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The study of the influence of repeated high-energy (0.4 MJ/m?) gas plasma flows on the main material parameters
of the industrial piezoelectric CTSNV-1 and CTS-19 ceramics is presented. The preservation of the crystalline
structure and polarization of the samples under repeated extreme thermal load plasma exposure is experimentally
confirmed. A small decrease in the main material parameters of the ceramic samples is observed during the first 10
pulses of the exposure, as well as their subsequent return and stabilization at the near-initial levels with a further
increase in the number of pulses up to 80. It is assumed that this effect is associated with the observed modification
of the surface layer microstructure of the ceramic, which stabilizes by the 10—20th pulse of exposure regardless of

the plasma-forming gas composition.
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Introduction

Piezoelectric ceramics are classified as functional materi-
als having a unique set of electrophysical properties, with
the piezoelectric effect being the key one. Thoroughly
elaborated and cost effective piezoelectric ceramics manu-
facturing technology has laid the basis for their wide use
as a base material for ultrasonic transducers, sensors of
various physical quantities, precision actuators and piezo-
electric motors [1]. Solid solution systems based on lead
zirconate-titanate (PZT), Pb(Ti;_,Zr, )O3, are the basis of
a considerable part of modern piezoelectric ceramics. Such
materials have exceptional piezoelectric and electromechan-
ical properties, composition and microstructure variability,
which was reflected in a wide range of domestically-made
industrial ceramics. Review [2] states the relevant areas
for improvement of piezoceramic materials synthesis tech-
niques, where increased stability of piezoelectric component
performance with a necessary set of constitutive constants to
environmental impacts plays the core role. This is primarily
related to an increase in the operating temperature limit of
piezoelectric ceramics defined by the Curie temperatures,
Tc, at which phase transition takes place, leading to
disappearance of electric polarization and, consequently,
loss of essential functionality. PZT piezoelectric ceramics
feature relatively low T¢ = 190 °C — 400 °C depending on
its composition, thus significantly limiting the operating
range of use, which is generally within 0.5—0.87¢ [2].
Successful solution of this problem imposes a requirement
for the development of experimental techniques for inves-
tigating the resistance of piezoelectric ceramics properties
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to high-energy external loads, in particular, to the impact
of plasma fluxes with various compositions, densities and
particle energies. The latter is related to the prospect of
using piezoelectric ceramics as a material for actuators in
International Thermonuclear Experimental Reactor (ITER)
diagnostics systems developed by the Ioffe Institute [3]. One
of the key problems with using piezoelectric materials in
thermonuclear facilities is the radiation resistance of these
materials [4-6]. Theoretical analysis of radiation effect on
PZT ceramics properties was performed in [4]. Tt was
shown that with the expected level of radiation effect
these compounds basically have a good potential resis-
tance to amorphization and depolarization due to radiation.
However, inadequate focus is made on maintaining the
performance of piezoelectric materials under the action of
uncontrolled high-energy plasma loads, in particular, random
plasma ejections occurring at the edges of plasma (edge
localized mode, ELM events) [7]. Note that regardless of
the progress in the area of lead-free piezoelectric materials
development, lead-containing piezoelectric ceramics is still
widely used for creating a range of electromechanical
devices capable of working in extreme conditions, including
radiation (see [5,6] and references therein).

Study [8] has first experimentally proved that CTSNV-1
ceramics samples maintain their structure, polarization and
piezoelectric response when exposed to 20 hydrogen plasma
pulses with flux energies of 0.03 MJ/m? and 0.2MJ/m?
(thermal load power is about 1 GW/m? and 7 GW/m?,
predicted surface temperatures of samples are > 400 °C and
> 1000°C, respectively), which potentially suggests that
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plasma techniques may be used for creating thermal barrier
coatings on the PZT ceramics surface and can be considered
as one of promising research areas in the framework of
modern concepts of microstructural design of piezoceramic
materials [9].

Change of surface layer structure and properties due to
plasma-induced defects is known to be used in various
processes, including creating thermal barrier coatings [10]
without changing bulk properties of materials. High-energy
monokinetic ion flows with various intensities are used
to form localized ,defect layers at the desired depth in
materials, which is the basis of dislocation-free silicon-on-
insulator technologies. Such structures are widely used in
microelectronic components with high radiation and thermal
resistance [11]. Incident ion scattering and implantation,
particle emission from a material exposed to ion bom-
bardment, and change of near-surface layer structure and
properties due to plasma-induced defects are being widely
studied [12,13 and references therein]. Despite long-term
investigations, phenomena observed when the surface of
materials is exposed to plasma cannot be unambiguously
explained within the existing theoretical models even for
metals, which are more simple objects compared with
piezoelectric ceramics [14]. Thus, studies of structural
changes and related properties of ferroelectric and piezo-
electric materials are of key importance for fundamental
understanding of processes induced in them by external
extreme impacts and for the development of techniques
for creating functional components with high radiation and
thermal resistance.

To explain physical phenomena induced by high energy
pulsed plasma flow and to find possible mechanisms
preventing degradation of bulk properties of piezoelectric
ceramics, obtaining reproducible and reliable experimental
data as well as dependable data interpretation are required.

The aim of this work is to demonstrate an experimental
technique for dosed exposure to helium and hydrogen
plasma fluxes with the desired energy level, and to provide
the quantitative estimates of their influence on the properties
of PZT-based industrial piezoceramics.

1. Experiment

1.1. Selecting research objects

A key factor for elaboration of the initial experimental
technique is the ability to produce a sufficient quantity of
samples with stable batch-to-batch parameters using a well-
proven mass production technology.

Samples of commercially available mass-produced
CTS-19 and CTSNV-1 (,,Avrora-Elma®“, Volgograd, Russia)
ceramics were chosen as test objects. By the concentration
of main components, these compounds fall within the mor-
photropic phase boundary region (MPB) [15]: Zr/Ti= 58/42
for CTSNV-1 and Zr/Ti=53/47 for CTS-19. It is known
that two different ferroelectric phases: tetragonal (T-phase)
and rhombohedral (Rh-phase), can co-exist in the MPB

region, and the highest piezoelectric activity of the material
is observed [15]. By the set of piezoelectric constant pa-
rameters (dszz = 300 pC/N for CTS-19 and ds3 = 425 pC/N
for CTSNV-1), relative permittivity (¢33 = 1600 for CTS-19
and e33 = 2325 for CTSNV-1), and relatively high Curie
temperatures (Tc = 290 °C for CTS-19 and T = 240 °C for
CTSNV-1) [2], CTS-19 and CTSNV-1 are classified among
the best domestic piezomaterials designed for a wide range
of applications.

Ceramic samples of both types consisted of discs
10mm in diameter and 1mm in thickness with baked
Ag electrodes. Polarization of samples was performed by
the manufacturer in accordance with the manufacturer’s
specifications. One sample of each type was left as a
virgin sample while the rest were exposed to hydrogen and
helium plasma with various degree of intensity. Before
exposure, electrodes were removed from surfaces of all
samples. Samples were irradiated through the electrodeless
surface along the polarization direction. For measurement
of electrophysical parameters of samples after irradiation,
electrodes were applied to the exposed surfaces using highly
dispersed silver paste and dried for 24 hours at room
temperature.

1.2. Experimental procedure

Experiments used a pulsed plasma facility provided by the
Ioffe Institute (plasma gun bench) designed for investigating
the interaction between plasma and protective materials of
the ITER first wall exposed to significant thermal loads [16].
Jet source is a coaxial plasma accelerator with intense
feed of test gas, which defines the isotopic composition of
plasma. It provides formation of pulsed (duration ~ 20 us)
dense flux of particles ~ 45mm in diameter with an energy
of 100—300 eV, moving at a velocity up to 100 km/s. Flux
energy density determined by the capacitive storage voltage
and the distance to the sample can reach 1 MJ/m2. Note that
the most informative parameter for pulsed plasma thermal
loads is the heat flux factor Fyr, [MW/(m?- s/2)] because
it considers the duration and, consequently, the depth of
heat wave penetration into a material at the initial stage
of thermal diffusion processes typical of short-term energy
impact.

In several series of experiments, samples were placed
at different distances (300 mm, 370 mm and 900 mm)
from the plasma accelerator outlet, which provided different
sample exposure energy densities in accordance with the
flux parameters described in [16]: 0.2 MJ/m?, 0.1 MJ/m?
and 0.03MJ/m?. This corresponds to design thermal loads
on a sample, Fyr: 40 MW, 20 MW and 6 MW/(m?. s!/2).
The expected rapid increase of surface temperature is about
2000°C, 1500°C and 500°C respectively. For analysis
of piezoelectric ceramics resistance to such thermal loads,
samples were exposed to various numbers of plasma pulses,
which is reflected on their marking: ,.test gas™ — ,,number of
exposure pulses”, for example, He-30 and H2-30 mean that
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H2-30

Figure 1. Optical (a) and SEM images (b) of virgin and exposed CTSNV-1 ceramic samples surfaces: samples H2-30 and He-30 were
obtained through exposure to 30 hydrogen and helium plasma pulses with the same jet parameters (particle energy ~ 100 ¢V, duration

~ 20 us, Fyr =~ 20 MW/(m?- s'/2)).

ceramics samples were exposed to 30 helium and hydrogen
plasma pulses.

1.3. Modification of surface layer structure and
composition

Structural changes of sample surfaces were studied
using the X-ray diffraction analysis, optical and scanning
electron microscopy (SEM) techniques. Initial visual
examination has shown gradual darkening of surface, which
by exposure pulse 20—30 acquires a typical black color
(Figure 1,a) for both types of ceramics regardless of
the isotopic composition of plasma. Figure 1,5 shows
photographs of surface areas of CTSNV-1 samples, both
virgin and exposed to 30 hydrogen and helium plasma
pulses at Fyr = 20 MW/(m?- s'/2), made using the Nikon
Eclipse V100 microscope. It can be clearly seen
that the surfaces of exposed samples undergo significant
modification, attaining a pronounced relief with typical
nonuniformity sizes of the order of 20 um depending on
the plasma composition. Helium plasma forms a finer
nonuniformity structure than hydrogen plasma. However,
for hydrogen plasma, typical microstructure is formed as
early as by exposure pulse 20 without undergoing significant
quality changes as the number of pulses further increases.
For helium plasma, microstructure formation is completed
in the interval between pulse 10 and pulse 30, and also has
no visible quality changes as the number of pulses further
increases.

Phase structure of the surface was examined using the
Dron-3 X-ray diffractometer (CuK, radiation). Analy-
sis of diffraction patterns of both piezoelectric ceramics
compositions after exposure to He and H2 plasma fluxes
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until 100 exposure pulses at Fyr = 20 MW/(m?- s/2) has
shown that the samples generally retained their single-phase
structure and had no amorphization signs. At the same time,
diffraction patterns of the exposed samples show reflections
not belonging to the ferroelectric phase structure typical of
both compounds of interest.

For purposes of illustration, Figure 2 shows diffraction
patterns of various CTSNV-1 piezoelectric ceramics surface
segments with an area about 5mm? for virgin sample and
samples H2-20 exposed to hydrogen plasma with different
flux energies.

Flux energy was varied from 0.2 MJ/m? to 0.03 MJ/m?
by placing the samples at distances 300 mm and
900 mm from the plasma accelerator outlet, which cor-
responds to heat loads on a sample Fyr(300mm) =
= 40 MW/(m?- s!/2) and Fyr(900 mm) = 6 MW/(m?- s/2).
The same figure shows a line diagram of CTSNV-1
corresponding to a known molar concentration ratio
Zr/Ti=58/42. The figure shows reflections not belonging
to the initial sample structure.

Black color of the surface of exposed samples and
pronounced reflections in the area of 27—30 degrees on
the diffraction pattern of a sample exposed to high energy
impact (Figure 2,d) were qualified ecarlier in [8] as lead
dioxide structures, a-PbO,, in the form of black rhombic
crystals (line diagram in Figure 2, e).

Further electron microscopy analysis of the surface ele-
mental composition has shown that the observed structural
changes have a more complex nature.

Figure 3 shows SEM images of the CTSNV-1 sample
surface area, to which diffraction pattern in Figure 2,d
corresponds.
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Figure 2. Bar diagram of PZT compound close to CTSNV-1
by the concentration of main components (a), diffraction patterns
of samples before (b) and after (c,d) exposure to 20 hydrogen
plasma exposure with various heat flux powers, bar diagrams
of expected new crystalline structures formed on the surface of
samples as a result of plasma impact (e—f).

There is a pronounced relief in the form of hills“ with
round top and typical diameters and heights of about
10—20um.  Elemental analysis of surface has shown
essentially inhomogeneous distribution of main chemical
elements of ceramics: a region between the ,hills* ap-
proximately corresponds to the initial composition, while
the surface of ,hills“ has a leadless crystalline structure
corresponding to the ZrO,-TiO;, solid solution structure
(see colored inset in Figure 3), various modifications
of which depend on the thermodynamic conditions of
synthesis. Detailed analysis of phase transformations and
equilibrium phase states for PZT ceramics, being a quater-
nary O-Pb-Ti—Zr system, is described, for example, in [17],
where PbO-ZrO,-TiO, and ZrO,-TiO, phase diagrams
are shown in a wide temperature range from 300°C to
3000 °C. In particular, it is reported that Zr,Ti;_,O4 solid
solutions with Zr:Ti molar ratio from 1:1 to 1:2 are the

only stable compounds in the ZrO,-TiO, system at high
synthesis temperatures. They undergo gradual transition
to the ordered state in the temperature range between
1400K and 1100 K, which agrees with the expected surface
temperatures of samples at Fyr = 40 MW/(m?-s!/2). At
temperatures above 1400K, ZrTiO4 crystallizes in the
a-PbO type orthorhombic structure with random distribu-
tion of Zr and Ti. Bar diagrams of possible modifications of
Zr0,-TiO, are shown in Figure 2, e—A.

For more detailed analysis of PZT ceramics for high
energy plasma load resistance, a series of samples was
prepared and tested. The samples were exposed to various
numbers (10, 30, 70, 100) of He and H2 plasma pulses at a
constant flux energy level of 0.1 MJ/m? by placing the sam-
ples at a distance of 370 mm from the plasma accelerator
outlet, which corresponds to Fyr = 20 MW/(m?- s!/2),

Diffraction spectra of virgin samples of both types of
ceramics are identical and close to the tetragonal ferro-
electric phase structure, which is most typical of the test
samples. Detailed analysis of diffraction patterns of both
types of ceramics has shown a qualitatively identical pattern
of structural changes in samples as the number of exposure
pulses of both He and H2 plasma increased. As an example,
Figure 4 shows a series of diffraction patterns of CTS-19
samples before and after exposure to plasma, and bar
diagrams of the initial and expected surface layer structures
(ZrO,-TiO,). It can be seen that as early as at the first
10 exposure pulses, there are noticeable changes in the
diffraction spectra, which are more clearly pronounced in
case of H2 plasma exposure.

The observed transformation of reflections (101) and
(002)—(200) suggests that there is possible morphotropic
transformation between two ferroelectric phases of the
initial composition [14].

Additional reflections occurring at (101) confirms that
a ZrO,-TiO, structure has formed, and peaks occurring
within 20 = 25 — 30° illustrate superlattice reflections of
ZrTiO4, whose positions and intensity depend on the
rate of cooling below the synthesis temperature of about
1200°C [18].

It is obvious that the observed structural modification
of sample surfaces after plasma exposure shall affect the
change of their physical characteristics.

1.4. Measurements of the main constitutive
parameters of PZT ceramic samples

The following constitutive parameters were taken as
plasma load resistance acceptance criteria for piezoelectric
ceramics: relative permittivity €33, dielectric loss tangent
tan(§), speed of sound, piezoelectric constants (e3; and
ds3) and electromechanical coupling coefficient of thickness
oscillation mode k,. Preliminary parameter measurements
were performed on virgin samples of polarized CTSNV-1
and CTS-19 ceramics from the same batch. The measured
data generally appeared to be close to the manufacturer’s
data [www.avrora-elma.ru]. Measurements and calculations
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wd

Figure 3. Magnified SEM images of the CTSNV-1 sample surface exposed to 20 hydrogen plasma pulses with Fyr = 40 MW/(m?- s'/2).
Inset — distribution of main elements in the selected region of the formed ,hill-like“ microstructure.

were performed in accordance with recommendations of
IEEE Standards ANSI/IEEE 176—1987.

e33 and tan(§) were measured using the impedance
meter. V, (longitudinal mode) was measured using a
standard pulse-echo technique, acoustic wave excitation and
reception were performed using the Kropus ultrasound
transducers. Independent measurements of V; along the
polarization and &33 directions determine the piezoelectric
constant e33 [19].

Electromechanical coupling coefficient of thickness oscil-
lation mode k, was determined from experimentally mea-
sured electromechanical resonance frequencies of thickness-
mode piesoelectric resonators using the frequency ratio of
series (fy) and parallel (f,) resonances of the fundamental
resonance mode [20].

Study [21] describes in detail all measurement techniques
and provides measurements of both types of ceramics
(CTS-19 and CTSNV-1) exposed to up to 30 plasma
jet pulses with Fyr =20 MW/(m?-s!/2).  Experiments
have shown qualitatively similar (with some quantitative
differences) dependences of dielectric and piezoelectric
constants on the number of exposure pulses for both H2
and He plasmas and both ceramics compositions. For both
types of piezoelectric ceramics, He plasma exerts stronger
influence on dielectric and piezoelectric properties than H2

Technical Physics, 2026, Vol. 71, No. 2

plasma. An unusual behavior of parameters was observed
ie. minor, but noticeable deviation from values typical
of virgin samples after the first several exposure pulses,
followed by restoration of initial values as the number of
exposure pulses further increased. Since the measurements
for CTS-19 ceramics in [21] were limited by 30 plasma
pulses, experimental measurements of the main constitutive
parameters of ceramics with an increase in the degree of
plasma exposure to 100 pulses with the same intensity
along and opposite to the polarization direction are of
obvious interest. Figure 5 shows the measurements and
calculations of the main constitutive parameters of CTS-19
ceramics after repeated exposure to He and H2 plasmas for
particle flux directions along (solid symbols) and opposite
(empty symbols) to the polarization direction of virgin
samples.

Data in Figure 5, supplementing the previous results [21],
are indicative of a stable polarization preservation effect
under repeated pulsed high energy plasma loads with up
to 70 pulses. However, at pulse 100 there is noticeable de-
crease in e33 and k, with preservation of the main dielectric
parameters and speed of sound. Exposure direction (along
or opposite to the initial polarization of material) has no
influence on the qualitative behavior of observed changes
and introduces just insignificant quantitative deviations.
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Figure 4. Bar diagrams of initial composition CTS-19 and

expected surface layer structure (ZrO,—ZrTiO4). Diffraction
patterns of samples before and after exposure to hydrogen and
helium plasma pulses with Fyr = 20 MW/(m?- s'/2).

2. Discussion of findings

Analysis of the experimental findings shows that unusual
behavior of PZT-based piezoceramic materials (Figure 4) is
directly associated with formation of modified near-surface
layer, which reaches some steady state as the number
of plasma exposure pulses increases. Typical surface
relief sizes and observed changes in phase and elemental
compositions of near-surface layer are defined by the level of
thermal load per plasma jet exposure pulse. The magnitude
of thermal load defines the temperature behavior of the
PZT piezoelectric ceramics sample, launching the surface

layer melting/amorphization/recrystallization processes and
forming a new space structure on the basis of ZrO,-TiO,.

The most interesting is the experimentally established
stabilization of piezoelectric properties of samples exposed
to sufficiently long series of high energy pulses regardless of
a minor degradation of properties at the initial exposure
stage.  Significant decrease in piezoelectric properties
and electromechanical coupling coefficient occurs only at
exposure pulse 100.

We believe that this is caused by the fact that changes in
the material structure, phase composition and, consequently,
polarization occur exclusively within the near-surface layer,
whose steady-state depth (at plasma exposure pulse 20—30)
is not larger than several tens of micrometers, which is
maximum 10% of the initial sample thickness. Modified
layer depth will expectedly grow as the number of plasma
pulses increases and will be followed by further decrease in
material polarization. The observed significant decrease in
piezo- and electromechanical constants with the increase in
the number of pulses to 100 can indicate that there are some
,threshold“ plasma exposure doses which is the subject of
further experimental studies.

X-ray diffraction analysis, optical and electron microscopy
data shown in Section 2.3 are indicative of partial formation
of a new structure on the basis of ZrO,-TiO, compounds,
various modifications and phase state of which depend on
thermodynamic conditions of synthesis under the action
of high energy plasma flux. In particular, study [22]
demonstrates the synthesis of ZrTiO4 ceramics with a
grain size of 10 —30nm during heating of such system
to a temperature above 1200 °C followed by fast cooling.
It is also known that grain boundaries serve as natural
sinks for point defects [23]. Thus, as can be expected,
structures with typical grain sizes in the area of tens of
nanometers and, consequently, with high boundary density
will have high radiation resistance. Moreover, such structure
on the ceramics surface will additionally play a role of
thermal barrier due to exclusive thermophysical properties
of zirconium titanate [22].

At the initial plasma exposure stage (before 10 pulses),
surface layer modification is accompanied by inhomoge-
neous decrease in its polarization due to heating above
the Curie temperature, leading to insignificant degradation
of piezoelectric properties of samples. Further restoration
and preservation of piezoelectric properties with increase in
the number of exposure pulses (at least up to 70) can be
attributed to full depolarization of near-surface layer when
it doesn’t influence the piezoelectric bulk properties of the
sample any longer. The result is that the electromechanical
coupling coefficient is restored in all cases. The observed
PZT ceramics surface microstructuring effects caused by
plasma fluxes with various ion compositions cannot be
fully explained and described within the existing theoretical
models [24-26] and references therein]. Studies [25,26]
develop a theory of electrocapillary instability of metal
surface based on charge redistribution on metal surface
under the action of electric field generated in the laser
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Figure 5. Main constitutive parameters of CTS-19 ceramics depending on the number of pulses of helium (a) and hydrogen () plasma
jets with Fyr = 20 MW/(m?- s'/?). Solid symbols on the curves correspond to plasma jet impact along the initial sample polarization
direction, empty symbols correspond to plasma jet impact opposite to the initial sample polarization direction.

flare plasma. This leads to a change in interaction forces
between molecules on the surface, which is displayed as a
change in surface tension, and can lead to various forms
of deformation, including formation of waves, protrusions
and even surface discontinuities. However, electrophysical
properties of metals differ considerably from those of
ferroelectric materials (dielectric materials), and laser flare
plasma provides the passage of significant current, which
considerably distinguishes it from electrically neutral gas
plasma fluxes described in this work. = Akhmanov et
al. [24] have proposed a thermal model for describing
various physical phenomena occurring in surface layers
of solid bodies (metals, semiconductors and dielectric
materials) under the action of high power laser heat
pulses. It is shown that thermodynamic instability condi-
tions implemented via fast (tens of nanoseconds) heating
of the lattice followed by fast melting of the surface
layer lead to spatially inhomogeneous surface heating and,
consequently, can lead to observed changes in phase and
elemental compositions in the near-surface layer of PZT
piezoelectric ceramics and to formation of new ordered
structures on it. It appears that quasiperiodic structures
on the surface of piezoelectric ceramics samples exposed
to gas plasma pulses (Figure 1,5) can be described within
a thermal model [24], which adequately agrees with the
thermal mechanism of nanocrystalline structure formation.
ZrTiO4 [22].

9 Technical Physics, 2026, Vol. 71, No. 2

Conclusion

Comprehensive experimental study of the dynamics of
both surface structure and a of set of dielectric, piezoelectric
and electromechanical parameters of industrial samples of
CTS-19 and CTSNV-1 piezoelectric ceramics under the
action of high energy helium and hydrogen plasma fluxes
is presented.

Experimental demonstration of preserved polarization in
all samples regardless of repeated extremely high energy
pulsed loads is the main result of the study.

Dependences of dielectric, piezoelectric and elec-
tromechanical parameters on the number of plasma
exposure pulses characterized by a thermal factor of
20 MW/(m?- s'/2) were obtained for both types of piezo-
electric ceramics. Some decrease in parameters was ob-
served after the first 5—10 exposure pulses. Further increase
in the number of pulses led to stabilization of the main
material parameters for both types of ceramics to the values
typical of unexposed samples. The observed ,restoration
effect correlates with formation of a specific ,hill-like*
surface microstructure with changed elemental composition
and typical sizes of several tens of micrometers. However,
after 70 pulses of extremely high thermal exposure, there
is a noticeable reduction of piezoelectric activity due to
gradual depolarization of bulk samples.

Possible surface layer modification mechanisms leading
to recrystallization of the surface layer with modification of
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the elemental composition, and related effects of change,
restoration and preservation of the main constitutive param-
eters of piezoelectric ceramics are discussed. In addition,
even the first experimental results obtained for industrial
piezoelectric ceramics show that a barrier layer can be
formed on the surface of PZT materials, preventing the
devastating effect of high energy pulsed impact loads on
the main constitutive parameters. This stimulates further
study of mechanisms of plasma influence on the properties
of ferroelectric and piezoelectric materials, including the
investigation of maximum permissible energy properties of
plasma impact.
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