Science of Sintering, 50 (2018) 29-38

doi: https://doi.org/10.2298/SOS1801029K

UDK 531.3; 622.785; 546.824
Effect of Chemical Composition on Microstructural Properties
and Sintering Kinetics of (Ba,Sr)TiO; Powders

D. A. Kosanovi¢'”,V. A. Blagojevi¢', N. J. Labus', N. B. Tadié¢’, V. B.
Pavlovi¢', M. M. Risti¢’®

'Institute of Technical Sciences of the Serbian Academy of Sciences and Arts, Knez
Mihailova 35/IV, 11000 Belgrade, Serbia

*Faculty of Physics, University of Belgrade, Studentski Trg 12, 11000 Belgrade,
Serbia

3Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Abstract:

Barium strontium titanate powders with different Ba:Sr ratios were investigated to
determine the influence of the initial composition of powder mixture on microstructural
properties and sintering kinetics. It was determined that BaCO; and SrCO; react differently
to mixing, resulting in BaysSrysCOj in the sample with 80% Ba and different contents of Ba,.
S TiO; in samples with 50% and 20% Ba. In addition, the morphology is also different, with
higher Sr content leading to larger particles size and less agglomeration. The different
chemical content of the initial powder mixture also has a marked impact on the sintering
process: the onset of sintering shifis towards higher temperature with higher Sr content, while
the average apparent activation energy of sintering is the highest for the sample with 80% Ba
and the lowest for the mixture with 50% Ba. In addition, hexagonal-to-cubic phase
transformation was observed in parallel with the sintering process, where the position of the
phase transition shifts to lower temperatures with an increase in Sr content. This is consistent
with the behavior of low-temperature phase transitions of BST. The phase transition was not
observed in sintered samples, suggesting that there is a size-dependence of the phase
transition temperature.

Keywords: Barium strontium titanate, Sintering kinetics, Phase transition, Size dependence.

1. Introduction

Barium strontium titanate (Ba,Sr)TiO; (BST), a typical ferroelectric material with a
tetragonal structure, belongs to the family of (ABO;) perovskites, composed of titanate,
barium titanate (BaTiO;) and strontium titanate (SrTiO;) [1-5].Pure barium titanate ceramic
undergoes a para-ferroelectric phase transition at 120 °C from cubic to tetragonal phase, while
the strontium titanate, which has para-ferroelectric phase transition at 163 °C, is usually added
into barium titanate in order to lower the Curie point (Tc) and to increase the room
temperature dielectric constant of the material [6]. BST ferroelectrics exhibit high dielectric
permittivity and have been widely investigated both in films and ceramics.

BST thin films are promising materials for high-density dynamic random-access
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memories (DRAMs) [7-9]. BST ceramics are considered good candidates for applications in
phased array antennas [10], as well as in capacitors, sensors and PTC thermistors [11-
13].Properties of BST ceramic are strongly dependent on the stoichiometry, homogeneity,
particle size and phase purity of the BST powder [14-16], which in turn depends on the
synthesis method used [17-20].The stoichiometry and structural characteristics, including the
concentration of oxygen vacancies, of BST powder, is strongly influenced by the initial Ba/Sr
ratio in precursor solution relative to Ti, as well as the type of precursor used in the reaction
[21].

In general, BT and BST ceramics are prepared by the conventional mixed oxide
method based on calcining the mixed oxide or carbonate powders. However, the calcined
powders usually consist of chemically inhomogeneous particles with large grain sizes. This
makes them unsuiTab. for use as raw material for advanced electronic components.
Therefore, other wet chemical processes including co-precipitation, spray pyrolysis, oxalate,
sol-gel and hydrothermal synthesis have been reported [22-28].

Barium and strontium react differently with titanium, where strontium atoms,
compared to barium, are more readily incorporated into the BST structure [29]. At room
temperature for the solid solution in ferroelectric phase, Ba content is in the range of 0.7 to
1.0, while the content of Ba in paraelectric phase is less than 0.7 [30]. In order to obtain
homogeneous crystalline samples, a commonly used procedure is the sintering of BST
powders at temperatures 1200-1350 °C [31, 32], although glass-ceramic BST powders can be
sintered at as low as 1000 °C [33].

Herein we present a study of the influence of the chemical composition of BST
powder on its microstructural properties and sintering kinetics, as a part of an a broader study
of the influence of composition and microstructural parameters on sintering behavior and
functional properties of BST [34-36].

2. Experimental procedure

For the synthesis of (Ba,Sr)TiO; (BST) system following commercially available
BaCO; (99.8% Aldrich), SrCOs (99.8% Aldrich) and TiO; (99.99% Aldrich) powders were
mixed and homogenized in three different ratios of Ba and Sr (80/20, 20/80 and 50/50).The
powder mixtures were dried and calcined at a temperature of 800 °C, for 3 h inside a chamber
furnace.

Compaction of powders was uniaxial double-sided, providing green bodies with a
diameter of 8 mm on hydraulic press RING, P-14 (VEB THURINGER). Pellets were
compacted under 392 MPa. They were treated nonisothermally in a dilatometer
(BahrGeratebau GmbH Type 802s) at a heating rate of 10, 15, and 20 °C/min up to 1300 °C,
followed by isothermal holding at 1300 °C for 30 min.

The X-ray powder diffraction patterns were obtained using aRigakuUltima IV X-ray
diffraction (XRD) instrument in thin film geometry with grazing incidence angle of 0.5°,
using Ni-filtered CuKo radiation (A = 1.54178 A). Diffraction data were acquired over the
scattering angle 20 from 10° to 70° with a step of 0.05° and acquisition rate of 2°/min and
obtained data were analyzed with PDXL 2 software. Rietveld analysis was performed with
full refinement using GSAS II software package [37]. Obtained values of R, (weighted
residual factor) varied from 11.0 % to 18.3 % and the Goodness of Fit indicator was GoF~1.

The microstructural characterization of the BST powders was performed by a
Scanning Electron Microscope (SEM, JSM-6390 LV JEOL, 20 kV) coupled with EDS
(Oxford Instruments X-MaxN). Before microstructure characterization, the samples were
coated with gold in a sputter coater (SCD 005; BALTEC, Scotia, NY).
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3. Results and Discussion

In order to investigate the influence of chemical composition on the state of pre-
sintered samples with different ratios of Ba to Sr were examined using XRD. The patterns of
different samples were used for Rietveld analysis to determine their phase composition (Tab.
I) and microstructural parameters of selected phases (Tab. II). In samples with 50 and 80% Sr,
formation of Ba,Sr;,TiO; phases, as the product of the chemical reaction between BaCOs,
SrCO; and TiO,, is observed, while in the sample with 20% Sr, no chemical reaction is
observed, although formation of mixed barium-strontium carbonate Ba, sSrysCO; is observed,
in addition to pure BaCO; existence.Since BaCO; and SrCO; share the same aragonite crystal
structure, they are known to form mixed carbonates [38]. The absence of SrCOs lines in XRD
pattern suggests that mechanical homogenization of the initial powder produced Bag sStysCO;
until Sr was exhausted, leaving an excess of BaCO; in the system. Further analysis has shown
that the composition of Ba,Sr;.4\TiO; phases depends on the composition of the starting
mixture and the ratio of Ba to Sr in Ba,Sr; 4 TiO; product generally corresponds to their ratio
in the starting mixture.
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Fig. 1. XRD patterns of pre-sintered samples with different Ba-to-Sr ratios.

Tab.I Phase composition of pre-sintered samples.
BaCO; SrCoO; New phase
Sample TiO,(Wt%) (wt%) (wt%) wt%)

Ba80-Sr20

0 min 53.5 29.9 0.0 16.6 Bag 5SrsCO;
Ba50-Sr50

0 min 0.0 17.9 19.5 62.6 Baol5sro'5TiO3
Ba20-Sr80

0 min 18.8 4.0 39.7 37.5 Bag5Srg.75Ti03
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Rietveld analysis of pre-sintered samples (Tab. I) shows that the chemical reaction of
formation of Ba,Sr; 4 TiO; can occur immediately after the mixing of powders, in samples with
higher Sr content, and is most prominent in the sample with 50% Sr, where around 63 wt.% of
Ba,Sr,,TiO; phase was observed. In the sample with 20% Sr, the dominant phase is anatase
TiO,with around 53 wt.%. The appearance of Ba,Sr;TiO; phases in the samples suggests
that the formation of Ba,Sr;(TiOs phases occurs relatively easily and well below sintering
temperature, and therefore it is most likely completed before the onset of the sintering
process. Formation of BagsSrgsCO; highlights the ease with which Ba and Sr are
interchangeable in the lattice, thus allowing the easy formation of mixed compounds.

Tab.II Microstructural parameters for newly formed phases in pre-sintered samples.

Lattice Average
Sample Phase parameters (A) crystallite size | Microstrain | wt.%
(nm)
Ba80-Sr20 5.3002 £+ 0.0001
0 min BagsSrpsCO; | 6.4245+0.0001 60+10 0.36+0.03 16.6
8.9064 + 0.0001
Ba50-Sr50 | BagsSrosTiO; | 3.9556 £ 0.0001 120+ 10 0.27+£0.03 | 62.6
0 min
Ba20-Sr80 | Baj,sSr75TiO5 | 3.9066 + 0.0001 110+ 10 0.30+£0.04 | 375
0 min

13kV  X10,000 . fum

Fig. 2. SEM images for different Ba:Sr ratios: a) 80:20, b) 50:50 and c) 20:80.

SEM images in Fig. 2 show that composition of Ba,Sr; xTiO; powder has an effect on
microstructure. Sample with 20% Sr exhibits a significantly higher degree of agglomeration
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than the samples with other phase compositions and, in general, higher Sr content leads to
larger particle size and less agglomerated samples, which is consistent with Rietveld analysis
of XRD data.This can be attributed to the reaction between BaCO;, SrCO; and TiO,, where
newly formed titanate phases most likely have narrower size distribution than the initial
commercial powders.
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Fig. 3. Dilatometric measurements of samples with different Ba:Sr ratios at the heating rate of
10 °C/min.

Dilatometric measurements of samples with different Ba:Sr ratios shows that there
are significant differences in the effect that sample composition has on the onset of sintering
(Fig. 3a). For the samples with 20:80 Ba:Sr ratio, the onset of sintering overlaps with a
process that causes expansion in the sample, causing the onset of shrinking to be shifted
towards higher temperatures. Considering that, the formation of Ba,Sr;,TiO; phases should
be completed well before the onset of sintering and according to the fact that the pre-sintered
samples were heated at 800 °C to remove carbonates, the process resulting the expansion is
most likely some phase transformation of Ba,Sr;,TiO; phase. The sample with 50:50 ratio
exhibits higher temperature of the onset of sintering compared to the sample with 80:20 ratio,
and no obviously visible phase transition, while the sample with 80:20 Ba:Sr ratio exhibits the
lowest temperature of the onset of sintering and a clearly visible phase transition
corresponding to the shoulder observed around 120 min in Fig. 3. The differential curves
show the complexity of the sintering process, and the phase transition can be observed more
clearly here (Fig. 3b). It is clear that the phase transition occurs in all three samples with
different compositions, however, it appears to be more spread out in the sample with 50:50
ratio and sharper and well defined in samples with 80% of either Ba or Sr. It is also clear that
the phase transition temperature decreases with increase in Sr content. BaTiO; exhibits a
high-temperature phase transition from cubic to hexagonal phase around 1450°C, which can
be lowered to around 1100 °C by addition of additives like MnCOj; [39]. In this case, it is
possible that the presence of Sr decreases the phase transition temperature leading to the
observed expansion in the sample. The observed phase transition temperature is around 1150
°C in the sample with 80% Ba, which is lowered to around 900 °C for the sample with 80% Sr
(Fig. 4a). This is consistent with lower temperature value for the cubic-to-tetragonal phase
transition in SrTiO; as well as (Ba,Sr)TiOs;, compared to the temperature in BaTiO; [40]. In
addition, it also likely that the temperature of the phase transition is reduced by the relatively
small crystal size of the initial powder because of the previously sintered sample with 80:20
Ba:Sr ratio exhibits no visible phase transition up to 1300 °C. Since sintered samples are
typically micro-rather than nano-sized [41], this would suggest that there is a strong size-
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related effect on the hexagonal-to-cubic phase transition temperature of Ba,Sr;,TiO; phases.
This would be consistent with the behavior of BaTiO;, where cubic-to-tetragonal phase
transition exhibits size dependence in nanoparticles smaller than 100 nm [42].
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Fig. 4. Shrinkage rate as a function of the temperature of samples with different Ba:Sr ratios
(left); dilatometric measurement of a previously sintered sample with Ba:Sr ratio of 80:20

(right).

Kinetic analysis of two segments of the dilatometric curve that correspond to the
shrinking in the sample, on either side of the observed phase transition, is shown in Tab. IIL. It
shows that the overall average value of activation energy and the average values of activation
energy in the two segments follow the same trend with respect to the sample composition:
they are the smallest for the sample with Ba:Sr ratio of 50:50 and larger in the other two, with
sample with Ba:Sr ratio of 80:20 exhibiting the highest values of activation energy.This can
be correlated with the fact that formation of Ba,Sr;,TiO; phase has occurred most readily in
the sample with 50:50 ratio, where it would be relatively easy to achieve a homogeneous
distribution of both Ba and Sr, creating favorable conditions for chemical reaction and
sintering.

Tab.III Activation energies for BST powders determined using Wang-Raj method [43, 44].

Temp. Region (K) Ba20 - Sr80 Ba50 — Sr50 Ba80 — Sr20
(KJ/mol) (KJ/mol) (KJ/mol)
Overall average 298 251 301
1300-1500 186 137 209
1500-1600 312 292 351

The second temperature segment exhibits significantly higher values of the apparent
activation energy, what can be correlated with both the observed phase transition and
densification of the sample as the result of sintering. This is especially obvious in the sample
with 50:50 ratio, suggesting that the phase transition significantly compensates the effects of
microstructure and chemical composition of the initial powder, otherwise present on the
sintering process diagrams.
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4. Conclusion

Sintering properties of barium strontium titanate (BST) system were investigated over
a range of different Ba:Sr ratios. A mixture of BaCO;, SrCO; and TiO,was shown to react
during the mixing and homogenization of powders to produce Bag sSrysCO; or Ba,,Sr,TiO;,
depending on Ba:Sr ratio. Equal parts of Ba and Sr appear to combine more easily since this
mixture exhibited the highest content of Ba,,Sr,TiO; phase on mixing as well as the lowest
values of average apparent activation energy during sintering. While the temperature of the
onset of sintering shifts to higher temperatures with an increase in Sr-content, the temperature
position of the observed phase transition is, a contrary, lower in Sr-rich sample. The behavior
of the phase transition is consistent with low-temperature phase transitions in BST, and its
disappearance in sintered samples suggests also powder particle size-dependence of the phase
transition temperature — something that has previously been observed in phase transitions in
BaTiO3.
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Caoporcaj: [lpaxosu Oapujym cmpoHYujym mMumaHama paziudumux oonoca Ba:Sr cy
ucnumueanu paou ymsephuearba ymuyaja nouemHoz cacmasa cmeuie Ha MUKpoCmpyKmypHa
ceojcmea u KuHemuxy cuwmmepogarsa. Ymepheno je 0aBaCO; u SrCOj; pasnuuumo peazyjy
npe mewiary, na je npouzeo0 cmewe ca 80% Ba BaysSrysCO; u paznuuume ¢haze Ba;.
S TiO3 y y3opyuma ca 50% u 20% Ba. Taxohe, 0onaszu 0o npomene mopgonozuje, 20e eehu
caopacaj Sr 600u eehoj eenuyunu vecmuya u mMarem cmenewy asiomepayuje. Paznuuum
XeMujcku cacmaeg novemue cmewie maxohe uma 3Ha4ajan ymuyaj Ha npoyec CUHmMeposarsd.:
Nnowemax CUHMepPo8arba ce NomMepa Ka euwum memnepamypama ca nogeharoem yoena Sr, 0ox
Jje npoceuna enepzuja akmusayuje cunmeposarba Hajeuwia y y3opky ca 80% Ba, a najuusica y
y3opky ca 50% Ba. ®asznu npenas u3 xexcazonanue y Kyouuny ¢asy ce oewiasa napaneiHo ca
npoyecom  CUHmMeposarba U MeMnepamypa 0602 npenazd ce nomepa Ka HUICUM
memnepamypama ca noseharwem yoena Sr 'y y3opky.08o je y ckiady ca noHauiarem HUcKo-
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memnepamypckoe ¢paznoe nperaza y oapujym cmpouyujym mumanamy. Pasnu npenas Huje
YOUeH y CUHMEPOSAHUM Y30pYuMd, Wmo yKaszyje 0a NOCMOju 3A6UCHOCH memMnepamype
¢haznoe npenasa 00 eenuduHe KPUCMAIUmMa.

Kuwyune peuu: bapujym cmpounyujym mumanam,; Kunemuxa cunmeposara; Dasnu npenas;
3a8UCHOCI 00 GENUYUHE.
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