by an increase in inter-
phase interactions. The use of fluorine-containing
polymers as a polymer matrix is of special value
because the fluorine-containing polymer is more sen-
sitive to plasma modification. This phenomenon is
caused by the high electronegativity of fluorine atoms
[12]. Our problem includes the question on the influ-
ence of plasma crystallization on the microscopic
parameters of the piezophase and macroscopic com-
posite parameters in general. We used 0 (the uniform
parameter of spontaneous deformation) and mn (the
degree of domain reorientations) as microscopic
parameters of the piezophase [4]. The parameters
Uepa> € and Q. are used as macroscopic composite
parameters. Figure 4 shows the dependences of €, 9,
and 1 on the PbTiO; concentration in TSTS-21 piezoc-
eramics. The dependence of U, for the PP + 5%
PbTiO;—PbZrO; composite on the PbTiO; concentra-
tion in the piezophase is also presented in Fig. 4. It is
seen that the maximal value of this dependence of U4
is situated in the middle of a morphotropic region,
where the structure of the piezophase is heterogeneous
(R, + T). The maximum of U, for plasma-crystal-
lized composites is larger in terms of magnitude, and
the maximum of the dependence of U,y on the
PbTi0; concentration is arranged in the tetragonal

region. It is seen that the maximum of €3T3 occurs in the
morphotropic region and is displaced to the boundary
of the tetragonal composition. The magnitudes €/¢,

and €1,/g, are compared in Fig. 4. It is seen that the
amplitude of the g/¢, peak (curve 4, unpolarized
ceramics) is lower than in the similar dependence

£3T3/80 (curve 5) for the polarized ceramic samples, and
is displaced towards the rhombohedral composition
[4]. The results of investigation of the permittivity of
the PP + 5% PbTiO;—PbZrO; composite polarized at
a temperature higher than the Curie temperature are
of interest (curve 6). It is seen that composites polar-
ized at temperatures higher than or equal to the Curie
temperature of the piezophase have a permittivity
larger in terms of amplitude, and its peak is unobserv-
able in the region of the tetragonal structure. The vari-
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Fig. 3. Variation in the optical density of the IR absorption
of polypropylene (PP) subjected to the electric-discharge

effect depending on the treatment time: (/) 3200 cm_l—OH,
(2) 4327 cm™'—CH,, (3) 1720 cm~!'—C=0, and
(4) 1278 cm~'—C-0-C groups. The thickness of the air
inclusion, where the electric-discharge appears, d =4 mm.
The voltage applied to the plasmatron was U = 20 kV.

ation in the maximum of the dependence of U,y on
the PbTiO; concentration for preliminarily plasma-
crystallized composites can be attributed to an
increase in the electronegativity of PP molecules
because the electronegativity of macromolecules of
the polymer matrix, as was already mentioned,
strengthen local electric fields. A noticeable increase
in 8 and € after plasma crystallization can also be asso-
ciated with increasing electronegativity of macromol-
ecules of the polymer matrix. Thus, our numerous
experimental results show that the electret effect in
polymer—ferroelectric piezoceramics composites is
determined by several parameters of the piezophase,
i.e., is a multifactor function. Therefore, optimization
of'the fabrication technology of composites is a topical
problem when developing multifunctional active com-
posites—electrets, ferroelectrics, and pyroelectrics. It
is necessary to develop a mathematical model of the
mentioned composites, based on which, separate
characteristics of the polymer—ferroelectric piezoce-
ramics system should be optimized [26—28]. The
numerous experimental results obtained by us show
that the variation in interphase interactions is affected
not only by the electronegativity of the polymer phase
performed by plasma crystallization but the electro-
negativity of cations of the piezophase as well. There-
fore, we in parallel investigated the influence of the
electronegativity of cations of the piezophase on the
piezoelectric and insulating properties and electret
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(3) after polarization, €/g; ((4)—nonpolarized), and

€43 /€0 ((3) polarized) on the PBTiO; content in it, i.e., in

the TsTS-21 system; of e,{ /€0 ((6) polarized at T, higher
than the Curie temperature 7, = 453 K) of the piezophase
on the PBTiOj5 content in it, i.e., in the PbTiO3—PbZrO;
system; (7) dependence of Ugpq of the PP + 5 vol %
TsTS-21 composite on the PbT'iO5 content in the PbTiO3—
PbZrOj3 piezophase; and (8) dependence of Ugpg of the

PP + 5 vol % TsTS-21 composite on the content of the
PbTiO5 composite of the PbTiO;—PbZrOj5 piezophase for
the preliminarily plasma-crystallized PP + 5 vol %
TsTS-21 samples. The piezoparticle size is 150 pm, Epol

2 MV/m, Tpo] =413 K, and ¢, 0.5 h. Composite PP +

pol =
5vol % TsTS-21.

charge of the composites. Figure 5 shows the parame-
ters of the composites that depend on the electroneg-
ativity of the elements B"". The degree of covalence
B™'—O increases with increasing electronegativity. It is
seen that parameters (ds;;, O,, and €;;) decrease
steadily with increasing electronegativity B"". It was
already noted above that this fact is determined by the
resistance of local energy levels of the quasi-forbidden
band of the polymer phase to the effect of mechanical
stresses during polarization, i.e., by the activation
energy of the neutralization of polymer traps by
mechanical perturbation. Along with the concentra-
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Fig. 5. Measurement of the parameters of the HDPE-based
composite depending on the electronegativity  of cations—
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(1) €33/¢¢, is the composite permittivity, & is the electric
constant of 8.854 x 10712 F/m; (2) composite electret
charge Q,; and (3) composite piezo module d33. Epy =
3.5MV/m, T,,; =393 K, and 7= 0.5 h.

tion of local levels in the quasi-forbidden band of the
polymer phase, it is necessary to have a large energy
burial depth of the traps. In this context, we investi-
gated the spectra of the thermally stimulated depolar-
ization current of polarized piezoelectric composites.
The spectra of the thermally stimulated depolarization
current allow us to acquire information on the charge
state of the phase interface and the stability of the
boundary charge @, depending on the electronegativ-
ity of cations of the piezophase of the composite. The
spectra of the thermally stimulated depolarization
current for HDPE and HDPE—PbTiO;—PbZrO;—

"m

PbB’l_aB; 03—PbB1_B—BE'O3 composites are pre-
sented in Fig. 6. The composites differ in terms of the
electronegativity of cations of the piezophase: Mn
(2.12eV), Co (1.84¢eV), Ni (1.56 eV), Zn (1.32eV), and
Mg (1.23 eV) or the degree of cation—oxygen cova-
lence (B""—0), i.e., Mn—0, Co—0, Ni—0, Zn—0,
and Mg—O. We assume that the interaction between
polymer chains and the piezophase surface noticeably
decreases with an increase in the degree of covalence
of the B"'—O bond, i.e., interphase interactions
decrease. This is in turn accompanied by an increase
in the mobility of polymer chains in the vicinity of the
surface of piezoceramic particles, the activation
energy of charges accumulated at the phase interface
decreases, and the region of the polymer phase, the
structure of which is formed under the influence of the
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Fig. 6. Spectra of the thermally stimulated depolarization
current of HDPE and composites: HDPE—PbTiO3—
PbNb2/3Mg1/303—PbNb2/3B""O3. (1) The HDPE spec-
trum, (2) the spectrum of the composite based on the
piezophase with a Mn cation, (3) the spectrum for the
composite based on the piezophase with a Ni cation,
(4) the spectrum for the composite based on the piezo-
phase with a Zn cation, and (5) the spectrum for the com-
posite based on the piezophase with a Mg cation. Polariza-
tion conditions of the composites: Ep, = 4.5 MV/m,

Tho1 = 393 K, #01 = 0.5 h, and the volume content of the
piezo phase @ = 50 vol %.

surface of piezoelectric particles, is limited. These fac-
tors are very well reflected in the spectra of thermally
stimulated depolarization current (Fig. 6). Based on
these spectra, we can conclude that the use of ferro-
electric piezoceramics with cations of low electroneg-
ativity and B""—O covalence as a piezophase leads to
the enhancement of adsorption interactions between
the polymer phase and piezophase and the displace-
ment of the second spectral peak towards high tem-
peratures. The concentration of charge localization
centers at the phase interface rises, the mobility of
macromolecular chains of the polymer phase
decreases, the activation energy of electric charges sta-
bilized during polarization at the phase interface
increases and, consequently, the local field at piezo-
electric particles increases.

The above-mentioned allows us to construct in the
first approximation a possible model of electret and
piezoelectric composites microstructured by the
piezoelectric particle (Fig. 7). To reveal the formation
mechanism of the electret and piezoelectric effects, it
is necessary to analyze the occurring physical models
with the purpose of their improvement [26—28], here-
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Fig. 7. Polarization model of the piezoelectric particle in the electret composite: (a) /; and /3 are the thicknesses of regions in
direct contact with the electrode and /, is the region in direct contact with a piezoparticle; (b) (/) the polymer layer in direct con-
tact with the electrode, (2) the injecting electrode, (3) the piezoceramic particle, (4) the piezoelectric particle with domains that
had no time to orient along the polarization field (inefficient quasi-neutral system), and (5) the grounded electrode; and
(c) model of the interphase layer in the polymer—ferroelectric piezoceramic system.

with taking into account the role of electronegativity of
the composite components. It was already mentioned
that the electronegativity of cations of the piezophase
and polymer matrix limits the mobility of macromol-
ecules, which in turn requires the formation of a thin-
ner interphase polymer layer with a high-quality crys-
tal structure (Fig. 6). Such a structure of the compos-
ite and boundary layer promotes more intense charge
accumulation at the boundary of the piezophase and
polymer.

Figure 7 proposes a possible pattern for a model of
the composite material, which allows us to explain in
the first approximation the formation of the above-
mentioned effects with electron—ion and polarization
processes taken into account (Figs. 7a—7c). Figure 7a
shows the stylized formation pattern of an oriented
domain—injected charge quasi-neutral system [16],
which allows us to explain the mechanism of develop-
ment of the initial stage of the electret and piezoelec-
tric effects. Figure 7b shows possible electron—ion and
polarization phenomena in the polymer—ferroelectric
piezoceramic composite during thermal electreting.
Initially electrons are injected into the composite
under conditions of the simultaneous effect of electric
field (£, and temperature (7). Let us assume that the
charge is stabilized in the composite bulk at a distance
of d, from the high-voltage electrode surface. It is seen
that the injected charge is stabilized in the quasi-for-
bidden band of the polymer phase and forms a local
field leading to domain orientation according to the
Vol.52 No. 1
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strength vector of the polarization electric field. This
field in particular promotes the efficient polarization
of the piezophase (Fig. 7b). The probability of the for-
mation of a quasi-neutral system consisting of migrat-
ing (injected) charges and domains that had no time to
orient along the polarization field is more interesting
from the viewpoint of efficient composite polarization
in general. This means that this type of quasi-neutral
system is inefficient and does not participate in the
formation of electret and piezoelectric effects. This
problem has tremendous value in developing compos-
ites of various applications and optimizing their
parameters [26—28]. Here, we should take into
account the conductivity of the polymer matrix and
mobility of domains of the piezoelectric phase of the
composite materials. It is known that the conductivity
of dielectrics, including heterogeneous dielectric sys-
tems, is determined in the first approximation as ¢ =
WNe, where L is the mobility, N is the charge-carrier
concentration, and e is the elementary charge. For our
problem, it is necessary to take into account the
mobility and magnitude of the local mechanical stress
of piezophase domains. When determining the electret
charge (the electret potential difference), it was noted
that it substantially depends on the structure of the
piezophase of the composites: rhombohedral, tetrago-
nal, and heterogeneous (Fig. 2) [4]. It is known that
the piezoceramic samples with a rhombohedral struc-
ture have larger domains (5—20 um) compared with
ceramics with a tetragonal structure (5—10 um) [4]. It
is also known that the domain mobility of the piezoc-
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eramic samples with a tetragonal structure (mainly
90-degree) is smaller than a similar parameter for
piezoceramic samples with a rhombohedral structure
with 109- and 71-degree domains. Therefore, we
should take into account the correspondence of the
mobility of the piezophase domains with the mobility
of injected electrons in the polymer phase during elec-
trothermal polarization. The mobility of electrons and
ions in a polymer phase, which formed under the
influence of the piezoparticle surface, i.e., in the tran-
sient layer, is of special value (Fig. 7c). Here we note
that determination of the interrelation between the
relaxation times of domains in the piezophase and
injected charges in the transient layer require more
careful investigation, which is beyond the scope of our
study. In our opinion, it is more optimal to accept a
transient layer with a crystal structure. In this case, we
can expect the formation of an efficient quasi-neutral
system larger in terms of concentration but with a
lower efficiency.

4. CONCLUSIONS

The following resulted from our study:

(i) the electronegativity of the piezophase and
polymer matrix play a decisive role in the formation of
a high electret state in the composites;

(ii) the mobility of the piezophase domains and
injected electrons in the polymer matrix substantially
affects the formation of the efficient quasi-neutral sys-
tem in polymer—ferroelectric piezoceramic compos-
ites; and

(iii) an improved model explaining the formation
mechanism of the electret effect is proposed.
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