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Physical and chemical transformations under solid-state synthesis of sodium-bismuth
titanate (Naj zBi; 5)TiO; and based on it solid solutions have been studied. It has been
found that the processes are multi-stage and involve the formation of a number of
intermediate phases. Their identification was carried out by the method of X-ray struc-
tural analysis. The optimal conditions for the synthesis of the studied materials and
electrophysical characteristics of piezoelectric ceramic elements have been defined.

UccnenoBanbl (PUBMKO-XUMUUECKNE [IPEBPAIleHUs [IPU TBepAOo(Da3HOM CHUHTE3e THUTAHATA
HATPUA-BUCMYTA (Nao,sBio,S)TiO:% U TBepABLIX PACTBOPOB Ha ero ocHoBe. IloxasaHo, YTO mIpoO-
LIeCChl CUHTE3a SBJIAIOTCA MHOTOCTAAUNAHBLIMU U IIPOXOLAT dYepes o0pasoBaHUeE ILEJOro PAla
NpoMesKyTOYHBIX ()as. MeToZLoM PeHTreHOCTPYKTYPHOTO aHA/IN3a IPOBeJeHa UX UIeHTU(PUKA-
nusa. OnpejesieHbl ONTUMAJIBHEBIE YCJIOBUSA CUHTE3a WCCIELyeMBbIX MaTePUaoB U 9JeKTpodu-
3UYeCKUe XapaKTEePUCTUKU IHe30KePaMUUEeCKUX IJIEMEHTOB HA WX OCHOBE.

1. Introduction

Piezoelectric ceramics is widely used in
various areas of technology. At the present
time the lead zirconate-titanate (PZT —
Pb(Zr,_,Ti,)O3) based solid solutions are the
leaders in production of piezoelectric ce-
ramic materials. They have the high level of
properties, their production technology is
very simple and the cost of final product is
low. But as a result of restrictions on the
use of materials containing lead in electron-
ics adopted by a number of countries, (July
1, 2006; the European directive RoHS —
Restriction of Hazardous Substances,
2002/95/CE), the investigations related to
the substitution of PZT for lead-free mate-
rials in a production of piezoelectric ceram-
ics are carried out intensively.

The most perspective for practical use
are lead-free materials based on sodium-bis-
muth titanate (Nag 5Big 5)TiO3 — NBT. NBT
shows a strong ferroelectricity
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(Pr = 838 uC/cm?) and high Cure tempera-
ture (T, = 320°C) [1, 2]. The technology of
these ceramic elements production is almost
similar to the one of materials based on
PZT. The cost of the required equipment
and starting materials is very low.
However, the based on no alloyed NBT
ceramics have some disadvantages such as
high conductivity and high values of coer-
cive field (Ec reaches the wvalue of
70 kV/em) which cause problems in the po-
larization of working elements. As a result
the level of the piezoelectric properties is
low. That is why very intensive search and
studying of new systems of (NaggBiy5)TiO5
based solid solutions with improved piezo-
electric properties have been carried out
[3—6]. We have chosen the approach which
until the present time has not been used by
other researchers — the search of solid so-
lutions of the system (NaggBigs)TiO3 —
(Nag 5Big 5)ZrO; (NBTZr), which is a struc-
tural analog of PZT. It is expected that in
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this system of solid solutions the level of
piezoelectric properties will be exceed the
properties level of PZT.

We have solved the problems of solid
state synthesis of NBTZr. This paper con-
siders the results of the investigation of
physical and chemical processes of synthesis
of sodium-bismuth titanate and based on it
solid solutions.

The main tasks of the work were following:

— to study the phase formation during
solid state synthesis of the sodium-bismuth
titanate and based on it solid solutions;

— to identify the optimal conditions for
the synthesis of the studied materials and
their electro-chemical characteristics.

In the next paper the results of the in-
vestigation of sodium-bismuth zirconate
synthesis will be considered. The results of
the research of the phase transformation in
the system of solid solutions (Nag gBig 5)TiO5
— (Nag 5Big 5)Z2rO5, providing the high prop-
erties level, will be represented in the sub-
sequent papers.

2. Experimental

For obtaining the sodium-bismuth ti-
tanate (Nag gBiy 5)TiO5 and solid solutions on
it base we have used the traditional method
of solid state synthesis. Reagent grade ox-
ides and carbonates of corresponding metals
were used as starting materials. All the
starting materials were mixed in the appro-
priate stoichiometry by ball milling. The
mixture was caleined at 700-1100°C. The
synthesized powders were uniaxially pressed
into disks and sintered at 950-1150°C. X-
ray analysis was carried out on diffractome-
ter DRON-38 using filtered CuK, radiation.
The piezoceramics elements were controlled
according to the standard technique, the
piezoelectric modulus dg3 was measured by
the static method [7].

3. Resultls and discussion

As a result of X-ray phase analysis in
the powder  mixture  0.25Na,CO; +
0.25Bi,0O3 + TiO, sodium-bismuth titanate
(Nag 5Big 5)TiO3 with cubic perovskite strue-
ture (a = 3.884 A) is found after calcination
at a temperature of 700°C. Intermediate
phases in the form of sodium titanates
NazT|6013 and NazT|307, and also bismuth
titanate Bij,TiO,y (which is on the phase
diagram [8]) are also presented among the
reaction products. The temperature increase
leads to decreasing the share of the sodium
titanates and Biy,TiOyy compound disappear
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Fig. 1. X-ray patterns after different calcina-
tion temperatures. At the top: T, °C: I —
700 (6 h), 2 — 700 + 850 (16 h), 3 — 700 +
850 (23 h). At the down: T,,, °C: 1 — 850
(5 h), 2 — 850 (15 h).

from reaction mixture at T = 800°C. For
T > 800°C the new intermediate phase
2Bi,03-3TiO, — bismuth titanate Bi,Ti;O45
appears existing in the reaction products up
to 850°C. Single-phase (Nag 5Big 5)TiO3 only
with pseudo-cubic perovskite structure
(a = 3.884 A) is formed as a result of calci-
nations process at the temperature 850°C
during long time (Fig. 1). The time of NBT
formation is decreased with temperature in-
creasing.

X-ray patterns in the Fig. 1 indicate pe-
culiarity of the solid-state reactions in the
oxides system. At the top of the Fig. 1 dif-
fraction patterns are presented which have
been obtained wusing less temperature
(700°C) primary calcinations of the initial
mixture of the components. The second dif-
fraction pattern has been obtained using
usual primary calcination at 850°C. The X-ray
patterns for the cases synthesis at 700°C
and at 850°C only show less time of the
process in the second case. It is determined
by the formation of the stable low tempera-
ture phases at the low temperatures. Its
transformation into high temperature phases
demands addition energy and occurs under
more long time aging under 850°C.

At quick crossing the temperature inter-
val of (600-800)°C (in particular such tem-
perature regime corresponds to second dif-
fraction pattern) low temperature phases
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are not able to form because ionic diffusion
at these temperatures is very low.

700°C is starting temperature for forma-
tion of (Kq5Big5)TiO3 with pseudocubic
structure (a = 3.94 A). The process take
place during the calcinations under this
temperature in appropriate stoichiometric
mixture of oxides (carbonates). The only in-
termediate compound at this temperature is
bismuth titanate with formula Bi ;TiO5y. In
the temperature interval from 800 to 850°C
titanate with formula Bi,Ti;O4, is formed.
Single-phase potassium-bismuth titanate
(a = 3.946 A) is formed at 850°C during
more long time (Fig. 2) of exposure in com-
parison to (Nag 5Big 5)TiO5. As well as in the
case of (Nao5B|O5)T|O3 for (KOSBIOS)TIO3
there are particularities which are the re-
sults of primary exposure under 700°C.

Now let us consider the synthesis of
[(Nag 5K 5)0.5Big 5]TIO3.

In the case of substitution some sodium
ions to potassium ones in the structure of
sodium-bismuth titanate (substitution in
sublattice A) with formation of solid solu-
tion [(N305K05)058|05]T|O3, the nature of
phase transformations differs in relation to
pure (NagsBig 5)TiO3. In starting powder’s
mixture sodium-potassium-bismuth titanate
[(N305K05)05B|05]T|O3 with the parameter
of pseudo-cubic lattice 8.901 A also is
formed after calcining at 700°C. Intermedi-
ate titanates Na,TigOq3 and Na,Ti;O; are
not formed unlike the pure (Nag 5Big 5)TiO3.
The only intermediate compound at this
temperature, like in case with
(Nag 5Big 5)TiO4, is  bismuth  titanate
Bi;oTiO5g, which can be found in reactive
mixture in large quantity together with of
TiO, (rutile). After increase of the calcining
temperature up to 800°C, bismuth titanate
with formula Bi,Ti3O¢, is formed and exists
in the reaction products up to 850°C as well
as in previous to cases. Formation of single-
phase solid solution [(N3025K025)05B|05]T|O3
comes to an end after caleining at 850°C.

The main predominate phase in the mix-
ture of the initial components with the com-
position [(Nag 5Bij 5)g g5Bag g5]TiO3 after cal-
cining at 900°C is solid solution with
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Fig. 2. X-ray patterns after different calcina-
tion temperatures. At the top: T,,, °C: 1 —
700 (6), 2 — 700 + 850 (16 h), 3 — 700 +
850 (30 h). At the down: T °C: 1 — 850
(5 h), 2 — 850 (20 h).

cal’

tetragonal distorted structure of perovskite
type with the lattice parameters a = 3.89 A
and ¢ = 3.96 A. In small quantity the solid
solution on the base of BiyTi,O; with
perovskite structure (a = 3.97 A) is found
also. Single-phase product with pervoskite
structure is formed at 1100°C.

As it has been noticed before, the aim of
a great number of works on piezoelectric
materials is replacement of PZT based ce-
ramics by lead free materials. At present
the level of piezoelectric properties lead-free
materials is lower then PZT parameters. Re-
lying on the results obtained in this work
by alloying the solid solu tions we produced
piezoelectric ceramics with the level of
characteristics, presented in the Table.

As you can see, on this stage the ob-
tained lead-free piezoelectric ceramics have
the piezosensitivity gg3 — one of the main
characteristics of piezoelectric materials —
comparable with one of PZT ceramics. We

Table. Parameters of NBT-based piezoelectric ceramics

Composition €g57/€y | t€8, % | Ter °C |P, uC/ecm?| E,, kV/em d33~1012, g33.103,
C/N V-m/N
(Nag 5Bij 5)TiO4 624 3.10 324 10.99 25.5 80 14.5
[(Naj 5Big 5)0.95Bag 051 TiO4 723 2.65 273 42.90 23.0 160 25.0
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reached such results in this work on the
samples of solid solutions of the system
(Na,Bi)TiO5 (substitution of ions is made in
A-sublattice of perovskite structure) by
means of suppression of intermediate phase
formation in the process of solid state syn-
thesis. As a result of sintering we have ob-
tained ceramics with good quality and pa-
rameters. Further improvement of the pie-
zoelectric characteristics level will be
reached in solid solutions, which will be ob-
tained in the way of substitution of tita-
nium by zirconium.

4. Conclusion

Thus, solid state synthesis of sodium-bis-
muth titanate (Nag 5Big 5)TiO3 and solid so-
lutions on its base is of multi-stage process.
Reaction starts with the formation of so-
dium-bismuth titanate (or corresponding
solid solution on its base) and is accompa-
nied by formation of a number of intermedi-
ate titanates: Na,TigOq3; Na,TizO;
BijoTiOyg; BiyTi3O4, are the most stable of
them. Two intermediate stages are formed
the most intensively under the process of

solid phases interaction: Bi;,TiOyg in the
temperature range 700-800°C and phase
BiyTi3O4p in the temperature range 800-
850°C. The stability of intermediate sub-
stances depends on the interval of tempera-
tures they were formed at. The lead-free pie-
zoelectric ceramics with piezosensitivity g33
(which is similar to one of PZT materials)
were obtained.
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Materials:

dDizuko-xiMiuHi MepeTBOpPEeHHA NpPH TBepaodazHOMY
CHHTE3i THTAHATY HATPilO-BicMYTy i TBepAUX PO3UYUHIB
Ha HOro OCHOBI

J.I'T'ycaxoea, BM.Iwyx, H.I''Rucinv, [{].B.RKy3enkxo

Hocaimyxkeno ¢isnko-xiMiuHi nmepeTBopeHHsA IIpu TBepAo(pasHOMY CHHTe3l THUTaHATY
HaTpifo-BicMyTy (Nao,sBio,s)Tioa i TBepAuX po3umMHIB Ha iioro ocHoBi. IlokasaHo, 110 IpoIlecu
CUHTe3y € OaraTocTaJiiHUMHU 1 MPOXOAATHL Uepe3 YTBOPeHHS HUBKM IpoMiKHuUX (as. Meto-
IOM DPeHTIeHOCTPYKTYPHOI'O aHajisy mIpoBefeHO ix imeHTudikaiiro. BusHaueHo onTmMaabHi
YMOBHM CHUHTE3y [JOCHifKeHUX MarTepiasiB i eseKTpodisnuHi XapaKTepUCTUKU II'€30Ke-

paMiuHUX eJleMeHTiB Ha iX OCHOBI.
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