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Solid solutions ofbarium titanate-stannate, Ba(T1,Sn)O3; have been investigated. The
sequence of phase transformations during the synthesis by solid state reactions
technique has been determined, crystallographic and microscopic examinations of
polycrystalline ceramics based on Ba(Ti,Sn)Os solid solutions have been carried out.
The laws governing the change in crystallographic parameters and the average grain
size as a function oftin content have been shown. Electrophysical investigations of

the obtained ceramics have been carried out. It has been found that the dielectric pa-
rameters (¢ and tgd) of Ba(TiSn)Os-based ceramics can be improved and their sin-
tering temperature can be reduced by the addition of 0.5 wt.% manganese oxide(IV)
and 2 wt. % of low-melting glass-forming admixture AST (ALO3—SiO,-TiO,). It has
been shown that the obtained materials have promise in creating ceramic capaci-

tors based on them.

Keywords: solid solutions, barium titanate-stannate, admixtures, crystallography,
electron microscopy, dielectric measurements.

INTRODUCTION. The capacitor materi-
als used in modern electronics must have a
high permittivity (¢ > 10000) and low dielec-
tric loss (tg 6). One of the possible directions
of creation of capacitor materials with high
permittivity values 1is the use of solid solu-
tions based on barium titanate BaTiO; [1].
Large room temperature permittivity is due
to the existence of ferroelectric properties of
barium titanate. In barium titanate, the tran-
sition from ferroelectric to paraclectric state

(Curie temperature, 7c) occurs at 120 °C. In
substitution solid solutions Ba(Ti,Sn)O;,
however, Tc shifts to the lower-temperatures
region. In this case, the value of room
temperature permittivity of the solid solution
increases to 5000-8000 [2, 3]. During the
sintering of ceramic samples based on
Ba(Ti,Sn)O; solid solutions in air at high
temperatures (~1400 °C), a partial reduction
of titanium (Ti*" — Ti’") and an increase in
average grain size are observed. This leads
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to an increase in dielectric loss and relaxa-
tion contribution to permittivity. the partial
Ti*" reduction, in particular at grain bounda-
ries, can be prevented by adding transition
3d-metal oxides (Fe,O; and MnO,) to the
ceramic [4], which segregate on the surface
of grains and form a core/shell structure [5],
which leads to a reduction in dielectric loss
[6]. The fine-grained structure is formed
due to sintering temperature reduction when
adding low-melting glass-forming com-
pounds [7]. The AST admixture (Al,Os—
Si0,-TiO, in a 1:1:0.5 ratio) proved to be
efficient for control of the sintering tempera-
ture of BaTiO; based semiconducting ceram-
ics [8]. It may be expected that by adding
admixtures that affect the processes of par-
tial reduction of titanium and formation of
ceramic microstructure one can improve the
dielectric parameters (reduce the dielectric
loss) of ceramics based on Ba(Ti,Sn)O; solid
solution and create capacitor materials with
properties required for practical use.

The aim of this work was to investigate
the formation conditions of Ba(Ti,Sn)O; sol-
id solutions in their synthesis by the solid-
state reactions technique and the effect on
the electrophysical properties of MnO, and
AST (Al,O; -S10,-TiO,) admixtures.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. The synthesis of Ba(Ti,Sn)Os
solid solutions was carried out by solid-state
reactions technique. The starting reagents for
the synthesis of Ba(Ti,Sn)O; were highly
pure barium carbonate, tin and titanium ox-
ides. To reduce the sintering temperature
and to form a fine-grained core/shell struc-
ture of ceramic samples, 2 wt. % low-
melting AST admixture and 0.5 wt. %. man-
ganese oxide MnO, were added. The mixing

and milling of the starting reagents were car-
ried out in a Fritsch Pulverisette planetary
mill. Samples were pressed from the ob-
tained powders. Sintering was performed at
1100-1400 °C for 2 h in a KSL1700X high-
temperature furnace, which allowed us to ob-
tain dense (5.75-5.8 g/cm’) ceramics. The
X-ray phase analysis was carried out on a
DRON-4-07 diffractometer (CuK,- radiation,
Ni-filter). Certified SiO, (20 standard) and
Al,O; (intensity standard) were used as ex-
ternal standards. To interpret the data, the
PDF-2 (ICDD) database was used. The mi-
crostructure was investigated on a SEC
miniSEM SNE 4500MB scanning electron
microscope (SEM). The elemental composi-
tion of films was studied with the aid of
EDAX Element PV 6500/00 F spectrometer,
which is part of this microscope.

The dielectric parameters were studied
by means of Tesla VM 560 Q-meter (at a
frequency of 10° Hz) and impedance spec-
troscopy in a frequency range 1-10" Hz us-
ing 1260 Frequency Response Analyzer and
1296 Dielectric Interface (Solartron). The
data were analyzed using the Zview software
(Solartron). The obtained frequency depend-
ences of the complex impedance, Z"= f (Z")
were used to calculate permittivity and dielec-
tric loss: tg & = ZVZ", Y" = Z"(Z"* + Z'®); ¢'
= Y"/2nfe,, where ® = 2nf; where f is the
frequency, Hz, g, is the dielectric constant
(8.854:10 "% F/m).

The sequence of phase transformations
during the synthesis of Ba(Ti,Sn)O; solid
solution was studied by differential thermal
and X-ray phase analyzes (fig. 1, a, table 1).
The DTA curves exhibits only one endo ef-
fect at 820 °C, which i1s associated with the
polymorphic transformation of barium car-
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Fig. 1. Thermograms of a BaCO3;-TiO,—SnO;
mixture (@) and X-ray pattern of Ba(Ti,Sn)O;
ceramic (b) depending on tin content (mol %) 0
(1), 0.25 (2). Tsint = 1400 °C.

Tablel
Phase composition of the BaCOs-TiO~SnO;
mixture during the synthesis of Ba(Ti,Sn)O3

T,°C Phase composition
20-600 v-BaCO;3, SnO,, TiO;

700 y—BaCOg, Sl’lOz, TiOz

800 v-BaCO;3, SnO,, TiO,, BaTiO3

900 B-BaCOg, SnOz, BazTiO4, TiOz,

BaTuOg BaTiO;
1000 B—BaCO3, SnOg, BaTiO3, BazTiO4,
TiOz, BaTi409

1100 Ba(Ti,Sn)O;

1200 Ba(Ti,Sn)O;

1300 Ba(Ti,Sn)O;

bonate: the change of y-BaCO; to B-BaCO;. It
is known that individual barium carbonate
decomposes at a temperature above 1360 °C
[9-11]. However, the decomposition of bari-

um carbonate in a mixture is accompanied
by temperature decrease [12, 13] and is a
long-duration process [14], which occurs in
a wide temperature range and terminates at
about 1100 °C. According to the results of
X-ray phase studies, a gradual decrease in
the percentage of the barium carbonate and
titanium dioxide phases and a gradual in-
crease in the percentage of the barium titan-
ate phase are observed in the temperature
range of 600-900 °C. In the temperature
range 900-1000 °C, intermediate phases of
barium orthotitanate (Ba,TiO4) and barium
tetratitanate (BaTi4;Oy) phases have been
found. The formation of intermediate phases
is explained by the long-duration process of
barium carbonate decomposition in the mix-
ture for the synthesis by solid-state reactions
technique.

At a temperature of 1000 °C, traces of
titanium oxide, barium orthotitanate and
tetratitanate of have been found, and the in-
tensity of barium titanate reflections increas-
es. At 200—-1000 °C, a tin oxide phase is ob-
served. Only at temperatures of 1100 °C and
higher, a shift in the position of barium ti-
tanate reflections is fixed, indicating the
formation of a Ba(Ti, Sn)O; solid solution.
In the temperature range 1100-1400 °C, a
single-phase barium titanate-stannate solid
solution is formed.

When the tin content is increased to 15
mol. %, a transition of the tetragonal phase
to a cubic one is observed (X-ray patterns
show a decrease in the splitting of lines with
Miller indices 224 and 422) in the
Ba(Ti,Sn)O; system at room temperature
(fig. 1, b)). The transition of the tetragonal
phase to cubic at room temperature occurs at
a tin content of 12 mol. %. Increasing the tin
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content of the Ba(Ti, Sn)O; solid solution
leads to an increase in the unit cell volume

(fig. 2).

Fig. 2. Dependence of the unit cell parameters
(a) and volume (b) of the Ba(Ti,Sn)Os3 cera-
mic on tin content. Tyine = 1400 °C.

Photographs of the microstructure of
Ba(Ti, Sn)O; solid solutions as a function of
tin content are shown in fig. 3.  When the
degree of isovalent substitution of titanium
by tin increases, the ceramic grain size in-
creases from 50 pm (0 mol %) to 130 pum
(15 mol %)).

Fig. 3. Microstructure of the Ba(Ti,Sn)O3 cera-
mics with different tin (mol.%): 9 (a); 11 (b); 13
(c); 15 (d); x1000. Tgne = 1400 °C.

The increase in the average size of cera-
mic grains on the substitution of titanium by
tin in barium titanate can be accounted for
by several factors. The first factor is the
formation of a eutectic liquid phase between
grains during ceramic sintering, which was
proved by the identity of the positions of
thermal effects on the derivatograms of the
systems BaTiO;—BaCO;—-SnO, and BaTiO;—
BaCO;—TiO, in the temperature range of
the formation of the BaTiOs;—BagTi ;04
eutectic phase [15, 16]. Besides, when an ion
of smaller size (Ti*" oy - = 60.5 pm) is sub-
stituted by an ion of larger size (Sn*'cn_g =
69 pm), mechanical stresses and strains ap-
pear in crystals, which contribute to the ac-
celeration of diffusion processes and give
rise to grain growth [17, 18].

The results of studying the dielectric
characteristics (¢ and tg 6) of Ba(Ti,Sn)O;
solid solutions in a temperature range of 20—
70 °C as a function tin content are shown in
fig. 4. When the tin content is increased, the
position of the maximum ¢, is shifted to-
wards room temperature (from 40 to 20 °C)
with simultaneous increase in ¢g,,, value
from 4500 to 6500 (fig. 4, a,b)). Further in-
creasing the tin content results in a shift of
the position of the maximum ¢,,, to below
room temperature (fig. 4, c,d)). In the room
temperature range, the permittivity value de-
creases in accordance with Curie-Weiss law,
i.e. proportionally with 1/7. This tempera-
ture dependence of ¢ is typical of
paraelectrics near the phase transition
region.

The plots of dielectric loss vs tempera-
ture for Ba(Ti,Sn)O; solid solutions also
axhibit maxima in the phase transition
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Fig. 4. Plots of € and tgd vs temperature
for the Ba(Ti,Sn)O3 ceramic at a frequency of'1
MHz depending on tin content (mol.%): 9 (a);
11 (b); 13 (¢); 15 (d). Teint= 1400 °C.

region, and the higher the ¢, value, the
higher tg 6. For instance, at | MHz at a tin
content of 9 mol. %, ¢, and tgd are 4500
and 0.1, respectively, and at a tin content of
11 mol.%, 6500 and 0.2 (fig. 4, a,b)). The
increase in dielectric loss tgd depending on
the tin content of the Ba(Ti, Sn)O; solid so-
lution is associated with an increase in
average grain size.

To reduce the grain size by decreasing
the sintering temperature and thus to im-
prove the dielectric characteristics, 0.5 wt. %
MnO, and 2 wt. % of low-melting glass-
forming admixture AST were added to the
Ba(Ti,Sn)O; solid solution. In this case, ce-

ramic with a maxi-mum density (5.75-5.8
g/em’) is formed at a sintering temperature
of 1100 °C, where as without admixtures,
ceramics with this densi-ty are formed only
at high temperatures (1400—-1450 °C).

Fig. 5. Plots of € and tgd6 at 1 MHz vs tempera-
ture (a) and frequency (b) for the
Ba(Tip.g9Sng11)O3 ceramic with manganese ox-
ide and AST admitures (b). Tgne = 1100 °C.

Fig. 5 shows plots of € and tg o vs tem-
perature (at 1 MHz) and frequency for the
Ba(Ti, Sn)O; ceramic with admixtures of 0.5
wt. % MnO, and 2 wt. % AST. As is seen
from fig. 5, @), when manganese oxide and
AST ad-mixtures are added to the
Ba(Ti,Sn)O; solid solution, the ceramic is
characterized by high permittivity values at
room temperature (€, ~13000), and at the
phase transition temperature, €., reaches
~16000. The value of dielectric loss tgd in
the temperature range of question 20-70 °C
does not almost change and is between 0.06
and 0.055 (at 1 MHz). Investigations of the
dielectric parameters (¢ and tgd) of the
Ba(Ti,Sn)O; ceramic showed the absence of
significant dispersion of them in a wide fre
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quency range of 1-10° Hz (fig. 5, b).

Fig. 6. Microstructure of the Ba(Tip.39Sng11)0;3
ceramic: without admixtures (a), with admixtu-
res of AST (b), MnO; (¢), AST and MnO;,
(d). Tsint = 1100 °C.

Fig. 6 shows the microstructure of the
Ba(Ti,Sn)O; ceramic without admixtures,
with individual admixtures of AST, MnO,
and with the addition of a mixture of AST
and MnO, admixtures at a sintering tempera-
ture of 1100 °C. As is seen from the shown
micrographs, the grain size of the
Ba(Ti,Sn)O; solid solution does not change
either on the addition of individual admix-
tures or on the addition of a mixture of ad-
mixtures. The improvement of dielectric
characteristics (high & values, low loss tgd
and low frequency dispersion of € and tgd)
of the ceramic based on the Ba(Ti,Sn)O; sol-
id solution with AST and manganese (IV)
oxide admixtures is due to the formation
of a fine-grained structure of the core-
shell type at as low sintering temperature of
the material as 1100 °C.

The obtained experimental data indicate
the possibility of creating capacitor materials
with high dielectric parameters (¢ ~13000—
16000, tgd ~0.05-0.06 at 1 MHz) based on

Ba(Ti,Sn)O; solid solutions. These materials
have a low cost of starting reagents
(BaCOs;, Ti0O,), can be prepare by a simple
technology (solid-state reactions technique,
low sintering temperatures, short holding
time, sintering in an air atmosphere) and can
be used in the creating novel radio frequency
materials for the effective solution of the
problems of microminiaturization of modern
electronic equipment.

CONCLUSIONS. Barium titanate-
stannate solid solutions Ba(Ti,Sn)O; with
isovalent substitutions have been investigat-
ed. The sequence of phase transformations in
the process of the synthesis of the
Ba(Ti,Sn)O; solid solution with the for-
mation of intermediate barium orthotitanate
(Ba,TiO,) and tetratitanate (BaTi;Oq) has
been established. Crystallographic and mi-
croscopic investigations of cera-mics based
on Ba(Ti,Sn)O; solid solutions have been
carried out. Laws governing the variation of
crystallographic parameters (a, c, unit cell
volume V) and mean grain size as a function
of the tin content of Ba(Ti,Sn)O; have been
shown. It has been found that by adding
manganese oxide and low-melting admixture
AST, the dielectric parameters (¢ and tgd)
can be improved, and the sintering tempera-
ture of Ba(Ti,Sn)O;-based ceramics can be
reduced. The ceramics obtained at 1100 °C
are characterized by large permittivity values
at 1 MHz (¢ ~13000-16000) and low dielec-
tric loss (tgd ~ 0.05-0.06) in room tempera-
ture range. It has been shown that the ob-
tained materials have promise in creating
ceramic capacitors based on them.

CHUHTE3 TA HOCJIIXEHHA TBEPAUX
PO3YMHIB TUTAHATY-CTAHATY BAPIIO
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BusHnayeHO yMOBUM yTBOpEHHS TBEPAMUX PO3-
guHB Ba(TiSn)O3;, CHHTE30BaHUX METOJOM
TBepnoha3HUX pEakI(ii Ta AOCITIHKEHO BILIWB
nomimok MnO; ta AST (ALO3-Si0,-TiO;) Ha
€JIEKTPUYH1 BJACTUBOCTI KepaMiki Ha iX OCHOBL
Jlomimmky omaBaiy Jyisl 3HUKEHHST TeMITepaTy-
pU CHIKaHHS Ta YTBOPEHHS JPiOHO3EPHUCTOT
KepaMiKd 1 CTPYKTYpH 3€peH THIY Sj-
po/obononka. BcranoieHo (a3oB1 meperBo-
PEHHS IIPHU CHHTE31 TBEPAU X PO3YMH B HA OCHOB1
Ba(Ti,Sn)O3. 3a g0MOMOTOI0 AOCIITKEHb PEHT-
TeHIBCHKH X TIOPOIIKOBUX JU(paKrorpaM IMOKa-
3aHo, mo mpu Temmepatypi 600900 °C 3meH-
IIEHHs BMICTY KapOoHaTy Oapit0 Ta OKCHJYy TH-
TaHy CYIPOBOXKYETHCS 30UIBIICHHSIM BMICTY
tutaHaty Oapio. [lpu 900-1000 °C BusBICHO
npoMikHi  (asm  opToTHTaHATy  Oapiro
(Ba,TiO4) i Terpaturanary 6apito (BaTuOy). 3a
temreparypu 1100 °C i Bume 3mimenss pedie-
KCIB Ha pEHTreHorpaMi THUTaHATy Oapil0 BKa-
3y€ Ha YTBOPEHHS TBEPJIOTO PO3UHHY
Ba(Ti,Sn)Os.

30UThIIeHHST BMICTY Sn IPUBOJUTH JIO 3POC-
TaHHS CEPEAHBOTO PO3MIPY 3€peH KepaMiKH Bif
50 mxM npu 0 % mon. Sn o 130 mxm npu 15 %
MOJI. Sn, MO TOSICHIOETHCSI YTBOPEHHSM €BTEK-
THYHOI pinkoi (a3m MDK 3epHaMH Ta MEXaHid-
HUMH Hanpyramu i jedopMariisimu, siKi MpUCKo-
pro1oTh Au(y31iH1 TPOIECH.

JocmimkeHo  mapamMeTpd  KPUCTaIIYHO i
CTPYKTYpH (a, ¢, 00'eM eleMEeHTapHOI KOMIpPKU
V) ta MiKpocKOmiuHiI 0COOIMBOCTI (CepenH it
po3mip 3epHa) kepamiku Ha ocHOB1 Ba(T1,Sn)Os
y 3aJIe3KHOCT1 Bi BMicTy ojoBa. [Ipu 12 % mou.
Sn mepexin Bix TeTparoHadbHO1 10 KyO14HOT (a-

31 BiIOYBA€EThCS 32 KIMHATHOT TeMIIEpaTypH.

BBeneHHsT OKCHAY MapraHIl0O Ta HU3BKOII-
naBkoi gomimku AST y kepamiky Ha OCHOBI
Ba(Ti, Sn)O3; mokpanrye ioro gieIeKTpuyHi ma-
pametpu (g 1tg O) Ta 3HUKYE TeMIlepaTypy CIli-
kanHs g0 1100 °C. Kepamika 3 0.5 % wmac.
MnO; 12 mac. % AST na 1 MI'n npu KiMHATHIHA
TeMIIepaTypl XapaKTepU3YIOThCS BEIHKOIO Jlie-
JEKTPUYHOI0 MPOHUKHICTIO 1 HU3bKUMHU JTieNeK-
TpuyHUMU BTpatamu (¢ ~ 13000-16000, tg 6 ~
0.05-0.06). Lli excnepuMeHTaJIbH1 AaH1 MOKa3a-
T¥, 1O Ha OCHOBI TBEPIUX pPO3YHHIB
Ba(Ti,Sn)Os 3 AoCHmKyBaHUMH JIOMIIIKAMHU
MOXYTh OyTH PO3p00JIeH1 KOHJICHCATOPH1 MaTe-
pilajgy 3 BUCOKMMH [ieNIEKTPUYHUMH TapameTpa-
Mmu. Taki Marepiajan MalOTh HU3bKY BapTICTh Xi-
MigyHuX peareHTB (BaCOs, TiO;), mpocty Tex-
HoJIOTF0 (MeTon TBepao(asHUX peaxiii, cmi-
KafOTbCSl TIPU HH3BKIA TeMIeparypi HpoTsIrom
KOPOTKOTO 4acy Ha MOBITP1) 1 € MEepCIEeKTUBHU-
MU Ul po3pOOKH HOBHUX PaJliouacTOTHUX MaTe-
piaiiB Ul KepaMiuHUX KOHJEHCATOPIB.

Kno4doBicnoBa: TBepai po3YHHH, THTA-
HaT—CcTaHat Oapito, JOOMILIKHU, KpPHCTaJIOrpa-
¢is, eNeKTpoOHHAa MIKPOCKOMIS, JIeIeKTPUYH 1
napameTpHu.

CHUHTE3 U UCCJIIEJOBAHUME TBEPJbIX
PACTBOPOB TUTAHATA-CTAHHATA
BAPUA
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HccnenoBanbl TBEpIbIe paCTBOPHI THTAHATA-
cranHata 6apus Ba(Ti,Sn)Os3. YcranoBneHa mo-
CJIEIOBATENFHOCTh (Da30BBIX MPEBPALCHUN TPH
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CHMHTE3¢ METOJOM TBepAOQa3HbIX pEaKIi,
MPOBEACHBI KPUCTAIOTpA(UIECKUE W MHUKpPO-
CKOITMYECKUE MCCIICIOBAHUS TTOJMKPUCTAILITIYC-
CKOM KepaMHUKH Ha OCHOBE TBEPJBIX PACTBOPOB
Ba(Ti, Sn)Os. [Noka3anbl 3aKOHOMEPHOCTH U3-
MEHEHHUsI KpHCTAUIOTpaQuIecKrX MmapaMeTpoB
U CpEeJHEro pasMmepa 3e€peH B 3aBUCUMOCTU OT
comep:kanus ojosa. [IpoBeneHs! 31ekTpopusn-
YECKUE WCCIICIOBAHUS TONYICHHOW KEepPaMHKH.
YCTaHOBIJIEHO, YTO TIPU JIOTIOJHUTEIIEHOM BBE-
neanu 0.5 % mac. okcuna mapranua(IV) u 2 %
Mac. JIETKOIJIaBKOM CTEKI000pa3yromeil mnpu-
mecu AST (ALO3—Si0,-TiO;) MOXHO yyd-
IIMTH TUBJIEKTPUYECKAE TapaMeTphl (€ 1tg 0) u
CHU3UTH TEMIIEPATypy CIEKaHHS KepaMHUKd Ha
ocHoBe Ba(Ti,Sn)Os. Ilokazano, 4yTo moyy4eH-
HbIE MaTepuajbl SBISAIOTCA MEPCHEKTHBHBIMU
JUIA CO3MaHus Ha HMX OCHOBE KepaMHUUYECKHX
KOHJICHCAaTOPOB.
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