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Abstract

Perovskite-based ceramics within the BaO—(Nb, Ta),Os system possess excellent microwave dielectric properties, which make them suitable
for applications in communication systems. The polymorphic phase transitions and the stability of the individual polymorphs of tetra-barium
di-niobate (V) (BasNb,Oy) were studied at different temperatures Ba;Nb,Og ceramics were prepared via a conventional solid-state reaction route.
Three Bay;Nb,Og polymorphs were isolated. These include a hexagonal (o) and two orthorhombic (y, B) modifications. Transmission electron
microscopy (TEM) revealed an intergranular BaO-rich amorphous phase and nano-crystalline BasNb,O;5 in all the polymorphs, most abundantly in
the a-modification. Superstructure ordering in the a-modification was confirmed by electron diffraction methods. The a-BasNb,Og was observed
to be stable in the temperature range 560-1160 °C; below 560 °C the stable polymorph is B-BasNb,Og, while above 1160 °C the only stable

polymorph is y-BaysNb,Oy.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent investigations have revealed that ceramics based on
hexagonal perovskites exhibit attractive microwave dielectric
properties with moderate quality factors (Qxf> 30,000 GHz) and
dielectric constants (¢; > 30) as well as a low-temperature depen-
dence of resonant frequency (—50< ty<+50 ppm/K). =12 In
contrast to the archetypical cubic perovskites, the crystal struc-
ture of the hexagonal perovskites comprise face-sharing BXg
octahedra along close-packed AX3 layers comprising the (11 1)
planes of the perovskite lattice. The layers of face-sharing octa-
hedra break the usual ccp stacking along the <11 1> axes, the
structure locally acquires the Acp stacking, and the axis normal to
this layer becomes the c-axis of the hexagonal structure '3. When
layers of face-sharing octahedra appear at regular intervals along
the crystallographic c-axis this results in polytypic structures
with hexagonal (H) and rhombohedral (R) symmetries.

Inthe BaO-Nby;O5—WO3 and BaO-Ta; O5—WO3 ternary sys-
tems Kemmler-Sack et al.'*20 reported on a series of hexagonal
perovskites. Vineis et al.> demonstrated that an 8-layer hexago-
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nal perovskite, BagZnTagOy4, forms as a consequence of ZnO
volatilization from the cubic perovskite Ba3ZnT21209,21 which
is widely utilized for the production of high-Q base-station
resonators in wireless telecommunications networks.?? Further-
more, Mallinson et al.? identified the new, 10-layer hexagonal
perovskites BajgMgg.25Ta7.90309 and BajgCog.25Ta7.9039. It is
also known that BasNb4O5 and BasTasO 5 are B-site cation-
deficient hexagonal perovskites with a hhccc stacking of BaO3
layers .>3-2> The literature data suggest that the BaO-rich parts
of the BaO-Ta;Os5 and BaO-Nb,Os5 systems should be prone to
the formation of hexagonal perovskite phases.

Because of the potentially interesting microwave dielectric
materials, we focused on the BaO-rich region of the BaO-Nb,O5
binary system,?®->% where various hexagonal perovskite poly-
types have been reported.3*33 Even though the BaO—-Nb,Os
binary system was extensively studied by several authors, the
literature on many compounds in the BaO-rich part of this
binary system, in particular of the BayNb,Og polymorphs, is
scarce and contradictive.?9-3% Furthermore, the crystal struc-
tures of the Ba4Nb;Og9 modifications have not yet been solved.
Based on X-ray diffraction data Leshchenko et al. reported four
different polymorphs of BayNbyQo, i.e., a, B, B’ and 31732
The a-modification was obtained by quenching the sample
from 750 °C in an atmosphere of air, the B-modification was
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formed by slow cooling from 1400 °C, and the y-modification
was obtained by quenching the sample from 1500 °C.3! The -
BasNb,Og also forms during slow cooling from about 1130 °C,
while quenching the sample from above 1130 °C results in the
formation of the y-modification. Upon annealing at between 260
and 320 °C the y-modification converts into the 3-modification,
which subsequently converts to the B’-modification when heated
in a temperature range between 530 and 700 °C, and under-
goes an irreversible phase transition into the a-modification at
700-1130°C.%

Due to inconsistencies regarding the phase transitions and the
stability of the BasNbyO9 modifications, we have reinvestigated
the formation conditions of the individual polymorphs. To fur-
ther understand the polymorphic transitions in this compound
we sintered BasNb,Og at different temperatures and in various
atmospheres to verify the stability of the individual polymorphs.
The samples were characterized using X-ray powder diffrac-
tion (XRD) and differential thermal analysis (DTA) whereas
the presence of secondary phases and possible super-structural
ordering were studied using transmission electron microscopy
(TEM) techniques.

2. Experimental

The starting materials employed were high-purity pow-
ders of BaCOs3 (99.8%, Alfa Aesar) and Nb,Os5 (99.8%, Alfa
Aesar). The corresponding mixture was first ball-milled for 2h
(200 min~') with yttria-stabilized zirconia balls using ethanol
as a mixing media. After drying the powder was calcinated at
800 °C in air for 20h, then ground, and recalcined at 900 and
1000 °C for 20 h in order to ensure a complete reaction between
the BaCOs3 and the NbyOs. The powders were then uniaxially
pressed into 10 mm pellets, under a pressure of 2 kN. The green
bodies were sintered on a sacrificial pellet of the same com-
position in an alumina crucible at 1100, 1200 and 1300 °C in
ambient air. The selected temperatures ensured sub-solidus con-
ditions and did not exceed the decomposition temperatures of
compounds.

After the calcinations and sintering the phase composition of
each sample was analyzed by X-ray powder diffraction using
a PAnalytical X’Pert PRO MPD high-resolution X-ray diffrac-
tometer with Cu Kal radiation (1.5406 A) operated at 45kV
and 40 mA.

The homogeneity of the samples was studied with a scanning
electron microscope (SEM; Jeol JSM-5800, Jeol Ltd., Tokyo,
Japan) operated at 20kV and equipped with a back-scattered
electron (BEI) detector and an energy-dispersive X-ray spec-
trometer (EDS; Link ISIS 300, Oxford Instruments, Oxford,
UK). In order to verify the presence of secondary phases at
the grain boundaries we used a transmission electron micro-
scope (TEM; JEM-2100, Jeol Ltd., Tokyo, Japan) operated
at 200kV. For the TEM observations the samples were cut
into 3mm discs, which were mechanically thinned and pol-
ished to a thickness of ~100 pm and dimpled (Dimple Grinder,
Gatan Inc., Warrendale, PA) to ~20 wm in the disk center.
The TEM specimens were produced by ion-milling (RES 010,
Bal-Tec AG, Balzers, Liechtenstein) with 4keV Ar" ions at

an incidence angle of 10° until perforation of the central disk
area.

3. Results and discussion
3.1. a-BayNby;O9 modification

The X-ray diffraction analysis of the powder mixture with a
molar ratio BaO:NbyOs =4:1 after firing at different tempera-
tures between 800 and 1100 °C (Fig. 1) for 20 h indicates that
the first binary phase, which forms below 800 °C, is a 5-layer
(5L) hexagonal perovskite BasNbsO15. Additional peaks in the
XRD spectra, accompanied by a decrease of the BaCO3 and
BasNbsOjs peaks, appear after firing at 900 °C. These peaks
could be assigned to the a-BagNbyOg modification described
by Leshchenko et al., (ICDD file #35-1154).3! By increasing
the firing temperature to 1000 °C the diffraction peaks of the
BaCO3 disappear, whereas the peaks of BasNb4Os disappear
after firing at 1100 °C.

Furthermore, the X-ray diffraction patterns shown in Fig. 1
reveal the presence of broad peaks with low intensity, which
appear after firing above 900 °C. Similar XRD patterns were
also observed after firing at 1200 and 1300 °C. These diffrac-
tion peaks could either be a consequence of the presence of
a secondary phase or a type of super-structural ordering in
the BagsNb,Og phase. The SEM/EDS analysis of the ceramics
prepared from a-BagNbyOg powder sintered at 1100 °C in air
showed no evidence for the presence of any secondary phases.
As the unidentified reflections in the XRD pattern are weak
and broad, this could indicate that secondary phases, if at all
present, are nano-crystalline. In order to identify possible sec-
ondary phases at the grain boundaries in this sample we used a
TEM (Fig. 2a). Even with moderate magnifications we were
able to observe an abundant amorphous inter-granular phase
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Fig. 1. X-ray powder-diffraction data for Ba4Nb,Og over the temperature range
800<7T<1100°C (o indicates a-BasNbyOg phase, SL indicates BasNbsOis
phase, C indicates BaCO3 and S indicates unidentified weak and broad peaks).
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Fig. 2. (a) A bright-field TEM micrograph of a-BasNb,O9 shows matrix-phase grains (o) and an inter-granular amorphous phase (am). The inset in the upper-
right corner shows a SAED pattern collected from a-BasNbyOg grains. The diffraction spot A corresponds to (100);, =(220)r, and the spot B corresponds to
(110), =(600)r (the subscripts L and T refer to indexing according to Leshchenko et al.3! and Trunov et al.,?’ respectively). The square on the left-hand side of the
micrograph shows the area enlarged in Fig. b. (b) A HRTEM micrograph shows the presence of nano-sized BasNb4O1s crystals (5L) within the amorphous phase.
The inset shows a SAED pattern collected from nano-crystals and the simulated pattern corresponding to BasNb4O15 crystals.

between individual BasNb;Og grains. At higher magnifications
we found that this inter-granular phase is not homogeneous,
but contains scattered 2—5 nm large nano-crystals (Fig. 2b). The
selected area electron diffraction (SAED) patterns of these nano-
crystals (inset in Fig. 2b) correspond to the BasNb4O;5 phase.
This is further confirmed by the EDS analysis of the nano-
crystals, which shows a decrease in the Ba/Nb ratio with respect
to the well-crystallized Ba4Nb;Og grains. On the other hand, the
composition of the amorphous phase indicates a higher Ba/Nb
ratio than that found for the Ba4Nb, Oy grains. The presence of a
BaO-rich amorphous phase and the nano-crystals of BasNb4O15
suggest the decomposition of a-BagNb,yOy.

These observations, however, do not explain the weak, broad
reflections in the XRD spectra. The SAED patterns of the matrix-
phase grains (inset in Fig. 2a) indicate their hexagonal symmetry
and the main diffraction spots can be indexed either to the
reduced hexagonal-cell of the a-BasNb; Og modification, as pro-
posed by Leshchenko et al.,3! or to the hexagonal super-structure
(ICDD file #46-0939), as reported by Trunov et al.>” Based on
a analogy with the BasTayOg structure,>® Leshchenko et al.3!
described some reflections as super-structural. For this reason
the unit-cell constants (a=5.923 A and ¢ =4.230 A) were inter-
preted as sub-structural, while the super-structural peaks evident
from the XRD pattern were not considered in the calculation of
the unit-cell dimensions. In the analysis of the XRD data by
Trunov et al.?” most of the weak reflections were included and
indexed as a hexagonal super-structural cell (¢=20.52 A and
c=8.452 A), which also corresponds to our electron diffraction
data. If our SAED pattern is indexed according to the unit-cell
proposed by Leshchenko et al.3! the diffraction spot A (see the
inset of Fig. 2a) would be indexed as (1 0 0), whereas according
to Trunov et al.?’ this spot is indexed as (220), indicating that
their unit-cell is rotated by 30°, with respect to the sub-cell of
Leshchenko et al.,3! and multiplied along the a-axis. Similarly,

the reflection spot B from our SAED pattern, can be indexed
using the unit-cell of Leshchenko et al.3! as (110), and accord-
ing to Trunov et al.2” as (600). The super-structural reflections
in our SAED pattern (see the inner ring of weak reflections in
the inset of Fig. 2a) and most of the remaining weak reflections
in our XRD pattern suggest that the structure of a-BagNbyOg
indeed has a hexagonal symmetry with unit-cell parameters that
correspond to those proposed by Trunov et al.?’

3.2. y-Ba4sNb;Og9 modification

When a-BasNby Oy is heated above 1200 °C and quenched
to room temperature the recorded XRD pattern corresponds to
the y-modification of BayNb>Og (ICDD file #35-1156).3! The
XRD spectra of the samples sintered at 1200 and 1300 °C for
5h and quenched to room temperature are shown in Fig. 3. In
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Fig. 3. X-ray diffraction patterns of BasNby,Og samples quenched to room
temperature from: (a) 1100 °C, (b) 1200 °C and (c) 1300 °C.
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Fig. 4. A differential thermal analysis curve of the sample with the a-phase
composition. The analysis was conducted at 1400 °C/5 h at a rate of 5 °C min~!
in an Ar atmosphere.

addition to this modification the XRD and SEM analyses of the
samples quenched from 7> 1200 °C did not reveal the presence
of any other phase, which implies that the y-modification is the
high-temperature polymorph of BasNb,Oyg.

To determine the o — <y transition temperature, differential
thermal analysis was applied. This analysis showed a sharp
endothermic peak at 1165 °C during heating (Fig. 4) which could
be ascribed to this phase transition. The determined transition
temperature is fairly close to that reported by Leshchenko et al.
(~1130°C).32

3.3. B-BayNby;Og9 modification

Leshchenko et al.3? reported that the y-modification trans-
forms to yet another polymorph, the B-modification, as it is
heated in the range 257-317 °C. In order to prove the exis-
tence of this modification at low temperatures we annealed a
pre-sintered y-BasNbyOg phase at 300 °C in air for 5 h. All the
major peaks in the XRD spectrum of this specimen correspond
to the B-BasNb,Og phase, as described by Leshchenko (Fig. 5).
Additionally, some minor reflections, which can be ascribed to
BaCQOg, are also present in the spectrum. They could either be
a consequence of the slightly more NbyOs-rich chemical com-
position of the B-BasNb,Og modification or it could be due to
a partial decomposition of the 3-BayNb,Og. Furthermore, we
found that after repeated heating at 1300 °C and slow cooling
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Fig. 5. X-ray powder diffraction pattern of BagNbyOg heated at 300 °C for 5h
and quenched. Most of the diffraction peaks correspond to the 3-BasNbyOg
modification (), and C indicates minor BaCOj3 peaks.
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Fig. 6. X-ray diffraction patterns of BagNbyOg show o — 3 phase transition.
The peaks indicated by a belong to a-BasNb2 Oy, by B to 3-BagNboOg and by
5L to the BasNb4Os.

(via an intermediate a-modification) to room temperature the
BasNb,Og progressively converts into the 3-polymorph (Fig. 6).
Following each firing/cooling cycle (5 h annealing time each) the
samples were homogenized and re-pressed into pellets. After
the third cycle some peaks of the (3-BasNbyOg9 modification
appeared in the XRD pattern. In addition to the 8- and a-peaks
some low-intensity peaks that correspond to BasNb4O;s and
BaCO3 could be detected after the third cycle. The intensity
of the B-peaks gradually increased with the increasing num-
ber of sintering cycles, whereas the diffraction peaks of the
a-modification gradually decreased and finally disappeared in
the 6th cycle (after a total of 30 h of annealing). This implies that
the a-modification is a thermodynamically stable in the tempera-
ture range between 560 and 1160 °C, whereas the 3-modification
is stable below 560 °C.

In addition to the B-BasNb,Og, Leshchenko et al.32 reported
the existence of the B’-BagNbyQg. According to their find-
ings, the (B-phase should be converted into the hexagonal
B’-modification between 530 and 700 °C. To verify the g — B’
conversion the samples of B-BasNbyOg were fired at 590 °C.
Even after longer annealing times we did not observe the for-
mation of B’-modification in any of the samples; instead we
regularly observed the presence a-BasNbyOg in addition to
BasNb4sO;s and BaCO3 peaks with significant y-BagNbyOg
reflections after shorter annealing times. To further confirm the
existence of B’-BagyNbyOg both a- and y-BagNbyOg samples
were annealed at 560 °C for 100 h and quenched to room tem-
perature. The composition of the samples corresponded to the
a-modification, which, according to Leshchenko et al.,>2 should
appear above 700 °C, whereas the expected ’-modification did
not appear in the XRD spectra. In addition to a-BagjNb,O9 we
also observed minor BasNbsO;5 and BaCOj3 reflections. The
additional peaks in the X-ray spectrum that correspond to the
secondary BasNb4O;5 and BaCOs3 phases coincide with the
peaks reported for the B’-phase, suggesting that this intermediate
phase does not exist.
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Although we could not confirm the existence of ['-
modification of BagNb,Og as reported by Leshchenko et al.,32
we got a better insight into the nature of 3-BasNbyO9 modi-
fication. Namely, the appearance of the y-modification at these
temperatures, the conversion of the y-phase after quenching into
the B-phase or its slow formation from a-phase after repeated
reheating and grinding implies that (3-modification is in fact a
disordered y-modification, i.e., y'-BagNbyQOg, where the struc-
tural changes are induced by mechanical deformation.

3.4. Stability and decomposition of the Ba4Nb;Og phases

Based on these results we identified the B-polymorph as the
low-temperature modification observed below 500 °C, the o-
polymorph as the medium-temperature modification observed
in the temperature range between 560 and 1160 °C, and the v-
polymorph as the high-temperature modification found above
1160°C.

We further investigated the stability of the individual poly-
morphs by annealing the pelletized samples of the y-BasNb;Og
polymorph at 300, 560, 1000 and 1300 °C for 100 h in air. The
corresponding XRD spectra recorded from the pellets’ surfaces
are shown in Fig. 7.

After annealing the sample at 300 °C for 100 h and quenching
it to room temperature, the recorded XRD pattern corresponds
to that of the B-modification, which confirms its formation
at low temperatures. The XRD pattern of the sample fired at
560°C for 100h, where according to Leshchenko et al.3? the
B’-modification should be stable, corresponds to BasNbsOqs
and BaCOs instead of any BasNbyOg polymorph. The reason
for the observed instability could be the reactivity with the atmo-
sphere, as was described by Vanerah et al.?® to be the case with
the BazNbyOg compound. After annealing at 1000 °C for 100 h
and quenching to room temperature the prevailing reflections in
the XRD spectrum are those of a-BagNbyOg and BasNb4Os,
whereas BaCOs reflections were not observed. This condition
reflects the situation observed with the TEM on the a-BasNb,Og
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Fig. 7. X-ray diffraction pattern of the surface of pellets quenched to room
temperature after annealing for 100h at: (a) 300°C, (b) 560 °C, (c) 1000°C
and (d) 1300 °C. The peaks indicated by o belong to a-BagNbyOg, whereas the
peaks indicated by SL and C correspond to the BasNbsO;5 and BaCOs.

samples, where the secondary phases were the amorphous BaO-
rich phase and the nano-crystalline BasNb4O15, which is after
an extended annealing time, well crystallized. The final sam-
ple fired at 1300°C showed a relatively pure y-modification
with no decomposition products. These observations imply that
the a-BayNb,O9 modification is very prone to decompose into
BasNb4O;s and the BaO-rich phase, whereas the 3- and v-
modifications of BagNb,Og are more stable and do not tend
to decompose either at the firing temperature or at room temper-
ature when exposed to air. We assume that the crystal structure of
the hexagonal a-polymorph, which differs from the orthorhom-
bic B and vy, may explain its instability in the presence of water
and air.

4. Conclusions

The BagNbyOg ceramic was prepared with a conventional
solid-state reaction. We have isolated three BasNbyOg poly-
morphs. These include the hexagonal (a) and two orthorhombic
(¥, B) modifications. a-BasNb;Og is observed in the temper-
ature range between 560 and 1160 °C, while orthorhombic
v-BasNbOg is the high-temperature modification, stable above
1160 °C. The presence of low-intensity broad peaks in the X-ray
spectra of the a-modification was related to remnant inter-
granular amorphous BaCO3 and nano-crystalline BasNb4Ojs,
while some of these peaks were shown to belong to super-
structure reflections of a-BasNb,Og. The abundant presence of
BasNb4O;5 and BaCOs at the surfaces of sintered pellets implies
that the a-modification is the least stable phase with respect to
atmospheric conditions. The 3-BayNb,Og appears to be a low
temperature modification of y-BayNbyQOo, i.e., yv'-BagNb,Og,
observed below 560 °C, while B’-BagNb,Og modification could
not be produced at any synthesis conditions within the reported
temperature ranges.
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