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bstract

TA, XRD and sintering investigations of the system BaSnO3–BaGeO3, prepared by a mixed-oxide method, are described herein. The melting
emperature of this system is about 1270 ± 5 ◦C. We find a partial solubility of BaGeO3 into BaSnO3 of the order of 6–7 mol%. Up to 50 mol%
aGeO3, the calcined powders (1150 ◦C) as well as the once-sintered samples consist of BaSnO3 and orthorhombic BaGeO3 at room temperature.
gradual appearance of hexagonal BaGeO can be observed in calcined powders and once-sintered ceramics with a BaGeO content above
3 3

0 mol%. After sintering at ≥1200 ◦C for more than 1 h all ceramic bodies consist of BaSnO3 and orthorhombic BaGeO3. The addition of BaGeO3

eads to a considerable reduction of the sintering temperature and to a strong densification. Sintering at 1180 ◦C for 10 h and an addition of only
mol% BaGeO3 leads to dense ceramic bodies with cubic-like grains.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Pure and doped barium stannate as well as its solid solutions
e.g. BaTi1−xSnxO3) have found important applications in mate-
ials science and technology due to their dielectric properties,
emiconducting behaviours and high thermal stability. Because
f these characteristic properties, BaSnO3 based ceramics are
ecoming more and more important in material technology. It
an be used to prepare thermally stable capacitors and to fab-
icate ceramic boundary layer capacitors.1–8 Moreover, barium
tannate can be also used as a functional material for semicon-
uctor gas sensors9–15 and photocatalytic applications.16–18 In
eneral, compacts on the basis of BaSnO3 reveal only a moderate
ensification behaviour.2,19–25 Piercy26 obtained dense BaSnO3
eramic bodies at sintering temperatures above 1700 ◦C. There-
ore, such ceramic bodies need high sintering temperatures or
ery long soaking times.7,27 In order to produce capacitor com-
onents based on BaSnO3, dense (almost pore free) material
odies are required, because pores would act as sink to the

lectrical charge carriers and would be the source of poor grain-
o-grain connectivity and significant dielectric loss.23,24,28–32

he addition of additives can significantly reduce the sintering
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emperature obtaining dense ceramic bodies due to an improve-
ent of the densification behaviour. Wang et al.33 used SiO2 as a

intering aid for BaSnO3 ceramics and Kumar and Choudhary34

intered BaSnO3 at 1200 ◦C adding BaSiO3. They found the for-
ation of solid solutions of the type BaSn1−xSixO3 (x = 0–0.15).
he BaSn1−xSixO3 samples show NTCR (Negative Tempera-

ure Coefficient of Resistance) behaviour and a better electrical
onduction at elevated temperature than pure BaSnO3 ceramic
odies. BaGeO3 can be also used as a sintering aid to drastically
educe the sintering temperature to produce dense ceramic bod-
es as reported for BaTiO3-based ceramics.35–37 The influence
nd effect of the additive BaGeO3 on the sintering behaviour and
icrostructure of BaSnO3 ceramics or ceramic systems based

n BaSnO3 has not been investigated yet.
The aim of this work is to study the effect of BaGeO3 on the

intering properties and microstructure of BaSnO3 compacts.
urthermore, the formation of solid solutions and the phase
volution in the system BaSnO3–BaGeO3 is also investigated.

. Experimental
.1. Material preparation

BaSn1−x/GexO3 powders with varying BaGeO3 contents
ere prepared via a conventional mixed-oxide method. All

mailto:roberto.koeferstein@chemie.uni-halle.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.12.015
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BaGeO3) reveal the formation of hexagonal BaGeO3 (Fig. 3e).
After sintering at 1200 ◦C for 10 h we observe that all ceramic
samples exhibit only reflections of orthorhombic BaGeO3. Up
420 R. Köferstein et al. / Journal of the Euro

owders were handled in a fume hood. Equivalent amounts
f BaCO3 (Sabed VL 600, 99.9%, Solvay), SnO2 (≥99.0%,
erck) and GeO2 (99.999%, Acros Organics) were milled in
PVC container for 24 h using ZrO2-balls and propan-2-ol

mpowder:mballs:mpropan-2-ol = 1:1:4). After filtering and drying
he mixtures were calcined in static air (heating rate 10 K/min)
or 2 h at 1150 ◦C.

For the shrinkage and sintering behaviour the calcined pow-
ers were milled with ZrO2-balls and propan-2-ol in a PVC
ontainer for 2 h (mpowder:mballs = 1:4). After filtering and dry-
ng the powders were mixed with 5 mass% of a saturated aqueous
olution of polyvinyl alcohol (PVA) as a pressing aid. Then the
owders were pressed to pellets with a green density of about
.4–3.6 g/cm3.

.2. Analytical methods

X-ray powder diffraction (XRD) patterns were recorded by
STOE STADI MP diffractometer at 20 ◦C using CoKα1 radia-

ion. The infrared spectra were recorded on a FTIR spectrometer
attson 5000 (Mattson Instruments Inc.) with a resolution of
cm−1 as KBr pellets. Dilatometric investigations (shrinkage)
ere performed in a TMA 92-16.18 unit from Setaram. Differ-

ntial thermoanalytic (DTA) measurements were recorded using
Netzsch STA 449 System (heating/cooling rate 10 K/min,

t-crucible, flowing air (20 ml/min)). Each DTA sample was
easured three times to ensure reproducibility. The melting tem-

erature was determined by the onset temperature of the DTA
ignal.38

The specific surface area was determined using nitrogen
hree-point BET (Nova 1000, Quantachrome Corporation). The
quivalent BET particle diameter was calculated according to
he equation given in Ref. 39 assuming the powder particles
ere spherical or cubic in shape. Scanning electron micro-

cope images and energy dispersive X-ray analyses (EDX) were
ecorded with a Philips XL30 ESEM (Environmental Scanning
lectron Microscope) and an attached energy dispersive X-

ay spectrometer from Edax. Transmission electron microscope
mages were recorded with a Jeol JEM 2100F.

. Results and discussion

.1. Characterization of the system BaSnO3–BaGeO3

Mixtures of BaCO3, SnO2 and GeO2 were heated in a Pt-
rucible at 1150 ◦C for 2 h to obtain powders with a composition
f BaSn1−x/GexO3. Calcined powders with 1 mol% and 2 mol%
aGeO3 show only reflections of the BaSnO3 phase (perovskite

tructure) (Fig. 1). A powder with 5 mol% BaGeO3 hints at very
mall traces of an additional orthorhombic BaGeO3 phase. Up
o a BaGeO3 content less than 50 mol% we observe always
eflections of BaSnO3 and orthorhombic BaGeO3. BaGeO3
rystallises in two modifications. Hexagonal (�)-BaGeO3 (low-

emperature form) having a pseudowollastonite-type structure40

nd orthorhombic (�)-BaGeO3 (high-temperature form) crys-
allises in a pyroxene-type structure.41 The phase transition
etween these modifications appears at about 1200 ◦C.42 At

F
B
t

ig. 1. XRD patterns (recorded at 20 ◦C) of calcined BaSn1−x/GexO3 powders
1150 ◦C, 2 h) with various BaGeO3 contents. (a) 1 mol%; (b) 5 mol %; (c)
0 mol%; (d) 15 mol%; (e) 30 mol%; (f) 50 mol%; (g) 80 mol%.

0 mol% BaGeO3 we obtain both the orthorhombic BaGeO3
hase and traces of the hexagonal one. The fraction of the
exagonal phase raises with increasing BaGeO3 content. Fig. 2
hows IR spectra of calcined powders with 1 mol% and 15 mol%
aGeO3, exemplarily. The peak around 1420 cm−1 suggests
ery small traces of BaCO3.43

The above described calcined powders were the basic pow-
ers for all further investigations. After pelleting of the these
owders, sintering at 1150 ◦C for 10 h and cooling down
10 K/min) to room temperature, ceramics with a BaGeO3
ontent ≥50 mol% show besides the BaSnO3 phase only reflec-
ions of hexagonal BaGeO3 (Fig. 3). In contrast, samples with
ess than 50 mol% BaGeO3 reveal the pattern of orthorhom-
ic BaGeO3. However, after repeated crushing and sintering
t 1150 ◦C, the XRD patterns of these samples (<50 mol%
ig. 2. IR spectra of calcined samples containing (a) 1 mol% and (b) 15 mol%
aGeO3. Spectrum (a) shows a weak broad band at about 1630 cm−1 (δOH) due

o water absorbed by the KBr powder.
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Fig. 3. XRD patterns (recorded at 20 ◦C) of BaSn1−x/GexO3 ceramics after var-
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BaGeO3 content >15 mol% we observe the appearance of two
separate peaks; a first peak in the range 1200–1215 ◦C and a
second one at about 1280 ◦C. The shrinkage of sample 5 slowly
starts at 950 ◦C, however a significant shrinkage occurs above

Table 1
Properties of BaSn1−x/GexO3 powders calcined at 1150 ◦C for 2 h.

Powder BaGeO3 content
(mol%)

BET specific surface
area (m2/g)

Average particle
diametera (nm)

1 1 3.9 213
ous sintering temperatures and soaking times. (a–d) 1150 ◦C, 10 h; (e) 1150 ◦C,
0 h with intermittent cooling, crushing and pelleting; (f, g) 1150 ◦C, 10 h; (h,
) 1200 ◦C, 10 h.

o 1400 ◦C we found as crystalline phases always both BaSnO3
nd BaGeO3. It can be seen from Fig. 3b, that the BaGeO3 phase
learly appears at samples with at least 10 mol% BaGeO3 con-
ent. Sintered bodies with 5 mol% BaGeO3 hint at very small
races of a BaGeO3 phase. However, repeated sintering, crush-
ng and pelleting of this sample leads to a disappearing of
he BaGeO3 reflections and thus to a complete formation of
solid solution between the non-isotypic compounds BaSnO3

nd BaGeO3.
For the following DTA and EDX measurements the calcined

amples were pressed to pellets, sintered several times with inter-
ittent cooling, crushing and re-pelleting. EDX measurements

f several grains in various ceramic bodies suggest a solid solu-
ility of BaGeO3 into the BaSnO3 structure of about 6–7 mol%,
hich confirm the above XRD results. Because of the limited

olid solubility, we describe the system BaSnO3–BaGeO3 by
he formula BaSn1−x/GexO3.

DTA investigations of pure BaGeO3 indicated a melting point
f 1290 ± 5 ◦C (Fig. 4) and a hexagonal� orthorhombic phase
ransition temperature of 1190 ± 5 ◦C (not shown in Fig. 4) in
ood agreement with earlier data.42,44 BaSnO3 has a very high
elting point, which could not be determined by us. However,
agner and Binder45 reported a melting temperature of 2057 ◦C.

TA measurements of BaSn1−x/GexO3 samples with various
aGeO3 contents (x ≥ 0.1) reveal a melting temperature at about
270 ± 5 ◦C (Fig. 4). Samples with a BaGeO3 concentration
elow 10 mol% do not show any melting peak.

1

ig. 4. DTA traces (melting point) of BaGeO3 and various BaSn1−x/GexO3

x ≥ 0.15) samples.

.2. Shrinkage and sintering behaviour

Four different preceramic powders were used for these inves-
igations. Powders with BaGeO3 contents of 1 mol% (1), 2 mol%
2), 5 mol% (5) and 15 mol% (15) were obtained after calcination
t 1150 ◦C for 2 h (heating rate 10 K/min), as described above.
he specific surface areas and the equivalent BET particle diam-
ters of these powders are given in Table 1. It can be seen that
n increasing BaGeO3 content causes a decreasing specific sur-
ace area and thus a raising BET particle diameter, which can be
onsidered as an average size of the primary particles.46 Fig. 5
hows the cubic- and cuboid-like morphology of powder 1. The
articles of this powder are strong agglomerated (Fig. 5b). The
heoretical bulk densities of the resulting ceramic bodies were
alculated as 7.22 g/cm3 (1), 7.19 g/cm3 (2), 7.12 g/cm3 (5) and
.85 g/cm3 (15).47

The shrinkage behaviour of green bodies of 1, 5 and 15 are
epicted in Fig. 6. Sample 1 slowly starts to shrink at about
050 ◦C and the maximum shrinkage rate is observed at 1295 ◦C
−2.3%/min). Further addition of BaGeO3 leads to a shift of
he maximum shrinkage rate to 1265 ◦C (−1.8%/min) (5). The

aximum shrinkage rate in sample 15 is characterized by a
harp asymmetric peak. The peak at 1280 ◦C exhibits an approx-
mately two times higher shrinkage rate (−3.8%/min) and is
ssigned to the formation of a liquid phase. In samples with a
2 2 2.7 309
5 5 2.4 351
5 15 1.5 581

a Calculated from the specific surface area.39
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each other, whereas ceramic bodies of 15 exhibit lower rel-
ative densities. The general decrease in absolute densities of
BaSn1−x/GexO3 ceramics with increasing BaGeO3 content is
Fig. 5. TEM i

060 ◦C, whereas the sample containing 15 mol% BaGeO3 (15)
tarts to shrink not until about 1040 ◦C. Compared to pure
aSnO3 samples19 the addition of BaGeO3 causes consider-
bly higher shrinkage rates and thus stronger shrinkage at lower
emperatures.

Fig. 7 shows the final bulk densities of BaSn1−x/GexO3
x = 0.01 (1); 0.02 (2); 0.05 (5); 0.15 (15)) ceramics after isother-
al sintering between 1150 ◦C and 1400 ◦C for 1 h and 10 h,

espectively. Up to 1200 ◦C and a soaking time of 1 h ceramic
odies with a relative density of 76–87% can be obtained. Dense
eramic bodies (relative density ≥90%) can be obtained at tem-
eratures above 1200 ◦C. As seen in Fig. 7, after sintering of
h ceramics of 1, 2 and 5 achieve at 1230 ◦C relative densities
f 92% (6.62 g/cm3), 91% (6.53 g/cm3) and 93% (6.65 g/cm3),
espectively. Sample 15 requires a sintering temperature of
250 ◦C to form dense ceramic bodies. Higher sintering temper-
tures lead only to a marginal increase in density. A prolonged
oaking time of 10 h results in a slight reduction of the required

intering temperature for dense ceramic bodies. After 10 h and
temperature of 1180 ◦C we obtain ceramics with densities of
.52 g/cm3 (90%, 1), 6.52 g/cm3 (91%, 2), 6.44 g/cm3 (90%,

ig. 6. Shrinkage behaviour (non-isothermal, heating rate 10 K/min) of green
odies of 1, 5 and 15. The inset shows the relative shrinkage rate (d(�L/L0)/dt)
f these bodies.

F
(
a
i
(
t
6

of powder 1.

) and 5.58 g/cm3 (81%, 15). Above 1150 ◦C the final rela-
ive densities of ceramics 1, 2 and 5 differ only slightly from
ig. 7. Final densities of BaSn1−x/GexO3 ceramic bodies of 1 (x = 0.01), 2
x = 0.02), 5 (x = 0.05) and 15 (x = 0.15) after an isothermal sintering process
t various temperatures at the indicated soaking times in a muffle furnace (heat-
ng/cooling rate: 10 K/min). (a) Relative densities vs. sintering temperature and
b) absolute densities vs. sintering temperature. The relative densities are related
o the theoretical density of 7.22 g/cm3 (1), 7.19 g/cm3 (2), 7.12 g/cm3 (5) and
.85 g/cm3 (15).
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ig. 8. SEM micrographs of the surfaces of ceramic bodies of 1 after various sin
h; (d) 1180 ◦C, 10 h; (e) 1250 ◦C, 10 h.

lso due to the reduction of the maximum achievable density by
dding BaGeO3 (see above).

As seen in Fig. 3c ceramic bodies of 15 consist of orthorhom-
ic BaGeO3 besides BaSnO3 as the main crystalline phase.

From the outlined results it can be concluded that an amount
f 1 mol% BaGeO3 is sufficient to obtain dense BaSn1−x/GexO3
eramic bodies at low sintering temperatures.

The micrographs of ceramics of 1 are shown in Fig. 8. Sin-
ering at 1230 ◦C for 1 h of 1 results in ceramic bodies with
ubic-like grains of about 0.3–1.3 �m (∅= 0.7 �m48), whereas
eramic bodies of 15 (not shown in Fig. 8) reveal grain sizes
etween 0.5 �m and 1.8 �m. A sintering temperature of 1300 ◦C
or 1 h (Fig. 8b) reveal in both samples a bimodal or het-
rogeneous grain size distribution with grain sizes of about
.5–1 �m/2.5–7 �m (1) and 0.7–6 �m (15). Sintering at 1400 ◦C

Fig. 8c) leads also to a bimodal microstructure with irregular
rains between 2.5 �m and 26 �m (1). An increasing soaking
ime to 10 h at 1180 ◦C causes for ceramics of 1 a homoge-
eous microstructure with grains between 0.4 �m and 2 �m

c
d
o
o

temperatures and soaking times. (a) 1230 C, 1 h; (b) 1300 C, 1 h; (c) 1400 C,

∅= 1.6 �m) (Fig. 8d) and in sample 15 we find grains in
he range 0.8–2.8 �m. Sintering at 1250 ◦C for 10 h (Fig. 8e)
eads in both samples (1, 15) to a bi-modal grain growth with
rain fractions of 0.8–2 �m and 5–20 �m (1) or to a heteroge-
eous microstructure with grains between 1 �m and 15 �m (15).
he smaller grain fractions mainly consist of cubic-like grains,
hereas the larger grains have a more irregular shape as seen

rom the inset in Fig. 8e.
The isothermal sintering clearly shows, that dense ceramic

odies can be obtained at sintering temperatures below the
ormation of the liquid phase (<1270 ◦C). This indicated that
he formation of a liquid phase is not essential for densifica-
ion of the investigated ceramic bodies. Therefore, the additive
aGeO3 does not affect primarily as a liquid phase former, but

t improves the sintering behaviour by sliding processes (vis-

ous flow). Fig. 9 exemplarily shows the result of isothermal
ilatometric investigations of compacts of 2 and 15. By means
f the general shrinkage Eq. (1),49 a logarithmic representation
f �L/L0 vs. time (t) allows to determine the dominant shrinkage
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ig. 9. Isothermal dilatometric investigations demonstrated at 1150 ◦C for green
odies of 2 and 15. The figure shows a double logarithmic plot of �L/L0 vs.
ime (t) of the isothermal segments (the initial values were set to zero).

echanisms:

�L

L0

)m/2

= − H

2mRn
t (1)

Here, �L/L0 is the relative shrinkage, H is a function con-
aining material parameters, R is the radius of the particles, t
s the time, n and m are numerical exponents depending on the
hrinkage mechanism.

The isothermal part clearly shows that the isothermal shrink-
ge process is divided into two sections representing two
ifferent shrinkage mechanisms.35,50 The first segment of the
sothermal curves has a slope according to a shrinkage exponent
f about m = 2 indicating viscous flow as the major shrink-
ge mechanism. The second segment (m = 4–6) suggests grain
oundary diffusion and volume diffusion from the grain bound-
ries as the dominant shrinkage process. It can be seen that the
eginning of the shrinkage process is dominated by sliding pro-
esses (viscous flow). Such processes are caused by defect-rich
nd amorphous (glass-like) contact boundaries.51–53 The slid-
ng processes of whole grains are supported by BaGeO3 and
esult in a reducing sintering temperature. A similar improved
ensification behaviour during solid-state sintering by addition
f germanium- and silicon-based additives is also observed in
aTiO3 ceramics.35,50

. Conclusion

The system BaSnO3–BaGeO3 (BaSn1−x/GexO3, x ≥ 0.1)
eveals a melting temperature of about 1270 ± 5 ◦C. XRD inves-
igations and EDX measurements of single grains of various
eramic bodies suggest a solubility of BaGeO3 in BaSnO3 of the
rder of 6–7 mol%. BaSn1−x/GexO3 samples (x ≥ 0.1) heated
p to 1400 ◦C show reflections of both a BaSnO3 phase and a
aGeO3 one, whereas samples with x < 0.1 reveal only reflec-

ions of the BaSnO3 phase.

BaGeO3 can be used as a sintering additive for BaSnO3

eramics to reduce the sintering temperature. The ceramic bodies
ere prepared from mixed-oxide powders (calcined at 1150 ◦C,
h). The sintering behaviour was studied on samples con-
Ceramic Society 30 (2010) 1419–1425

aining 1–15 mol% BaGeO3. An addition of 1 mol% BaGeO3
s sufficient to obtain dense ceramic bodies (relative density
90%) after a conventional solid state sintering process of 1 h

t 1230 ◦C, or 10 h at 1180 ◦C. Raising sintering temperatures
r an increased BaGeO3 content promote the formation of an
eterogeneous or bimodal grain size distribution in the ceramic
odies.
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