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Direct ultrasonic synthesis of classical high temperature ceramic phases at ambient
conditions by innovative method
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It is well known that ultrasound waves accelerate chemical, physicochemical and electrochemical processes. In this
respect, it deserves to investigate the applicability of this technique for synthesis of high tech materials with specific
applications. Ferroelectric ceramics are used for production of various devices for electronic components like high-
temperature capacitors, non-volatile memories (ROM), etc. The commonly used compounds for ferroelectric materials
production are Bi»Os3 TiO,, SiO2 and Nd»Os and their different combinations. The classical route to obtain ferroelectric
materials, particularly their high temperature specific phases, is to prepare a batch by weighing and mixing the
precursors of the starting compounds in a hand mortar followed by high temperature melting usually over 1300°C
which need higher class ovens and then tempering the molten compositions. This work presents a novel approach for
synthesis of ferroelectric ceramic materials of the system Bi»Os-TiO2-SiO2-Nd,O based on agitation of the precursors in
powerful ultrasonic field generated by custom-made specialized device. The method is extremely simple and energy
saving since it avoids using high temperature equipment. Applying this innovative approach the high-temperature phase
Bi1.TiO2 having specific optical properties was synthesized at room temperature and verified by XRD analysis, optical
microscopy and IR spectroscopy. The ultrasound agitation has pronounced effect on thermally treated samples too.
Furthermope, studies are under way to establish the relationship between the mayor process parameters and the
properties of the obtained ceramic materials (power of the applied ultrasonic field, temperature, duration, etc.). Our
experiments show that this new useful method exhibits wide applicability in future hydrogen energy conversion
systems, for optical, electro-optical and ferroelectric ceramic materials production. We suggest using it for production
of other glass ceramics, superconductors, metal ceramics and composite materials, and also as an alternative or addition
to the mechanochemical methods for both synthesis and activation.
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INTRODUCTION

Aurivillius family oxides including BisTizO1
are of great interest in the last years due to their
potential for electronic applications as transducers,
capacitors, and acoustic piezo-sensors with high
temperature piezoelectric properties, (high Curie
temperature) [1, 2]. Many techniques have been
employed for preparing a layered structure of
bismuth titanate phases including powders and bulk
ceramics: molten salt synthesis, co-precipitation,
reactive calcinations, sol-gel synthesis,
mechanochemical method and others. Between
them the crystallization from melts or glasses [3-6]
gives the possibility to control more easily the
particle size distribution, morphology and
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crystallographic orientation. As it is well known the
phase formation and the properties of these
materials are strongly influenced by the method of
preparation. On the other hand co-doped BisTizO1,
ceramics are very promising to direct
commercialization. The introduction of Nd-Os as
additive allows obtaining of materials with more
effective electrical and dielectric properties, such as
a higher remnant polarization and height resistance
to fatigue [7-18]. The other challenge is the
existence of solid solutions in the system Bi,Os-
TiO2-Nd20s. By S. Kunej et al. [19] were described
the solubility limits of three solid-solutions: Bie-
1,08x)Ndei20(6,4+0,3x), (0,25<X<0,96), Nd,«BixTi,07,
(0<X<0,35), and Bi4.dexTi3012, (0<X<2,6).

In the previous studies [20, 21] it has been
shown that the introduction of 20 - 40 mol% SiO;
simulates the partial amorphization of the samples.
The main established phases in super cooled melt
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are either Bi,Ti,O7 and BisTizO12 or only BisTiz012,
in dependence of the cooling rate and composition.
The other important result was that simultaneous
introduction of SiO, and Nd,Os3 as additives [21] in
bismuth-titanate ceramics changes the glass-
formation ability and electrical properties.

These results motivated us to continue our
experiments in this field. The purpose of the present
work is to prepare, by melt quenching method,
polycrystalline or glass-crystalline materials in the
system Bi»O3-Ti0,-SiO2-Nd>03; and to study their
electrical properties depending on composition and
temperature and to compare the results obtained
after ultrasonication of precursors.

Beneficial effects at using ultrasound technology
are described in [22, 23].

EXPERIMENTAL

The melting is performed in alumina crucibles at
500 °C to 1450°C according to way of preparation.

The samples are homogenized in two ways
(Figure 1): 1) 15 minutes mixture; 2) 15 minutes
mixture and then ultrasound homogenization (20
min).

The obtained samples with their batch
compositions, visual observation and method of
preparation are presented in Table 1 (obtained
without ultrasound treatment) and Table 2
(obtained with ultrasound treatment).

Data for selected samples will be presented
below. The samples, obtained by the first method,
are heated in temperature range 1260 — 1450°C.

The samples, obtained by the second method, are
heated in temperature range 500 — 1200°C.

Way of Preparation

Starting oxides

Y
Mixture
15 minutes

v
/ \
yd Ultrasound
yd treatment
pd 20 minutes

Fast cooling at room
from 1260 and 1450 °C temperature || §

Free cooling
A from 1200°C

Free cooling
from 840 °C

Y Free cooling

1 from 500 °C
Fast cooling
from 1200 °C

Fig. 1. Scheme of preparation of the samples.
RESULTS AND DISCUSSION

In this method ferroelectric materials are melted
in alumina crucibles at 1450°C and super cooled to
room temperature by pouring between two cooper
plates. The detected main phases are BisTizOxa,
BiuTiOzo and 6—Bi203.

Samples were treated by ultrasound at room
temperature which leads mainly to forming of
phase Bi1,TiOy (for samples J, L, 4D) and Nd.Os;
(for samples 6, 11). Subsequent thermal treatment
shows the formation of the phase BisTizOuy,
maintaining the phase Bi2TiO2 (Figures 2- 4).

Table 1. The obtained without ultrasound treatment samples with their batch compositions, visual observation and

method of preparation.

Phase formation

Batch Composition

according XRD

Method of Preparation

6 40Bi,03.40Ti0,.20Nd>03

Tm=1450°C

BisTiz012, Bi12TiOx,
8-Bi20s.
11 50Bi203.40Ti02.10Nd203
BisTiz012, Bi12TiOx,
8-Bi;0:s.
4D 32Bi03.40Ti0,.20Si02.8Nd203

BisTisO12
j 40Bi,03.40Ti02.20Si02
BisTi3012
| 40Bi203.50Ti02.10Si0>
BisTi3012

Fast cooling

1450°C, 15 min.

Tm=1450°C
Fast cooling

1450°C, 10 min.

Tm=1450°C
Fast cooling

1450°C, 10 min.

Tm=1260°C
Fast cooling

1260°C, 15 min.

Tm=1260°C
Fast cooling

1260°C, 15 min.
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Table 2. The obtained with ultrasound treatment samples with their batch compositions, visual observation and method
of preparation.

Batch Composition

Phase formation

Method of Preparation

according XRD
4D 32Bi203.40Ti0,.20Si0,.8Nd;03 Tm=840°C
Ultrasound treatment
Bi12TiO20,BisTizO12,Bi2SiOs Slow cooling
840°C, 8 hours
11 508i203.40Ti02.10Nd203 Tm=840°C
Ultrasound treatment
BiuTiOzo, Bi4Ti3012, Slow coollng
840°C, 8 hours
11 50Bi;03.40Ti02.10Nd,03 Tm=1200°C
Ultrasound treatment
Bi1,TiOz, BisTizOu2, Slow coollng
1200°C, 15 min.
j 40Bi,03.40Ti0,.20SiO; Tm=1150°C
o o Ultrasound treatment
Bi12TiOz, BisTizO1, Fast cooling
Bi2SiOs 1150°C, 15 min.
i 40Bi203.40Ti0,.20SiO, Tm=1180°C
o o Ultrasound treatment
Bi12TiOx, BisTisO12, Slow cooling
Bi2SiOs 1180°C, 15 min.
| 40Bi,03.50Ti0,.10Si0O; Tm=1180°C
o o Ultrasound treatment
Bi12T10z, BisTisOz, Slow cooling
Bi2SiOs 1180°C, 15 min.
; e
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Fig. 2. XRD patterns of sample with composition: a) 32Bi»03.40Ti0,.20Si0,.8Nd>0s homogenized with ultrasound at
room temperature; b) 32Bi»03.40Ti0,.20Si0,.8Nd,03 homogenized with ultrasound and heated at 500°C;
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¢) 32Bi203.40Ti02.20Si0,.8Nd»03 homogenized with ultrasound and heated at 840°C.
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Fig. 3. XRD patterns of the external part of sample with composition: a) 40Bi»03.40Ti0,.20Nd,O3 homogenized with
ultrasound at room temperature;b) 40Bi,03.40Ti02.20Nd,03 homogenized with ultrasound and heated at 500°C;
¢) 40Bi»03.40Ti0,.20Nd,03; homogenized with ultra sound and heated at 840°C.
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Fig. 4. XRD patterns of the external part of sample with composition: a) 50Bi>03.40Ti02.10Nd,O3 homogenized with
ultra sound and heated at 840°C;b) 50Bi,03.40Ti0..10Nd>03; homogenized with ultra sound and heated at 1200°C;

c) 40Biy0:.40Ti0,.20Si0, homogenized with ultra sound and heated at 1150°C;d) 40Bi»03.50TiO,.10SiO;
homogenized with ultra sound and heated at 1200°C and fast cooled.
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Fig. 5. IR spectrum of sample with composition: a) 40Bi,03.40Ti02.20Nd,0s3; b) 40Bi»03.40Ti0,.20Nd203;

C) 4OBi203.40Ti02.20Nd203.
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Fig. 6. IR spectrum of sample with composition: a) 32Bi»03.40Ti0,.20Si0..8Nd.0s3;
b) 32Bi,03.40Ti0,.20Si0,.8Nd203; ¢) 50Bi203.40TiO2.10Nd,0s.

The infrared spectroscopy of the investigated
material gives some additional information
concerning especially the connectivity of the short
range building units as well some characteristic
bands corresponding to the obtained crystal phases.
Several bands are observed in the spectrum. Bands
near 1000 cm, 800-900 cm™ as well as band near
470 cmt are observed. This means that they may
possess bridging bond Si-O-Si corresponding to the
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band (above 1000 cm™) connected to partially
polymerized SiOs tetrahedra. At 920 cm™ bridging
bond Ti-O-Si decrease, the band below 920 cm?
due to Bi-O vibration of Bi»Os. At decrease of
Bi,0j3 content this band shifts to higher frequency.
At frequency 450 cm? replacement of silica by
Nd.O; up to 10% is quite interesting because the
spectrum will be as similar as for pure BisTisO12 for
this compound. The typical band one is near 820
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cm?, the other band is near 580 cm™ and the
following one is near 450 cm™®. Up to now there is
no adequate explanation for the origin of this
vibration (Figure 5, 6).

CONCLUSIONS

The investigation carried out confirms that
depending on the condition of the melting and
additional heat treatment of the super-cooled melt
different poly-phase ceramic materials with various
microstructures could be obtained in the system
Bi203-TiO2-Si02-Nd2Os.

1. In the synthesized samples the presence of

several phases including BisTizO012, Bi203
polymorphs and BixTiOz are registered by melt
quenching.

2. Samples treated by ultrasound without
heating leads to formation mainly of the phase
Bi,TiOx and of small amount of the phase
BisSisO12 (for samples with SiO, presence in the
batch composition) and Nd;O; (for samples with
Nd»Os3 presence in the batch composition).

3. Subsequent heating of ultrasound treated
samples (in temperature range 500 - 1200°C) shows
the formation of the phase BisTizO12, and of the
phase BilzTiOzO.

4. The IR spectra confirms the degree of the
connectivity between different types of the
polyhedral building the short range order in the
structure of the materials:

a) The increased amount of TiO. in glass
ceramic material preserves the bridging bonds Si-
O-Si and Si-O-Ti up to 40 % TiO..

b) The increased amount of Bi.O; instead of
SiO; leads to formation of isolated SiO4 units.

¢) The introduction of Nd>Os does not change the IR
spectra of the phase BisTisO1 up to 10 % Nd.Os.

5. Because of the proven efficiency of direct
ultrasound synthesis (sonosynthesis) we can
conclude it to be a very perspective technique for
application in many cases like in glass, glass
ceramics and ceramics pre-synthesis and
preparation where evaporation or sublimation of
volatile components occur in uncontrolled manner
and in this way the final chemical and respectively,
the phase composition is changed. In particular
cases the composition is very different from the
initial one and researchers try to use various
analytical methods to determine the final
composition. But all analytical methods have their
respective  natural  limits,  precision and
reproducibility. These efforts, as well as, expenses
and time wasted could be avoided by applying the
proposed ultrasonication method. The best

analytical method appeared to be the analytical
scales because 100% of the initial components are
present in the final chemical and phase composition
by using this method of preparation. One of the
main problems in glass melting, as well as, in
ceramics synthesis and sintering could be solved
successfully by applying ultrasound treatment
technique.
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JUPEKTEH VJITPA3BYKOB CUHTE3 HA BUCOKOTEMIIEPATYPHU
KEPAMUWYHU ®A3U ITPU OBUKHOBEHU YCJIOBHA 110 MTHOBATHUBEH METO/{
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(Pesrome)

JloOpe W3BECTHO €, 4e YNTPa3BYKOBUTE BBIHMA YKOPSIBAT XUMHYHHUTE, PU3HKOXUMHIHHTE M CICKTPOXUMHYHUTE
mporiecd. BpB BpB3ka ¢ TOBa CH 3aciykaBa Ja Ce¢ HW3CIeIBa NPWIOKHMOCTTa Ha Ta3W TEXHHKAa 3a CHHTE3 Ha
BHCOKOTEXHOJIOTHYHH MaTepHalI ChC CHEIMM(DUIHHM TPUIOKEHUs. DepoeNeKTpUYHNTE KepaMHKH Ce H3IMOJI3BAT 3a
MIPOM3BOJICTBO HA PA3JIMYHU EJIEKTPOHHM KOMIIOHEHTH KaTo BHCOKOTEeMIIepaTypHH KoHienzatopu, ROM mnamer 3a
KOMMOIOTPH U ApyrH. [LIHpoKo M3MON3BaHUTE CHEIMHEHHS 3a TPOM3BOJICTBO Ha (epoenekTpuuHn Matepuann ca BirOs,
TiOy, SiO; and Nd2Os, kakTo W pa3nuuHKM TeXHW KOMOWHaIMK. KiacMueckusi HAUWH HA CHHTE3 3a MOJydaBaHEe Ha
(bepoeneKkpryHu MaTepuaii 1 0COOEHO BUCOKOTEMIIEpAaTypHHUTE UM (a3u € Jia ce MPUTOTBU ChCTAB Ype3 MpeTeriisiHe 1
CMECBaHEe Ha TPEKyPCOPHUTE Ha M3XOHUTE MaTepHald B pPbUYEH XaBaH MOCIEIBAaHO OT TOIIEHE IPU BUCOKA TeMIIepaTypa
obukHoBeHO 10 1300°C. ToBa W3HMCKBa MO-BHCOK KJIAC IEIIH, CJIEI KOETO CIlie[Ba TEMIICpUPaHE Ha CTOICHHTE
komnosuiun. Hacrosimara pabota mpeacraBisiBa HOB ITOAXO]] 32 CHHTE3 Ha (DEpOCIIEKTPHYHA KePaMHIHH MaTepHallu
ot cucremara BioO3-Ti02-Si02-Nd>O ocHoBaH Ha 00IbUYBAHE HA MPEKYPCOPHUTE C BUCOKO MOIIHO YIATPAa3BYKOBO TIOJIE,
TCHEPHUPAHO OT CIECIHAIN3APAHO YCTPOUCTBO H3pAOOTEHO 1O MOPHYKa. METOIBT € MHOTO JIECEH U € €HePTOCIIeCTSIBALLI,
TBI KaTo ce M304rBa H3IOI3BAHETO HA BUCOKOTEMIIepaTypHO obopynBane. C MpriiaraHeTo Ha TO3W MHOBATHBEH TOIXOT
BucoKkoTemrepaTypHara (aza Bi1oTiO, kosTo uma crierupuuHE ONTHYECKH CBOMCTBA Oellle CHHTEe3UpaHa MpH CTaiHa
TeMmIepaTypa, Koeto Oemre MOTBBpPAEHO C peHreHoB (a3 ananu3z XRD, ontmuna Mukpockomus u HMH(padepBeHa
criektpockonus. OOTPYBAHETO C YATPa3BYK MMa U3siBEH e(eKT W BBPXY TEPMUUHO TpeTHpaHUTE oOpa3iu. B xonx ca
W3CIIEBaHMS, KOUTO IEJST JIa Ce YCTAaHOBHM BPB3KaTa MKy OCHOBHUTE TEXHOJOTHMYHH MapaMeTpH M CBOHCTBAaTa Ha
MOJNyIeHUTe KepaMHYHW MaTepuain (MOIIHOCTTA Ha MPUIOKEHOTO YIATPAa3ByKOBO IIOJIE, TeMIIeparypara,
MPOABIDKUTETHOCTTa W JAp.). Hammre excrnepuMeHTH IIoKa3BaT, Y€ TO3M HOB IIOJE€3€H METOJ HMa IIHpPOKa
MIPHUII0KUMOCT B OBJICIINTE BOAOPOIAHU IpeoOpa3yBaTeIN Ha HEPT U, KaKTO U 3a MPOM3BOJCTBO HA ONTHYHH, CIEKTPO-
ONTUYHU ¥ (EpOCICKPUYHN KEepaMHYHH Marepuain. Hue mpemnarame H3MOJI3BaHETO HA TO3H METOA M 3a APYTH
CTBKIIOKEpAMUYHHU MaTepUAIIH, CBPHXIIOPOBOIHUIIN, METAJIOKEPAMUYHA U KOMIIO3UTHU MAaTEPUANH, a CHIIO TaKa M KaTo
aNTEpPHATHBA WK JOMBIHCHAC HA MCXaHOXHUMHUYHHUTE METOJIH C IIeJI CHHTE3 ¥ aKTUBUPaHE HAa MaTepHAIIH.
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