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Abstract

The development of lead-free ferroelectric materials is an important task due to the restrictions on the use of lead in industry enacted in a number
of European countries, the United States, and Japan (Directive 2011/65/EU of the European Parliament). In the Republic of Belarus, a technical
regulation TR EAEU 037/2016 has been in effect since 2018, established by the EAEU member states. This technical regulation sets down
requirements for the restriction of the use of hazardous substances in electrotechnical and radio-electronic products.

The bismuth sodium titanate solid solution system Na0.5Bi0.5TiO3 (NBT) is considered one of the promising materials for practical application, despite
its characteristics being inferior to those of the classical PZT-system. The application of ultrasonic vibrations during the synthesis of PZT-ceramics suggests
that ultrasound at different stages of the production of NBT-based piezoceramics could also enhance its physical and mechanical properties.

This work presents the results on the influence of ultrasonic vibrations during mechanoactivation and pressing on the properties of lead-free
piezoceramics of the NBT type. It has been shown that applying ultrasonic vibrations during mechanoactivation and pressing leads to the grinding
of the initial powder, allowing the obtaining of denser homogeneous ceramics, preventing the formation of microcracks during sintering, reducing
the sintering temperature by ~60° C, increasing the Curie temperature by 50-60° C, and increasing the dielectric constant. Ceramics produced
with ultrasound is characterized by high electromechanical anisotropy (d33/d31), which is important for practical applications when it is necessary
to excite certain vibration modes. The obtained results will serve as a basis for further development of the scientific field of ultrasonic mechanoactivation
and pressing of piezoceramic powders.
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MONYYEHUE BECCBUHLIOBOW NbE3OKEPAMUKW C MPUMEHEHUEM YNbTPA3BYKOBbIX KONEBAHWU

B. B. Py6anuk, A. 1. LiunuH, B. K. ®ponos, B. B. Py6aHuk — mn., Aiime Menaus-Bappatko, A. H. Canak, U. B. Hukudoposa

Pechepar

Pa3paboTka CerHeToanekTpuyeckux mMatepuanos, He COAEPXalMX CBUHEL, SBNAETCA aKTyanbHOW 3afayen, YTo 0ByCnoBneHO OrpaHUYeHUsMM
MO MCMOMb30BaHWI0 CBMHLA B MPOMBILLIEHHOCTH, NPUHATLIMK B psige EBponeiickux ctpaH, CLUA n Anonum (aupektuea EBponapnamenta 2011/65/EU).
B Pecnybnuke Benapyck ¢ 2018 r. geiictByeT TexHuyeckuit pernameHT TP EASC 037/2016, paapaboTaHHbiii CTpaHamu, BXOASLWMMMY B TaMOXEHHbI i
CO103, KOTOpbIN 3anpeLLaeT UCMOMNb30BaH1e TOKCUYHBIX SNEMEHTOB B PAAMO3NEKTPOHHON NPOMBILLIIEHHOCTM.

Cuctema TBEpPAbIX pacTBOpOB TUTaHaTa-HaTpus-BucmyTa Na0.5Bi0.5TiO3 (NBT) cuutaetcs oaHOMA M3 MepCnekTUBHBLIX B MiaHe NpakTUYecKoro
MPYMEHEHNs HECMOTPS Ha TO, YTO N0 CBOWM XapaKTEPUCTUKaM OHa YCTynaeT Knaccudeckoi PZT-cucteme. PesynbTaTbl NpUMEHEHNs yNbTpasByKoBbIX
konebaHuit B npouecce cuHTe3a PZT-kepamukv MO3BONAIOT MPEAnoONoXWUTb, YTO MPUMEHEHWE YNbTpasByka Ha pasnuyHbIX 3Tanax npow3BOACTBA
nbe3okepamuku Ha ocHoBe NBT cnocobHo Takke ynyywnTs ee huanko-MexaHnyeckme CBOMCTBa.

B panHol paboTe nokasaHO BMWsSHWE YMbTPasByKOBbIX KormebaHuii Ha dTanax MexaHOaKTVBaLuM 1 MPEeccoBaHWs Ha CBOWCTBA GECCBUHLIOBOW
nbe3okepammukm Tuna NBT. YcTaHOBREHO, YTO ynbTpa3ByKOBas MeXaHOaKTMBAaLWMSt M MPECCOBaHWe C HamnOXEHWEM YNbTPa3ByKOBbIX konebaHui
MPUBOZMT K M3MEMNbYEHMIO MCXOAHOTO MOPOLLKA, YTO NO3BOMSIET Monyvath Gornee NMOTHYK OJHOPOAHYK Kepamuky, NpesoTBpaTWTL obpasoBaHue
MWKPOTPELLIMH NpK CriekaHuK1, CHU3NTb Temnepatypy cnekaHus Ha ~60 °C u noBbicuTb Temnepatypy Kiopu Ha 50-60 °C, yBenuunTb AU3NeKTpudeckyto
MPOHMLAEMOCTb. [INs kepamuku, MOMYYEHHON C MPUMEHEHWEM YrbTPa3Byka, XapaKkTepHa BbICOKas 3nmeKTpomexaHnyeckas aHusotponus (d33/d31),
4TO BaXHO ANs NPaKTUYECKOro NPUMEHEHNS, koraa Heobxoanmo Bo3byxaaThb onpeneneHHblie Mogbl konebaHuit. MonyyeHHble pesynbTatbl nocnyxar
OCHOBOW Ans AaNbHENLIEro pa3BuUTMs Hay4YHOrO HaNpaBNeHUs yNbTPa3ByKOBOM MEXaHOAKTMBALMM U MPECCOBAHWS NbE30KEPaMUYECKMX MOPOLLKOB.

KntoueBble cnoBa: nbe3okepamuka, YNbTPa3ByK, yNbTpa3ByKoBas MEXaHOAKTNBALMA, TUTAHAT HATPUA BUCMYTa, NpeccoBaHMe C yNbTPa3ByKOM.

Introduction producing press blanks from ultrafine powders. This significantly reduces
A study [1] on the compaction of structural zirconia ceramics using  the influence of powder characteristics such as bulk density, flowability,
ultrasonic compaction demonstrated the possibility of obtaining products ~ formability, and compactibility without the use of lubricants and binding
with high strength characteristics, which are established at the stage of ~ additives. Studies on the ultrasonic pressing of ferroelectric and
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piezoelectric ceramic powders [2-6] also demonstrated that the finished
products have higher density and improved physical and mechanical
properties compared to those obtained using traditional technology.

The traditional method of compacting powdered parts in a metal mold
[7] involves loading the powder into a die and compacting it by applying
high static pressure. A disadvantage of this method is the highly uneven
distribution of mechanical stresses throughout the volume, which can
lead to subsequent failure of the pressed or sintered part. To increase
static pressure on powders of hard and brittle materials causes high elas-
tic stresses at the contact points between particles and brittle fracture in
these areas when the pressure is released that makes it impossible to
form large parts with complex geometric shapes. The use of plasticizers
does not completely solve the problem due to the formation of a signifi-
cant number of pores when the powder burns out during sintering.

One effective method for modifying the properties of ceramic materials
is the use of powerful ultrasonic vibrations at different stages of their pro-
duction: ultrasonic mechanoactivation of powder, pressing, and synthesis.
Ultrasonic mechanoactivation is based on the phenomenon of acoustic
cavitation — formation and collapse of cavities in a liquid medium being
subjected to ultrasonic waves. In this process, particles and their powder
aggregates are crushed as a result of repeated exposure to pulsed loads
caused by the collapse of cavitation bubbles. Furthermore, grinding is pos-
sible due to the collision of powder particles during their random movement
under the influence of ultrasonic vibrations. Due to mechanoactivation the
sintering temperature of the processed powder decreases, the mechanical
properties improve (reduced porosity, increased strength, improved plastic
properties), and reactivity increases [8-11].

In ultrasonic powder pressing, high-power ultrasound is typically ap-
plied to the powder using a punch or a die via the entire compaction cycle or
by applying a certain pressure from the beginning of the process. The prin-
ciple of ultrasonic pressing is that through the periodic application of ultra-
sonic vibrations with an amplitude comparable to the size of particles or
their agglomerates, the overall stress in the deformed powder material is
uniformly redistributed and relaxes within the compact due to the uniform
distribution of powder particles. When pressing with ultrasonic vibrations,
the pressure distribution within the compact becomes more uniform due to
both reduced wall friction and reduced interparticle friction, resulting in
denser particle packing and an increased density of the pressed blank.
Furthermore, the use of ultrasound during pressing results in the healing of
small pores and a reduction in the number and size of large pores [12].

Thus, a major advantage of using ultrasound in the process of pressing
is to produce compacts without a mechanical stress gradient, as otherwise,
subsequent operations will result in product failure due to the formation of
delamination cracks. Reducing pressing pressure is generally not consid-
ered the primary advantage of using ultrasonic vibrations. Firstly, the appli-
cation of ultrasonic vibrations requires additional energy consumption. Sec-
ondly, higher compact density can be achieved, and is much easier, by
increasing pressure. However, pressure can be increased up to a certain
optimal value. For example, for barium titanate, this value is 30+70 MPa
[12]. Exceeding the optimal pressure causes cracking. This is because, as
pressing pressure increases, the elastic force causing cracking increase
proportionally to the pressure, while the strength of the compact increases
only slightly. As a result, when pressing pressure reaches a certain value,
the destructive elastic strength exceeds the strength of the compacts, and
cracks appear in the pressed product.

Based on the described physical laws of the pressing process, it is
proposed [13] to initially press to the optimal pressure value without ap-
plying ultrasonic vibrations. Then, to relieve uneven mechanical stress in
the sample, apply ultrasonic vibrations to the compacted mass in a static
state under the optimal fixed pressure.

Applying ultrasonic vibrations to the pressed powder for less than
one second is ineffective, since the energy of ultrasonic vibrations in this
case is insufficient to relieve the uneven distribution of mechanical stress
that arises during the pressing process. The application of ultrasound for
2-5 s leads to complete equalization of stresses throughout the entire
volume of the pressed product. Increasing the ultrasonic exposure time
beyond 5 s does not improve the quality of the pressed product and re-
duces the service life of the press mold [13].

Employing rotational movements in the press tooling (matrix and
punch) can enhance the quality of press blanks. The analysis of the de-
pendence of powder density on pressing pressure for barium titanate
showed that the application of ultrasonic vibrations increases the density

of samples obtained at the same pressure. This difference is particularly
significant at low pressure.

Studies of the compaction process of BaTiOs powder using holo-
graphic interferometry methods revealed that at the initial stage of press-
ing without ultrasonic vibrations, compaction occurs in a limited area near
the upper punch and then extends to the middle and lower parts of the
compact. As the compaction density increases, particle motion becomes
more orderly, and slippage decreases. When pressing with ultrasound,
the powder undergoes the same compaction stages as without ultra-
sound vibrations and, when it reaches a state of density, behaves as
a monolithic body. However, when pressing with ultrasound at lower
pressures, the powder reaches a state where the particles begin to move
in a regulated manner, reducing contact friction forces between the pow-
der particles and between the powder and the die walls, providing the
desired density with lower static stress [14].

The aim of this work is to study the influence of ultrasonic vibrations
on the physical and mechanical properties NBT — NBT-BT based pie-
zoceramics.

Experimental procedure

Ultrasonic mechanoactivation of powder can be achieved using
an immersible sonotrode or by exciting vibrations in a container (cup)
where the powder is loaded (Figure 3). Powder processing can be per-
formed dry, i.e., without pouring it into a liquid medium, or by placing the
powder in a liquid in which ultrasonic vibrations are excited. In the first
case, the physics of the process are similar to powder processing in
planetary mills. In the second case, mechanoactivation and crushing of
powder agglomerates occur through ultrasonic dispersion in a liquid me-
dium due to cavitation and ultrasonic flows. Moreover, the efficiency of
ultrasonic processing is significantly increased if the process is carried
out under excess hydrostatic pressure (Figure 2). Excess hydrostatic
pressure in a process medium was created using a compressor.

Two acoustic schemes were used for pressing the synthesized pow-
der with the application of ultrasonic vibrations: the half-wave and quar-
ter-wave reflectors (Figure 4). The first scheme (Figure 4a) is convenient
because the amplitude of displacements at the end of the half-wave re-
flector can be seen to estimate the amplitude of vibrations in the powder
deformation (compacting) zone. A laboratory setup was designed and
built for these schemes using a UZDN-2T generator with a power of
0.4 kW, a frequency of ~22 kHz, and a manual hydraulic press with
a force of 35 kPa. This setup was used to test the compaction tests.

The charge was prepared from Na2COs, TiO2 and Bi203 powders.
Mixing was performed in a jasper mortar using alcohol. The powder was
then pressed into briquettes of 20 mm in diameter and 10 mm in height
for subsequent synthesis. The synthesis temperature was 800-850 °C,
and the synthesis time was 5 hours: a 3-hour temperature rise and a 2-
hour hold. To minimize deviations from the calculated stoichiometric
composition due to evaporation of volatile oxides, the synthesis was car-
ried out in a closed crucible with a backfill of powder of the same compo-
sition. Samples of composition (1-x) NBT — xBT, where x = 0,1; 0,12,
were obtained using a similar technology.

The X-ray diffraction pattern of the obtained compound (Figure 1)
showed a typical perovskite structure [15], as a confirmation of a suc-
cessful synthesis.

The synthesized briquettes were ground using a mortar. The stoichi-
ometric mixtures of the initial NBT and NBT — BT powders obtained after
synthesis were then subjected to ultrasonic mechanoactivation using
a 2 kW ultrasonic generator operating at a frequency of ~22 kHz in dis-
tilled water for 30 minutes (Figures 2, 3).

For ultrasonic pressing of the synthesized powder we used a 0,4-kW
generator with a frequency of ~22 kHz and a manual hydraulic press
(Figures 4, 5). The pressing force was 35 kPa.

The obtained press blanks were sintered in a closed crucible
at 1150 °C for 5 hours. Then the end surfaces of the samples were
ground to ensure flatness and parallelism for subsequent application of
conductive coatings and dielectric measurements. Electrodes were ap-
plied by firing silver paste using a standard method at 800 °C. The dielec-
tric measurements were carried out using an E7-20 immittance meter at
a frequency of 1 kHz.

The study of granulometric composition of powders was analyzed using
the Malvem Mastersizer 2000 laser analyzer (Malvem Instruments Ltd., Mal-
vern, UK) in the range of 0,02-2000 pum according to the standard method.
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Figure 1 — X-ray diffraction pattern of the studied NBT (*~ peaks of the standard substance from the database)

1 —booster; 2 - reactor chamber body; 3 — waveguide; 4 — glass;
5 — processed medium; 6 — cooling liquid
Figure 2 — Scheme and acoustic unit for ultrasonic mechanoactivation

of powders: Figure 3 — Laboratory setup for ultrasonic mechanoactivation
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1 - half-wave waveguide-punch; 2 — matrix; 3 — powder; 4 — reflector; 5 — diagram of mechanical displacements
Figure 4 — Schematic diagram of an acoustic unit with a half-wave (a) and quarter-wave-reflector (b) for ultrasonic pressing of powder
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Figure 5 — Experimental setup for ultrasonic powder pressing

Results and discussion

The results of particle size analysis (Figures 6 and 7) showed that
the ultrasonically treated powder reduced particle agglomeration and
improved particle size. Thus, while the average particle size of the origi-
nal powder was 67,5 um, the average particle size after ultrasonic treat-
ment was 5,7 um.

Figure 8 shows pictures of powder before and after ultrasonic mech-
anoactivation.

At the next stage we studied the microstructure of sintered press
blanks obtained both without the application of ultrasonic vibrations and
with ultrasonic vibrations.

The ultrasonic-assisted pressing process leads to a reduction in the num-
ber of large pores and a more uniform structure of the press blank (Figure 9).
Usually, the grain-size, grain orientation and porosity, can strongly affect the
domain structure and polarization switching behavior [16-18].

Measurement of the permittivity showed that the application of ultra-
sonic vibrations at different stages of the synthesis of NBT-based pie-
zoceramics leads to an increase in the permittivity (Figure 10). Curves
are strongly frequency-dependent, which is characteristic of a relaxor-like
behavior [19], potentially arising from disordered polar regions [20].

The permittivity increased for samples of each composition obtained
using ultrasonic vibrations. The maximum increase in permittivity was
observed for the composition with x = 0,12. The increase in the dielectric
loss tangent values for the samples subjected to ultrasonic vibrations was
observed compared to those for the samples obtained using a standard
technology. However, in the temperature range from 370 to 400 °C, the
tangent values for the composition with x = 0,12 obtained using ultrasonic
vibrations were lower than those for the samples of the same composition
obtained using a standard technology (Figure 11).
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Figure 6 — Particle size distribution of the initial powder
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Figure 7 — Particle size distribution of powder after ultrasonic mechanoactivation
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Figure 9 — Microstructure of the sintered press blank obtained without the application of ultrasound (a, ¢) and obtained using ultrasound (b, d)
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Figure 11 — Temperature dependence of the dielectric loss tangent

Conclusion

The application of ultrasonic vibrations during mechanoactivation and
pressing of the synthesized powder of NBT-based piezoceramics pro-
vides the obtaining of denser homogeneous ceramics, preventing the
formation of microcracks during sintering, reducing the sintering tempera-
ture by ~60 °C, increasing the Curie temperature by 50-60 °C, and in-
creasing the dielectric constant. Ceramics produced with ultrasound is
characterized by high electromechanical anisotropy (d33/d31), which is
important for practical applications when it is necessary to excite certain
vibration modes. The obtained results will serve as a basis for further
development of the scientific field of ultrasonic mechanoactivation and
pressing of piezoceramic powders.
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