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Synthesis of ferroceramics for electromagnetic
shock waves generators by vacuum aerosol
deposition method
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Experimental bench and regimes of aerosol deposition at room temperature in vacuum
of the fine grained ferroelectric layers with thickness of several hundred microns (the
grains’ size is less than 1 um) and general formula BaO-SrO-TiO, have been described.
The results of experimental investigations of electrical physical characteristics of the
obtained samples have been presented. It is shown that electric breakdown strength of the
obtained ferroelectric layers exceeds in 1.4—2.5 times the electric breakdown strength of
the similar samples made by the hot synthesis technology.
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Omnncan SKCIepUMEHTANLHEINA CTEH] U TEXHOJIOTMUYECKNE PEeKUMEI a9PO30JILHOTO HaTLIIe-
HUA TIPM KOMHATHOM TeMIlepaType Ha MeTAJINYECKUX IIOMIOMKAX-3JeKTPoJaX B BaKyyMe
CJI0eB MEJKO3E€PHUCTON CerHeTOKEepaMUKU (pasMep 3epeH MeHbIne, yeM 1 MKM) ¢ obmleit
dopmynoii BaO-SrO-TiO, rTonmuuol B HECKOJIBKO COTeH MUKPOH. IIpuBejeHBI pesyIbTATHI
JKCIIEPUMEHTAJbHBIX HCCIEI0BAHUN SJIEeKTPOPUBNUECKUX XaPAKTEPUCTUK MIOJAYUEHHBIX 00-
pasuos. IlokasaHo, UTO PJAEKTPUYECKAsA IIPOYHOCTH IOJAYUYEHHBIX TAKKUM 00pPasoM CJIOeB cer-
HeTOoKepaMuKku B 1,4—2,5 pasa mpeBbIlIaAeT SAEKTPUUYECKYIO IIPOYHOCTH AHAJOTMYHBIX 00pas-
1[0B, MBrOTOBJEHHBIX C IIOMOIILIO TEXHOJOTHHU IOPAUero CUHTE3a.

CuHTe3 cerHeToKepamMiki IJIs1 eJIEKTPOMATHITHHX IeHepaTopiB yIAPHMX XBILIb 33 HOIOMO-
rol0 BAKYyMHOI0 aepo3oabHoro Hamwmosauud. O.J[.Pesunrin, M.M.Pesunkina, O.I.I'pu6.

Onmcano eKCIepUMEHTANbHUN CTEHI Ta TEeXHOJOTIUHI DPeKUMN aepo30JIBHOrO HAIVJIIOBAHHS
npu KiMHATHIN TeMilepaTypi Ha MeTajlleBUX IIiIKJagKax-eJIeKTpolax y BakyyMi miapie apibuosep-
HUCTOI cerHeTOoKepaMikm (posmip sepen menmuit 3a 1 MKM) i3 saranabHoI0 (hopmysnoio BaO-SrO—
TiO, TopmuHO0 y KinbKa coTeHs MikpoH. HaBeseHo pesyabTaTH eKCIePUMEHTATBHUX NOCITiIKeHb
eneKTpodisUHNX XapaKTEePUCTUK OTPUMAHWX 3pasKiB. Ilokasamo, M0 eJeKTpUUHA MIiTHICTH
OTPUMAHUX TAKUM UYWHOM IIIapiB cerHeTOoKepaMiku B 1,4-2,5 pasu TepeBUIYe eJIEeKTPUUHY
MiIHiCTh AaHAJIOTIYHUX 3pasKiB, BUTOTOBJEHUX 34 JOIIOMOTOI TEXHOJOTII rapsauoro CUHTE3Y.
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1. Introduction

Development of advanced methods for
dielectric synthesis opens the new possi-
bilities for manufacture of dielectric ma-
terials with improved non-linear electrical
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properties. This allows usage of the non-
linear electrical processes that occur in the
dielectric medium upon electromagnetic
fields influence for creation of the new
types of compact and reliable solid state
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pulsed power generators of currents and
voltages. Such generators can be used for
testing of electronic devices on electromag-
netic compatibility, in experimental studies
of plasma physics, in laser and radar tech-
nique, in communications and other areas of
the modern science and technology.

One of the advanced methods of high-
power electromagnetic impulses with a
short rise time producing is the shock
waves generation in a media with the non-
linear electric or magnetic parameters [1, 2].
Besides, usage as a working medium of the
materials with the nonlinear dielectric per-
meability [3] has advantages compared with
the electromagnetic pulses generation in the
nonlinear ferromagnetic medium [4]. Im-
pedance of forming lines (FL) on the fer-
roelectrics is much lower than at usage the
non-linear magnetic materials. Ceramies
based on the solid solutions of ferroelec-
trics may be used as a FL working medium
[56]. The traditional method of ferroelectric
ceramic manufacturing is the high-tempera-
ture synthesis [6].

One of the most important parameters
that determine the applicability of the fer-
roelectric to sharpen of voltage and current
impulses is the relaxation transition time
from one polarized state to another, which
differs from the original state by the level
and direction of the electrical induction vec-
tor field. The smaller dimensions of do-
mains formed by homogeneous spontaneous
polarization zones in the ferroelectric, the
shorter duration of polarization transition
appears. So it is quite important to get the
ferroelectric with extremely fine crystalline
structure. Obtaining of the domains of
nanometer dimensions is possible if feed-
stock from which the ceramics is synthe-
sized has the nanodisperse structure. How-
ever, simple grinding of the raw material,
being itself a complex scientific and techni-
cal problem does not certainly result in the
fine grain structure of the polycrystalline
ferroelectric. Three-component system BaO-
SrO-TiO, is widely used for obtaining of the
ferroelectric with the high nonlinear charac-
teristics. At such a ceramics manufacturing
by the conventional method of the high-tem-
perature synthesis, which includes burning
in the temperature range of 1200-1400°C,
active growth of the crystals and, as a con-
sequence, reduction of the high frequency
properties of obtained ferroelectrics take
place.

One of the most advanced methods of
ferroelectric synthesis is the technology of
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the room temperature impact consolidation
(RTIC) of ferroelectric ceramic powders in
vacuum [7—9]. This technology opens up the
new direction in the field of nanostructured
composite materials synthesis. It is cur-
rently used mainly for coatings production
in the microelectronies areas, MEMS and
optics. It seems promising to spread this
technology in the area of electrical engi-
neering and, in particular, in the high-volt-
age impulse technology. To generate the
electromagnetic shock waves of megawatt
and gigawatt power, it is necessary to cre-
ate a forming line filled with the nonlinear
working media operating at the high volt-
ages. To provide the electric strength of the
forming line for voltages of the units —
tens of kilovolts, the thickness of its work-
ing medium should not be less than a few
millimeters for currently known nonlinear
dielectrics.

Production of relatively thick ferroelec-
tric samples without cracks and other het-
erogeneities that reduce their electric
strength is a complex and time-consuming
task. Therefore, physical and mathematical
modeling of the high-voltage shock waves
that occur in such lines are quite important
for choice of the lines configuration. The
mathematical modeling [10-12] provides
recommendations on the required levels of
nonlinearity of the working medium dielec-
tric permeability as well as its geometrical
configuration.

The mathematical modeling of electro-
magnetic processes at the propagation of
electromagnetic waves with a rise time of
the order of units — tens of nanoseconds
should be formulated taking into account
the final time of the working medium po-
larization setting. For such a solution the
so-called modified magnetic vector potential
may be used [10-12]. This approach pro-
vides significant reduction of the number of
the solved equations, which is very impor-
tant in 3D approach. Such a problem may be
solved also using the equivalent electrical

circuits with nonlinear parameters [3, 13].
The aim of this work is to develop tech-

nique for manufacturing of the relatively
thick ferroelectric samples as a working
body for impulse generators using the
method of vacuum aerosol deposition at the
room temperature.
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2. Experimental bench for
ferroeleciric samples obtaining
by the vacuum aerosol deposition

An installation shown in Fig. 1 was cre-
ated for a series of experimental researches
in the area of manufacturing of the new
electrical materials with the mnon-linear
physical properties.

Vacuum pump VP allows to evacuate
chamber DC up to pressure Ppc= 0.5—
1.5 kPa. Accelerating gas from high-pres-
sure cylinder GC fills elastic receiver Re at
the atmospheric pressure. The accelerating
gas gets to aerosol generator AC from the
receiver through rotameter Ro. Gas pres-
sure in the aerosol generator is maintained
within the range of P4, = 50-70 kPa using
the rotameter Ro and jet nozzle J. The aero-
sol generator has a container filled with
powder milled ferroelectric. The accelerat-
ing gas in the aerosol generator is mixed
with the powder and supplied to the input
of nozzle N. The pressure drop at inlet and
outlet of the nozzle leads to the aerosol ac-
celeration in its cavity.

The mean free path of the accelerating
gas molecules is comparable with cross-sec-
tional size of the nozzle and three orders of
magnitude higher than the ceramic particles
average diameter, so the process of particle
acceleration in the nozzle should be consid-
ered from the point of view of the molecu-
lar-kinetic theory of gases. The ceramic par-
ticles acquire near sonic speed as a result of
acceleration at the nozzle exit. The ceramic
particles collision with substrate causes
their destruction. Under formation of the
new chemical bonds, appearing instead of
the broken ones in the process of particles
destruction, couplings of the crystal struc-
ture fragments with the substrate and the
adjacent fragments happen. This explains
the high adhesion of the synthesized ceram-
ics to the substrate, as well as its high den-
sity and strength. Not all of the ceramic
particles are destroyed and react with the
substrate and with the neighboring parti-
cles. At collision of the ceramic particles
moving at angle to the substrate surface,
their destruction becomes less probable. The
interaction of such particles with the sub-
strate causes cleaning of its surface from
contaminants, that promotes the joining
other particles to the substrate. Unreacted
powder is carried away by the flow of spent
accelerating gas and it is delayed by electro-
static precipitator EC. Collisions experi-
enced by the particles of the unreacted pow-
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Fig. 1. Installation for synthesis of non-lin-
ear dielectrics. AC is aerosol generator, DC is
vacuum chamber, VP is vacuum pump, N is
nozzle, S is substrate, VG is vacuum gauge
13BT3-003, SPG is standard pressure gage
BO, GC is high-pressure cylinder with accel-
erating gas, Re is receiver, Ro is rotameter
RC-8A, J is jet nozzle, EC is electrostatic
precipitator.

Fig. 2. Working chamber of the experimental
installation to form coating by aerosol deposi-
tion method.

der during the flight in the installation
channels lead to accumulation of the inter-
nal stress in them, which has a positive
effect on their reactivity at reusing.

A transparent chamber of small volume
attached to the vacuum unit was used as a
deposition camber (see Fig. 2). Such a setup
permits to simplify the procedure of sub-
strate replacing after completion of the
next experiment, and also allows observing
of the deposition process.

Low pressure (about 1-2 kPa) was sup-
ported in the deposition chamber with the
help of a rotary vacuum pump during the
process of coating deposition. A nozzle with
the circular cross-section of 0.5 mm?2 and
copper substrate has been used.

Functional materials, 23, 3, 2016
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Fig. 3. XRD of the ferroceramic material.
vV — Ba0,75Sr0,25Ti0195Zr010502, A — ZrO,.

The spray was created by mixing the
powder particles consisting of the barium
strontium titanate (BaSrTiO3), doped by zir-
conium, lead and other additives with dehy-
drated nitrogen into an aerosol-generating
chamber with cylindrical shape. To ensure
the particles selection, whirling gas flow,
formed during entrance of the carrier gas
flow in the chamber input, was used. For
this, the flow was directed tangentially to
the circle, which is concentric with the cir-
cle of the aerosol generating chamber cross-
section. The powder was poured onto the
chamber bottom, from where the particles
were picked up by the whirling flow. Car-
rier gas (N,) was fed into the aerosol-gener-
ating chamber from the receiver. The car-
rier gas flow rate was regulated by a ro-
tameter, and for the most of experiments
was set at 0.6 1/min.

In the experiments the ferroelectric pow-
ders with different initial dispersion degree
(mode of the particles diameter D[1,0] was
from 40 um to 50 nm) were used. Control
of the particles diameter was carried out by
optical and electron microscopy. Poorly con-
trolled aggregation arises inevitably at the
powder aerosol generator filling process.
Additional material selection by the parti-
cles size was carried directly into the aero-
sol generator. It was observed that colli-
sions with the substrate of the particles
with rather big and middle sizes even for a
long time (up to half an hour) lead to for-
mation of a very thin coating layer. More-
over, such a coating is easily disrupted, and
conduction current arises in it even at ap-
plication of the low voltage. Unlike the de-
scribed case, the result of the synthesis
using ferroelectric with the smaller parti-
cles was the dense samples with deposited
layers thicknesses from 20 to 250 um (depo-
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Fig. 4. Sample of ferroceramic coating, de-
posited on copper substrate by vacuum aero-
sol deposition at the room temperature.

sition time was 10—20 min). To enhance the
effect of the powder smaller particles being
picked up by the carrier gas swirl into the
aerosol-generating chamber, devices for
creation of so-called "boiling layer™ (BL)
have been designed. Continuous mixing of
the particles on the surface of the powder,
filling the chamber happens in such a "boil-
ing layer”. It turned out that the most effi-
cient method of the BL creating is influence
of the powder in the aerosol chamber by the
low-frequency acoustic waves (100-500 Hz),
for which an electrodynamic acoustic radia-
tor was placed in the aerosol chamber. Ef-
fectiveness of the BL produced by the
acoustic radiator, its optimal location and
its operating frequency depend substantially
on the aerosol chamber designs and were
selected experimentally.

Fig. 3 shows the results of X-ray analysis
of barium strontium titanate powder, doped
by zirconium Bag 7551y 25Tig 952 0502, which
confirm the selected crystallographic phase
composition of the ferroelectric and the ab-
sence of its significant pollution by the side
technological crystalline impurities. The
phase composition of the synthesized dielec-
tric was controlled in the process of deposi-
tion. The results of this research have
shown the initial phase structure preserva-
tion at the coating synthesis. Complete
X-rays analysis spectra contain also specific
peaks, which correspond to copper (sub-
strate material).

As a result of the described installation
working, a dense layer of the ferroelectric
ceramics is formed on the substrate surface.
Unlike the thermal, ionic, magnetron, vac-
uum-arc and other deposition methods, this
technology allows getting quickly a very
thick coating layer. For example, the rate
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Fig. 5. Dependence of Ba,,,Sr;,3Ti0; sample
synthesized by aerosol deposition method on
electric field strength.

of deposition of the ceramics, which is solid
solution of barium titanate and strontium-
doped zirconia on copper substrate was 5-—
35 um/min. Fig. 5 presents a sample of
such ferroelectric, which deposited layer
thickness equals to 250 um. Duration of the
sample synthesis was 10 min at the acceler-
ating gas flow rate equals to 0.6 1/min. Ni-
trogen having the water content not higher
than 0.25 % was used as the applied accel-
erating gas. A nozzle with the circular cross
section having outlet diameter of 0.5 mm
was used. The distance between the nozzle’s
outlet and the substrate was 6 mm. The in-
itial material for the ferroelectric synthesis
was got by the cryogenic dispersing of ce-
ramic in the gas-dynamic flow.

Grinding technology used for the powder
preparation plays an essential role for the
ceramic efficient synthesis on the substrate
surface. The deposition process happens in-
tensely if the accumulated mechanical stress
in the powder particles is sufficient for
their ease destruction by a stroke. The gas-
dynamic cryogenic grinding was used in
this case, which enables obtaining the pow-
der with the required level of mechanical
stress in its particles. The used substrate
material was electrical copper without any
surface pre-treatment. The probability of
destruction and reaction of the collided ce-
ramic particles moving obliquely to the sur-
face of the substrate is smaller than for the
particles colliding with the substrate at an-
gles close to the direct one, and not all of
them form the ferroelectric coating. At in-
teraction of these particles with the sub-
strate, its surface is cleansed from mechani-
cal and chemical contaminants that contrib-
utes the adherence the other substrate
particles. Mechanical strength of the fer-
roelectric synthesized from the powder at
the room temperature, practically coincides
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with the mechanical strength of the samples
obtained from the same material by conven-
tional hot fusion at temperature of 1270°C
using isostatic pressing of the samples at
pressure of 900 kg/cm?.

Possibility to carry out the synthesis of
ferroelectric at the room temperature is a
significant advantage of the vacuum aerosol
deposition. The temperatures required for
the hot fusion lead not only to grain growth
in the ceramic and corresponding worsening
of its high frequency electrical properties.
The traditional technology usage, which in-
cludes the ceramic samples burning, makes
practically impossible creation of the com-
plex composite structures with internal
metal electrodes and separate ferroelectric
and ferromagnetic elements. To such struec-
tures, in particular, izoimpedance mediums,
metamaterials, multilayer compositions be-
long [14].

It was found that in the process of the
ceramics synthesis a valley of 50 um thick-
ness is formed on the sample reverse side on
the surface of copper foil that is opposite to
the ferroelectric layer. Depth of this valley
depends not only on the ceramic thickness
but also on the deposition process parame-
ters (accelerating gas consumption, powder
concentration in the aerosol, ceramics parti-
cles velocity, ete.). This phenomenon dem-
onstrates significance of adhesion forces of
the ceramics to the substrate, the great ce-
ramics mechanical strength, as well as pres-
ence of the mechanical stress in the synthe-
sized ferroceramics layer. The mechanical
stresses presence in the ferroelectric can in-
fluence the character of its polarization
process. Annealing at the temperatures
much lower than the temperature of the hot
synthesis may be used to reduce or elimi-
nate the mechanical stress of the deposited
ceramic layer. According to [11], short time
heating of the deposited coating to tempera-
ture of 600°C is enough for stress elimina-
tion and reaching of the dielectric perme-
ability and piezoelectric coefficient in fer-
roelectric Pb[Zr,Ti,_,]JO3 of the values
corresponding of the samples obtained by
the classical technology.

3. Experimental determination of
electrical parameters of the
ferroelectric ceramic samples
obtained by vacuum aerosol
deposition

Electrical strength is an important elec-
trical physical characteristic at practical
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usage of the ferroelectric materials in the
high-voltage impulse technology.

Descending branch of dielectric permit-
tivity dependence on electric field strength
is used at the ferroelectrics application as
an active dielectric of the high wvoltage
forming lines for solution of a number of
problems of the power electric and magnetic
fields technique. The most complete satura-
tion of polarization and, consequently, the
greatest decrease in the dielectric perme-
ability levels, necessary for the efficient op-
eration of powerful sharpeners and electro-
magnetic pulse generators, are observed in
electric fields, the level of which strength is
close to the breakdown electric strength of
the working medium. The experimental de-
termination of the breakdown electric
strength of the ceramic samples with thick-
ness of deposited layer of 50 um (see Fig.
4), has shown that this characteristic is
much larger than for the ceramic samples
manufactured by the high-temperature syn-
thesis. At the measuring of the electrical
breakdown strength of the deposited fer-
roelectric samples in the capacitor oil me-
dium, the breakdown values E, = 17—
25 MV/m were obtained. The E,,. levels de-
pend on the deposition regimes. These
values are 1.4-2.5 times higher than the
electrical breakdown strength of the fer-
roelectric samples of the same structure ob-
tained by the classical technology.

The Sawyer-Tower scheme [15, 16] was
used in the experimental study of electrical
parameters of the samples obtained with the
help of the aerosol deposition method. Volt-
ages with different frequencies and voltage
impulses with the amplitudes up to 2.5 kV
were applied to the samples. The sample was
placed in a system of two planar electrodes,
one of which was formed by the copper sub-
strate and the other was coated on the fer-
roelectric surface as a layer of silver depos-
ited from the conductive lacquer AMEPOX
MICROELECTRONIC ELECTON 40 AC after
its drying in air at the room temperature.

Fig. 5 shows a typical plot of the capac-
ity of got by the vacuum aerosol deposition
of ferroelectric sample based on barium
strontium titanate, on the strength of the
applied electric field with frequency of
1 GHz.
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4. Conclusions

The method of vacuum aerosol deposition
at the room temperature allows obtaining of
ferroelectric Ba,Sry_,Ti,Zry_, O3 dense layers
with thickness of several hundred microns
on the not prepared copper surface. The
density and mechanical strength of the ce-
ramics synthesized by this method are simi-
lar to these characteristics, measured on the
samples obtained by the conventional hot
synthesis. The layers of ceramics, applied
by the aerosol deposition method, are me-
chanically stressed. The breakdown electric
strength of the deposited layers is 1.4-
2.5 times greater than for the samples of
the same structure obtained by the hot syn-
thesis technology. The achieved speed of
ferroceramic powder deposition allows to
use of the synthesized coatings not only in
the areas of technology involving their mi-
croscopic sizes (microelectronics, MEMS,
photonics), but also in the power and elec-
trical engineering, as well as in the high-
voltage impulse technology.
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