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Abstract

Materials in the (Nag 5Big 5) TiOz—SrTiO3 system are of interest for use as lead-free piezoelectric actuators due to high electric-
field induced strains. Piezoelectric properties may be further improved by growing single crystals but as yet work on single
crystal growth in this system is limited. In the present work, single crystals of composition 0.75 (Nag 5sBij 5)TiO3-0.25 SrTiO3
were grown by solid state crystal growth (SSCG) on [001] SrTiO5 seed crystals and the dependence of crystal growth distance
and matrix grain growth on sintering temperature investigated. Electron backscattered diffraction and X-ray diffraction analysis
show that the single crystals grow epitaxially on the seed crystals. Energy dispersive spectroscopy indicates that the grown
crystals are slightly Na-deficient, while X-ray photoelectron spectroscopy indicates the presence of oxygen vacancies. Single
crystal growth distance, mean matrix grain size and grain size distribution as a function of sintering temperature and time are
presented. Increasing the sintering temperature increases both single crystal and matrix grain growth rates. The optimum single
crystal growth temperature is found to be 1250°C. The effect of sintering temperature on the single crystal and matrix grain
growth behavior is explained using the mixed control mechanism of microstructural evolution.
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1 Introduction

Piezoelectric materials based on Pb(Zr,Ti)O3 (PZT) are widely
applied in many electronic devices such as generators, actua-
tors, transducers and motors [1, 2]. However, legislation
restricting the use of lead by the European Union (EU), the
United States and several other countries has prompted a search
for lead-free piezoelectric materials to replace PZT. Many lead-
free piezoelectric systems are being explored and developed based
on barium titanate BaTiOj3, sodium bismuth titanate
(Nag sBig.5)TiO3; (NBT) and potassium sodium niobate
(Ko 5sNag 5)NbO; (KNN) [1, 3]. Recent developments in this area
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include the development of NBT-based incipient ferroelectric ma-
terials with large electric-field-induced strains [4—6], materials with
core/shell microstructures [7, 8], textured ceramics [9, 10], mate-
rials with high electrostrictive strains [9, 11] and KNN-based ma-
terials with a rhombohedral-tetragonal polymorphic phase transi-
tion close to room temperature [12, 13]. In addition to their use as
piezoelectric materials, materials from these systems also have
applications in multiferroic composites [14, 15] electrocaloric de-
vices [16, 17] and energy storage devices [18, 19].

In 1961, Smolenskii et al. [20] found NBT to be a
perovskite-type ferroelectric material at room temperature.
NBT is a relaxor ferroelectric which undergoes a phase tran-
sition between rhombohedral and tetragonal phases between
200 and 320°C (Tg.t) and between tetragonal and cubic
phases at ~ 540°C [1, 21-24]. In addition, there is a depolar-
ization temperature T, at ~185°C [25]. This is generally con-
sidered to be a ferroelectric-antiferroelectric transition [26] but
its exact nature is still disputed, having also been described as
a weakening of the ferroelectric domains associated with a
reduction of octahedral tilting [27]. T, and Tr_t may also be
lowered and even merged together when NBT forms a solid
solution with another component [28, 29]. NBT possesses a
large remnant polarization (P,=38uC/cm?), high coercivity


http://crossmark.crossref.org/dialog/?doi=10.1007/s10832-018-0111-8&domain=pdf
http://orcid.org/0000-0001-6758-6235
mailto:johnfisher@jnu.ac.kr

J Electroceram (2018) 40:122-137

123

(E.=70kV cm ") and high temperature of maximum permit-
tivity (T, =320°C) [1, 22, 30]. Many NBT-based binary and
ternary systems have been constructed to improve NBT’s pi-
ezoelectric properties [1, 3, 31, 32]. NBT-based solid solutions
exhibit high strains due to a reversible electric field induced
phase transformation between relaxor and ferroelectric
phases, which makes them attractive for actuator applications
[4-6, 31, 32]. However, these materials have several prob-
lems: the necessity of a large driving field to induce the phase
transition, high strain hysteresis and temperature sensitivity of
properties [9]. SrTiO; (ST) addition to NBT to make (1-
x)NBT — xST (NBT-ST) solid solutions has been reported
[33, 34]. The addition of ST into NBT slightly increases the
tolerance factor of NBT-ST solid solutions because the toler-
ance factor of 1.013 for ST is larger than the tolerance factor of
0.977 for NBT [35]. This indicates that the NBT-ST rhombo-
hedral structure is altered to a more symmetric cubic structure
as ST concentration increases, so that the NBT-ST structure
changes from the rhombohedral to cubic phase [35, 36]. When
x ~ (.25, a morphotropic phase boundary (MPB) exists be-
tween rhombohedral and pseudocubic phases and T, and Tr_t
are lowered to room temperature [33, 35, 37]. Compositions
around this MPB were reported to have excellent converse
piezoelectric properties (e.g. d3;* = 600 pm/V at an electric
field of 4 kV/mm for the 0.75 (Nag 5sBig 5)TiO3—0.25 SrTiO;
composition) [33, 38]. This combination of high d;3* and
relatively low driving field makes these materials attractive
for actuator applications. The driving field can be lowered
further by acceptor doping [39].

NBT-based ceramics have a polycrystalline structure with
randomly oriented grains. This reduces the degree of domain
orientation in an electric field, leading to significantly de-
creased piezoelectric properties. The piezoelectric properties
of NBT-based materials can be improved through fabrication
of single crystals [40, 41]. There are many techniques to grow
single crystals such as self-flux, Bridgman and top seeded
single crystal growth [42, 43], but these methods required
the starting materials to be heated up until they are molten.
This can lead to chemical inhomogeneity within the single
crystals due to the evaporation of low melting temperature
materials and incongruent melting [44, 45]. An alternative
method of growing single crystal is via the solid state single
crystal growth (SSCG) technique [44, 46, 47]. In this tech-
nique, a single crystal (called a seed crystal) is buried within
ceramic powder, pressed into a pellet and then sintered. During
sintering, a single crystal of the ceramic composition grows on
the seed crystal. The SSCG technique takes place under nor-
mal ceramic sintering temperatures, removing the need to melt
the starting materials, and uses inexpensive crucibles and fur-
naces [47]. In addition, the SSCG method does not suffer from
contamination from Pt crucibles and can grow single crystals
of specific orientation. Thus, SSCG was employed to grow
single crystals of KNN [44, 48], KNN-ST [49, 50], NBT-

BaTiO; (BT) [46], NBT-20ST [51] and NBT — Ba(Zr,Ti)O;
[52]. Single crystals of NBT-BT-KNN and NBT-CaTiO; were
recently grown by SSCG and were found to have superior
converse piezoelectric properties to their polycrystalline
equivalents [40, 53, 54]. Therefore it is possible that the pie-
zoelectric properties of NBT-ST materials could be improved
further by preparing them in single crystalline form.

In the present work, 75 mol% (Nag sBig 5)TiOs—25 mol%
SrTiO5; (NBT-25ST) single crystals were grown by the SSCG
method. This particular composition was chosen due to the
excellent piezoelectric properties reported for polycrystalline
ceramics [8, 38, 55]. The SSCG method is a type of induced
abnormal grain growth (AGG). The seed crystal acts as an
abnormal grain which grows more rapidly than the surround-
ing matrix grains to form the single crystal [47]. AGG behav-
ior has been explained using the mixed control mechanism of
microstructural evolution [47, 56, 57]. According to this
mechanism, the sintering temperature is expected to greatly
affect the single crystal growth behavior due to its effect on the
critical driving force for abnormal grain growth and grain
boundary diffusion; however this has not been studied in pre-
vious works on NBT-based systems [46, 52]. The effect of
sintering temperature on matrix grain growth behavior is also
important, as matrix grain size controls the driving force for
single crystal growth. Hence, the effect of sintering tempera-
ture on single crystal and matrix grain growth was studied in
the present work in order to find the optimum sintering tem-
perature for NBT-25ST.

2 Experimental

The 75 mol% (Nag sBiy5)TiO3—25 mol% SrTiO; powder is
synthesized from Na,CO5; (ACROS organics, 99.5%), Bi,O;
(Alfa Aesar, 99.9%), TiO, (Alfa Aesar, 99.8%) and SrCO;
(Aldrich, >99.9%) starting materials by solid state reaction.
The starting materials are dried in an oven at 250°C for 5 h
to remove absorbed water. The stoichiometrically weighed
amounts of these starting materials are mixed and ground in
high-purity (99.9%) ethanol in a ZrO,-lined jar in a planetary
ball mill (Planetary Micro Mill Pulverisette 7, Fritsch GmbH,
Idar-Oberstein, Germany) for 3 h (alternating 5 min milling
and rest periods) at 500 rpm using ZrO, media. After milling,
the ethanol is evaporated using a hot plate / magnetic stirrer.
Then, the slurry is dried in an oven at 80°C for 12 h to totally
remove any remaining ethanol. The dried slurry is ground in
an agate mortar and pestle and sieved through a 180 pum sieve
to remove agglomerates. The powder is put into high purity
alumina double crucibles with lids and calcined at 850°C for
3 h in air, with heating and cooling rates of 5°C/min. The
calcined powder is planetary ball milled, ground and sieved
again to reduce the particle size. The powder is analyzed by X-
ray diffraction (XRD, X Pert PRO, PANalytical, Almelo, the
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Netherlands) using Cu Ko radiation with a scan range of 20—
90° 26, a step size of 0.02° and a scan rate of 3°/min. Particle
size analysis of the powder was carried out using a zeta
potential/particle size analyzer (ELS-8000, Otsuka
Electronics, Osaka, Japan).

SrTiO; single crystal seeds (MTI Corp., CA) with [001]
orientation and dimensions of 5% 5 x 0.5 mm are buried in
the powder in a 10 mm steel die and pressed by hand into
pellets. Then the pellets are pressed in a cold isostatic press
(CIP) at 1500 kg/cm? (~ 147 MPa). The CIPed pellets are
buried inside packing powder of the same composition in high
purity alumina double crucibles with lids and sintered at 1100,
1150, 1200 and 1250°C for 1, 5, 10, 20 and 50 h with heating
and cooling rates of 5°C/min. The samples are vertically sec-
tioned using a low speed diamond wheel saw, polished to a
1 um finish and thermally etched. The etched samples are Pt-
coated and observed by scanning electron microscopy (SEM,
Hitachi S-4700, Tokyo, Japan) with attached energy dispersive
X-ray spectrometer (EDS, EMAX energy EX-200, Horiba,
Kyoto, Japan). The single crystal growth distance, mean ma-
trix grain size and matrix grain size distribution are analyzed
from the SEM micrographs using imageJ v1.50a image anal-
ysis software. To analyze single crystal thickness, the single
crystal in each micrograph is divided into slices and the area of
each slice measured. By dividing the area of each slice by its
width, the average growth distance of the crystal in that slice
could be measured. For each sample, the mean and standard
deviation of 50 slices are measured. To analyze the mean ma-
trix grain size and grain size distribution, the equivalent 2D
radii of at least 200 grains are analyzed for each sample.

One sample sintered at 1250°C for 5 h is prepared for elec-
tron backscattered diffraction analysis (EBSD). The sample is
vertically sectioned as before and polished to a 0.25 pum finish,
but not thermally etched. The sample is analyzed in a Quanta
3D FEG SEM (FEI, Hillsboro, OR) with a Hikari EBSD cam-
era (EDAX, Mahwah, NJ). To carry out X-ray diffraction of a
single crystal, a sample is sintered at 1250°C for 5 h and then
ground and polished in the horizontal plane to a 1 pm finish to
expose the grown single crystal on one face. The sample is then
examined using XRD as before. To carry out chemical analysis
of the samples, samples are sintered at 1100, 1150, 1200 and
1250°C for 10 h and then ground and polished in the horizontal
plane to a 1 um finish to expose the grown single crystal on one
face. Samples are Pt coated and examined using EDS (EMAX
energy EX-200, Horiba, Kyoto, Japan). For each sample, five
points on the single crystal and five points on the matrix grains
are examined. One sample sintered at 1200°C for 10 h is pre-
pared for X-ray photoelectron spectroscopy with a monochro-
matic Al Ka X-ray source (XPS, VG Multilab 2000, Thermo
Scientific, UK). The sample is ground and polished in the hor-
izontal plane to a 1 um finish. Before analysis, the sample
surface is cleaned for 10 min using an Ar" ion beam to remove
surface contamination.
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For backscattered electron imaging, samples are vertically
sectioned as before and polished to a 1 um finish but not
thermally etched. Samples are Pt-coated and observed in a
JSM-7500F SEM (JEOL, Tokyo, Japan) with attached energy
dispersive X-ray spectrometer (Oxford Instruments,
Abingdon, United Kingdom). To observe the surface mor-
phology of the matrix grains, samples of NBT-25ST powder
are annealed in an alumina crucible with lid in air at different
temperatures for 10 h and then quenched by removing the
crucible from the furnace and cooling in air. The quenched
powder samples are then examined by SEM (Hitachi S-4700,
Tokyo, Japan). To observe the matrix grain boundaries and
triple junctions in more detail, ceramic samples (without seed
crystals) are sintered at 1100 and 1150°C for 1 h. TEM sam-
ples are prepared by Focused Ion Beam (Helios NanoLab,
FEI, the Netherlands) and viewed in a JEM-2100F (HR) mi-
croscope (JEOL, Tokyo, Japan) with Energy Dispersive
Spectroscopy (EDS, Oxford Instruments, Abingdon, United
Kingdom) using an accelerating voltage of 200 k'V.

3 Results

An XRD pattern of the calcined NBT-25ST powder is shown
in Fig. 1(a). The calcined powder has the perovskite structure
and the XRD pattern could be indexed with PDF#89-3109 for
(Nag sBig 5)TiO5 (cubic, space group Pm-3 m). No secondary
phases are present. The unit cell parameter for the calcined
powder was calculated using the least-squares method (MDI
Jade 6, Materials Data, Livermore CA). The unit cell param-
eter for the NBT-25ST powder is a =3.90083 + 0.000615 A.
This is slightly larger than the unit cell parameter for cubic
NBT (a=3.89 A). The ionic crystal radii of Na* and Sr** in
12-fold coordination are 1.39 and 1.44 A respectively [58].
The ionic radius of Bi** in 12-fold coordination is not given,
but the ionic radii of Bi** and Sr** in six-fold coordination are
1.03 and 1.18 A respectively. Replacement of some of the Na*
and Bi** ions with the larger Sr** ions causes an expansion in
the unit cell. The particle size distribution of the NBT-25ST
powder after calcination and ball milling shows a single peak
which tails out to a maximum size of 850 nm [Fig. 1(b)]. The
mean particle size is 404 = 86 nm.

SEM micrographs of NBT-25ST single crystals grown at
1200°C for 1-50 h are shown in Fig. 2. Single crystals of
NBT-25ST have grown on the [001]-oriented SrTiO5 seed
crystals. The white dashed lines mark the boundaries between
the seed crystal/single crystal and the single crystal/matrix
grains. Both single crystal growth distance and matrix grain
size increase with sintering time. The single crystals contain
porosity, as do the matrix grains. The matrix grains contain a
secondary phase. EDS shows this phase to contain mostly Ti
and O, with some Na and a small amount of Sr. In some of the
samples, the seed crystal also appears to contain a secondary
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Fig. 1 (a) XRD pattern and (b) particle size distribution of NBT-25ST
powder calcined at 850°C for 3 h

phase. EDS analysis shows this phase to have a composition
close to that of SrTiOs, but with small amounts (<1 at. %) of
Na and Bi. This could be an artefact caused by thermal etch-
ing. Single crystals of NBT-25ST grown at different tempera-
tures for 10 h are shown in Fig. 3. Very little single crystal
growth or matrix grain growth has taken place in the sample
sintered at 1100°C. Increasing the sintering temperature to
1150°C causes a large increase in both single crystal growth
and matrix grain growth. Further increases in sintering tem-
perature cause a further increase in single crystal growth dis-
tance and matrix grain size.

SEM micrographs of the matrix grains of samples sintered
at different temperatures for 20 h are shown in Fig. 4. The
grains in the samples sintered at 1100°C are much smaller
than those sintered at higher temperatures (note the difference
in magnification). The grains in the sample sintered at 1100°C
are equiaxed and approximately equal in size, whereas abnor-
mal grain growth has taken place in the samples sintered at

higher temperatures. Some of the grain boundaries in the sam-
ples show micro-faceting (marked with white arrows).

The results of the electron backscattered diffraction analy-
sis of an NBT-25ST sample sintered at 1250°C for 5 h are
shown in Fig. 5. Figure 5(a) shows an orientation map of the
single crystal and seed. Figure 5(b) shows the corresponding
grain boundary map. Figure 5(d) and (e) show an orientation
and grain boundary map for the matrix region. The inverse
pole figure for Fig. 5(a) and (d) is shown in the bottom of Fig.
5(f). From Fig. 5(a) and (b), it can be seen that a single crystal
has grown epitaxially onto the seed crystal. The gradual
change in colour across the seed and single crystal in Fig.
5(a) indicates a change in crystallographic orientation. This
could be due to strains induced in the sample during polishing
or strains due to a lattice mismatch between the seed crystal
and single crystal. The multi-coloured blobs inside the single
crystal are bad data points corresponding with the pores. The
(001) pole figures of the single crystal region (top) and seed
crystal region (bottom) in Fig. 5(c) show that the single crystal
and seed regions have almost identical orientation. The slight
change in orientation may be due to lattice mismatch between
the seed crystal and single crystal. For each pole figure, an
area ~40 um in diameter was scanned. The orientation and
grain boundary maps for the matrix region [Fig. 5(d) and (e)]
clearly show their polycrystalline nature as does the (001) pole
figure for the matrix region [Fig. 5(f)].

An optical micrograph of the NBT-25ST single crystal
sample prepared for XRD is shown in Fig. 6(a). The single
crystal and matrix regions can clearly be seen. Also, some
matrix grains above the single crystal layer, which were not
removed during polishing, can be seen. XRD patterns of this
sample, a [001] SrTiO; single crystal substrate and a NBT-
258T polycrystalline sample (which is in fact the NBT-25ST
single crystal sample turned over to expose the polycrystalline
matrix on the other side) are shown in Fig. 6(b). The NBT-
25ST single crystal sample shows strong (100) and (200)
peaks, which can be indexed with PDF#89-3109 for
(Nag 5Big 5)TiO3 (cubic, space group Pm-3 m). Very weak
peaks corresponding to the surrounding matrix grains are also
present, but they are too weak to be seen using a linear inten-
sity scale. From the d-spacing of the (100) peak, the NBT-
25ST single crystal has a unit cell parameter a=3.89370 A.
The [001] SrTiOj; single crystal substrate can be indexed with
PDF#84-0443 for SrTiO5 (cubic, space group Pm-3 m). From
the d-spacing of the (100) peak, the [001] SrTiO5 single crys-
tal substrate has a unit cell parameter a = 3.88957 A. There is a
small lattice mismatch between the seed crystal and single
crystal which may cause the slight change in crystallographic
orientation seen in the EBSD results. The NBT-25ST poly-
crystalline sample has an XRD pattern typical of a polycrys-
talline material which can be indexed with PDF#89-3109 for
(Nag sBig.5)TiO5 (cubic, space group Pm-3 m). The small
peaks to the right of the peaks, also visible in the (200) peaks
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Fig. 2 SEM micrographs of
NBT-25ST samples sintered at
1200°C for 1-50 h. The white
dashed lines mark the boundaries
between the seed crystal/single
crystal and the single crystal/
matrix grains
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001] SrTiO; seed crystal
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for the NBT-25ST and SrTiOj; single crystals, are caused by
Ko, splitting. The unit cell parameter as calculated by the
least-squares method is 3.89988 +0.000157 A. The difference

Fig. 3 SEM micrographs of
NBT-25ST samples sintered at
1100-1250°C for 10 h. The white
dashed lines mark the boundaries
between the seed crystal/single
crystal and the single crystal/
matrix grains
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Fig. 4 SEM micrographs of
matrix grains of NBT-25ST
samples sintered at 1100-1250°C
for 20 h. White arrows mark
micro-facets
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The results of EDS analysis of the NBT-25ST samples  deviation of five points are given for each measurement.
sintered at 1100—1250°C for 10 h are given in Table 1, along ~ All of the samples are slightly Na-deficient, indicating that
with the nominal composition. The mean and standard  evaporation of Na,O has taken place during sintering.

single crystal

[001]'Sr.TiO3 seed crystal

.

Color Coded Map Type: Inverse Pole Figure [001]
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Fig.5 EBSD data ofan NBT-25ST sample sintered at 1250°C for 5 h: (a) matrix region; (e) grain boundary map of same region; (f) (001) pole
orientation map of single crystal and seed crystal region; (b) grain figure of matrix region. The inverse pole figure for parts (a) and (c) is
boundary map of the same region; (¢) (001) pole figures of single shown in the bottom of part (f)

crystal (top) and seed crystal (bottom) regions; (d) orientation map of

@ Springer



128

J Electroceram (2018) 40:122-137

single crystal

matrix

NBT-25ST polycrystal

o

=

5 10 e @2
o

5

- N

- (200)

=

2

pé (100) [001] SrTiO, single crystal
B3 I

Q

S \(200)

(]

£

—_

o

z (1?0) NBT-25ST single crystal

L)
e T T T e e e e e
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Angle 26

Fig. 6 (a) Optical micrograph and (b) XRD patterns of NBT-25ST sam-
ple sintered at 1250°C for 5 h

Increasing the sintering temperature does not appear to have
any effect on composition.

Figure 7 shows XPS spectra of a sample annealed at
1200°C for 10 h. The black lines are the original data, the blue
peaks are mixed Gaussian-Lorentzian peaks fitted to the data,
the red curves are the combinations of the fitted peaks and the
green curves are the Shirley background. The O 1 s scan
shows a main peak at a binding energy of 530.1 eV, with
smaller peaks at 531.9, 533.5 and 528.4 e¢V. The peak at
530.1 eV is associated with oxygen anions bonded to metals
[59, 60]. The peak at 531.9 eV may correspond to regions of
the sample with O vacancies [59, 61]. The peak at 533.5 eV
may be due to oxygen from OH groups adsorbed on the
sample surface or oxygen in surface sites [59, 61, 62]. The
cause of the small peak at 528.4 ¢V is not known. The Na 1 s
scan shows a main peak at 1071.7 eV, corresponding to the
Na" ions [63] with smaller peaks at 1073.1, 1074.7, 1069.6,
1068.0 and 1066.8 eV. The cause of these extra peaks is not
known, but could be due to non-stoichiometry at the sample
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surface [62, 64]. The Ti 2p scan shows peaks at 458.7 eV and
464.7 eV that correspond to the Ti 2ps,, and Ti 2p; » peaks of
Ti** [65, 66]. Extra peaks also appear at 457.2, 460.1, 463.1
and 466.4 eV. The presence of the low binding energy peaks at
457.2 and 463.1 eV indicate that some of the Ti** cations have
been reduced to Ti** [60, 66]. The higher binding energy
peaks may be due to non-stoichiometry at the sample surface
[62, 64]. The Sr 3d scan shows peaks at 133.6 and 135.3 eV
which correspond to the Sr 3ds,, and Sr 3d;;, peaks of the
perovskite structure [62, 67]. The Bi 4f scan shows peaks at
157.0 and 162.3 eV, which correspond to the Bi4 f;,, and Bi4
f5, peaks respectively in the trivalent oxidation state [65, 68].
Extra peaks also appear at 159.4 and 164.7 eV. The appear-
ance of the extra peaks could be due to the formation of Bi
vacancies [69, 70], non-stoichiometry at the sample surface
[62, 64] or the existence of Bi cations in two coordination
environments [71].

Backscattered electron images of the samples sintered at
different temperatures for 10 h are shown in Fig. 8.
Secondary phases can be seen between the matrix grains of
the samples (marked with arrows). EDS analysis of these
phases shows that the secondary phases in the samples
sintered at 1100 and 1150°C consist primarily of Ti and O,
with a composition close to TiO,. Secondary phases in the
sample sintered at 1200°C contain Bi, Ti, Sr, Na and O but
are deficient in Bi, Sr and Na compared to the matrix grains.
The sample sintered at 1250°C shows the matrix grains, single
crystal and seed crystal to the right of the micrograph. None of
the samples show a core-shell microstructure in the matrix
grains, as was previously observed by other workers [8, 55].

SEM micrographs of the powder samples annealed at
different temperatures for 10 h and then air quenched are
shown in Fig. 9. The powder annealed at 1100°C consists of
grains with flat faces (marked with arrows) and smoothly
curved edges and corners. An increase in annealing temper-
ature to 1150°C causes the flat faces to grow larger. In the
samples annealed at 1200 and 1250°C, growth steps can be
seen at the edges and corners of the grains. TEM micro-
graphs of the ceramic samples sintered at 1100 and
1150°C for 1 h are shown in Fig. 10, along with selected
area diffraction patterns from the matrix grains. In both
samples the grains are equiaxed and pockets of a secondary
phase are visible at the triple junctions. Some of the grain
boundaries appear faceted whereas others appear curved.
The interfaces between the grains and the secondary phase
at the triple junctions are curved in the sample sintered at
1100°C [Fig. 10(b)] but are more faceted in the sample
sintered at 1150°C [Fig. 10(d)]. EDS analysis showed that
the secondary phase in the sample sintered at 1150°C con-
tains more Bi and less Na than the secondary phase of the
sample sintered at 1100°C (Table 2). The core-shell micro-
structure observed by Acosta et al. was not present in the
samples [8]. A sample for TEM analysis was also sintered at
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Table 1 EDS analysis of NBT-25ST samples sintered at 1100-1250°C for 10 h
1100°C 1150°C 1200°C 1250°C
Single crystal ~ Matrix Single crystal ~ Matrix Single crystal ~ Matrix Single crystal ~ Matrix Nominal
O 61.04+£080 61.21+£241 60.01 £1.11 5856 +1.77 61.00+1.58  60.16+0.58 60.73+£0.84 61.09+2.04 60
Na 6.22+0.25 6.11+£0.48 6.13 £ 0.64 6.57+0.76 6.55+0.48 6.46 +0.34 6.22 +0.60 6.03+0.53 7.5
Ti  1930+0.81 19.73+£1.26 20.08+1.06 20.57+0.95 1924+0.78 19.72+0.37 19.55+0.76  19.73+0.95 20
Sr 549+0.18 5.18 £ 1.00 5.76 £ 0.47 597+0.23 5.51+0.40 5.67+0.13 5.52+0.27 539+£029 5
Bi 7.95+£0.22 7.78 £0.62 8.03+0.17 8.32+0.54 7.69 +£0.35 7.98 +£0.18 7.99+£0.31 776 £0.65 7.5

1250°C for 1 h, but due to the large grain size, the sample
prepared by FIB did not have any grain boundaries.

Single crystal growth distance as a function of sintering
time and temperature is shown in Fig. 11. The single crystal
growth distance depends on sintering time as well as temper-
ature. The growth distance at 1100°C is low and increases
slowly with sintering time. An increase in sintering tempera-
ture to 1150°C or 1200°C results in a considerable increase in
growth distance. In the samples sintered at 1150 and 1200°C,
the initial growth rate is rapid but then tails off with sintering
time. At a sintering temperature of 1250°C, single crystal
growth is rapid for the first 5 h of sintering, but then becomes
slow. Despite rapid initial growth, the single crystal growth
distance for the sample sintered at 1250°C for 50 h is slightly
smaller than that of the sample sintered at 1200°C. The max-
imum single crystal growth distance of the NBT-25ST sam-
ples is ~ 107 £ 18 um after sintering at 1200°C for 50 h. The
error bars indicate that the single crystal growth distance
varies across each sample, as can also be seen in Figs. 2 and 3.

180000 ~

The mean matrix grain size (2D equivalent radius) of the
samples is shown in Fig. 12. The grains of the secondary
phases were ignored when measuring grain sizes. The mean
grain size also depends strongly on sintering time and temper-
ature. For the samples sintered at 1100°C, matrix grain growth
is slow but steadily continues for 20 h and then the grain
growth rate starts to slow. For the samples sintered at higher
temperatures, grain growth rate levels off after 10 h. The max-
imum matrix grain size is 13 £ 10 um after sintering at
1250°C for 50 h. The matrix grain growth behavior looks
similar to the single crystal growth behavior. The large error
bars indicate that the grain size distributions in the samples are
very broad. This is particularly seen in the samples sintered at
1250°C.

Figure 13 shows the grain size distributions of all the samples
sintered at 1100, 1150, 1200 and 1250°C respectively. The grain
size distributions of all samples sintered at 1100°C slowly broad-
en with increased sintering time, but remain relatively narrow
and unimodal, even after sintering for 50 h. Such grain size
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Fig. 7 XPS spectra of an NBT-25ST sample sintered at 1200°C for 10 h
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Fig. 8 SEM backscattered
electron images of NBT-25ST
samples sintered at 1100-1250°C
for 10 h. White arrows mark sec-
ondary phases

1200°C10 h

distributions are characteristic of normal grain growth. At 1150,
1200 and 1250°C the grain size distributions rapidly become
broad, which is characteristic of abnormal grain growth. The
grain size distributions broaden more rapidly as sintering tem-
perature increases. For the samples sintered at 1150°C, the grain
size distribution has broadened after 5 h of sintering. For the
samples sintered at 1200 and 1250°C, broadening of the grain
size distribution has already taken place after 1 h. The grain size
distributions become broader as sintering time increases. The
grain size distributions indicate that the grains start growing ab-
normally after 5 h for the samples sintered at 1150°C and after
1 h for the samples sintered at 1200 and 1250°C.

Fig. 9 SEM micrographs of g J""oooc 10 h

NBT-25ST powder annealed at
1100-1250°C for 10 h and
quenched in air. White arrows
mark flat faces

25ST-1200 15.0kV 11.0mm x5.00k SE(U)
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1100°C10h

1150°C10 h

—

1250°C10 h

4 Discussion

The SEM micrographs show that single crystals of NBT-25ST
can be successfully grown on [001] SrTiO; seed crystals
(Figs. 2 and 3). The EBSD and XRD results show that the
NBT-25ST single crystals grow epitaxially on the [001]
SrTiO; seed crystals (Figs. 5 and 6). EDS and XPS analysis
show that volatilization of Na and formation of O vacancies
take place during sintering (Table 1 and Fig. 7). Although Bi
loss was not detected by EDS, the presence of the extra peaks
in the Bi 4f XPS spectrum indicates the possible formation of
Bi vacancies (Fig. 7). Loss of volatile elements such as Na and

{150°c 10h

25ST-1250 15.0kV 11.4mm
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o 4
Fig. 10 TEM micrographs of matrix grains of NBT-25ST samples sintered at (a), (b) 1100°C and (d), (e) 1150°C for 1 h. SADPs of the matrix grains of
samples sintered at 1100 and 1150°C are shown in (¢) and (f) respectively

Bi during prolonged sintering is expected based on previous
work [51]. Loss of volatile elements could take place via the
following defect reactions:

2Na¥, + OF —1Na,O(g) 4 2Vy, + V§ (1)
2BiY; + 305 —1Bi,05(g) + 2V + 3V, (2)

Oxygen vacancies can also form according to the reaction:
1 . ,
0515 02(g) + Vg +2e (3)

The free electrons may then reduce Ti** to Ti**, accounting
for the low binding energy peaks in the Ti 2p XPS spectrum
(Fig. 7). The use of Na- and Bi-excess NBT packing powders
was found to be effective in reducing loss of Na and Bi [54].

The single crystal and matrix grain growth behavior of
NBT-25ST can be interpreted using the mixed control mech-
anism of microstructural evolution [47, 56, 57, 72]. The single
crystal and grain growth behavior depends on the atomic
structure of the interfaces, which can be ordered (smooth/fac-
eted) or disordered (rough) [73—76]. For a system with solid/
liquid interfaces, the driving force for grain growth AG is
given by [73, 76-78]:

Where vy is the solid/liquid interfacial energy, r the radius of
the grain of interest, {2 the molar volume and T the radius for a
critical grain that neither grows nor shrinks (usually the mean
grain radius or a value close to it).

For a system with disordered interfaces, there are an unlim-
ited number of sites at which atoms can attach to or detach
from the surface of the grain. In this case, grain growth is
limited by the rate at which atoms diffuse through the liquid
phase to the growing grain. The growth rate increases linearly
with driving force (the dashed line in Fig. 14) and all grains
with AG > 0 can grow. In this case, single crystal and abnor-
mal grain growth will not occur and the relative size distribu-
tion of the grains (r/7 ) is invariant with annealing time [73,
74]. The grain growth rate for diffusion-controlled growth is
given by [79]:

=)

T

0= (DSQy/kTp) where D is the diffusion coefficient of the
solid phase in the liquid, S is the true solubility of the solid
phase in the liquid, k the Boltzmann constant, T the absolute
temperature and p the density of the solid phase. 6 is the

AG = 2/ (l _l) (4)  thickness of the intergranular liquid phase. In this equation,
r T equals 9/8 times the mean grain radius.

Table 2 EDS analysis of

secondary phases of NBT-25ST Na (at. %) Ti (at. %) Sr (at. %) Bi (at. %)

samples sintered at 1100 and

1150°C for 1 h 1100°C, second phase, point 1 44.7 30.0 234 1.7
1100°C, second phase, point 2 46.6 47.9 4.6 1.0
1150°C, second phase, point 1 383 43.6 8.0 10.2
1150°C, second phase, point 2 28.0 46.3 10.2 15.6
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Sintering time (h)

Fig. 11 Single crystal growth distance as a function of sintering time and
temperature

For a system with ordered interfaces, atoms cannot easily
attach to the surface of the grain due to their large number of
broken bonds. Two-dimensional nuclei or screw dislocations,
which can provide low energy sites for atom attachment, need
to be present for the growth of grains. This causes the relation-
ship between the grain growth rate and the driving force for
growth to take on a nonlinear form [47, 56, 57, 72, 76, 77]. For
a system in which the nucleation and growth of 2D nuclei
controls grain growth, the rate of formation of stable 2D nuclei
depends exponentially on AG [80, 81]. Below a critical driving
force AG,, few stable nuclei form and grain growth is very
slow. The grain growth rate for AG < AG. is given by [72, 82]:

25
—O0—1100°C

—e— 1150°C
—A—1200°C
]-w—1250°C

= N
[¢)] o
1

Mean grain size (um)
=

0 10 20 30 40 50
Sintering time (h)

Fig. 12 Mean matrix grain size as a function of sintering time and
temperature

@ Springer

— = Bexp < (6)

B = (hAbng) where h is the step height of the 2D nucleus,
A is the grain facet size and ny is the number density of atoms
in the liquid. 1 = n*vexp(Ag,/kT), where n* is the number of
atoms in a position near to a critical 2D nucleus, v is the
vibration frequency of atoms in the liquid and Ag,, is the
activation energy for jumping across the liquid/solid interface.
C = (mte?/6kTy), where ¢ is the step free energy (the excess
energy due to the presence of the step). For AG > AGg, kinetic
roughening of the grain surfaces takes place [83—85]. The rate
of formation of 2D nuclei becomes so high that atoms can
easily attach at any site on the grain surface and the grain
growth rate becomes diffusion-limited, as in Eq. (2). The grain
growth rate increases exponentially at AG = AG, and then
increases linearly with further increase in AG (the solid line in
Fig. 14). Grains with AG <0 will shrink following a linear
dependence with AG, as atoms can detach from each corner
of the grain without an energy barrier [72].

The value of AG, is given by [56, 72, 82]:

me?

~ o (i) ™

AG,

It can be seen that AG, varies with the square of the step
free energy e. ¢ in turn varies with sintering atmosphere, dop-
ant addition and sintering temperature [49, 86, 87]. € de-
creases exponentially with increasing temperature according
to [72, 88]:

eexp (—%) (8)

M is a constant and T, is the roughening temperature,
where the surface structure of the grain changes from ordered
to disordered. By varying the sintering temperature, the value
of AG, can be changed and this in turn affects the grain
growth behavior [56, 72, 82]. Varying the sintering tempera-
ture will also affect the diffusion coefficient D and the true
solubility S, which will affect the growth rate of the grains
with values of AG > AG..

For a system controlled by 2D nucleation and growth, the
type of grain growth behavior that takes place depends on the
relative values of AG, and AGp,ax (AGpax 18 the maximum
driving force for the largest grain in the system). If AG.=0,
the growth of all grains is linearly proportional to their driving
force and the grain growth behavior is normal. If AG.<<
AG . the grain growth is pseudo-normal. A large number
of grains have AG > AG, and can grow. As a result, the
growth behavior is similar to normal grain growth behavior.
If AG, < AG,,y, the grain growth is abnormal. Most of the
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matrix grains have AG < AG, and grow very slowly. A small
number of grains have AG > AG,. These grains growth rap-
idly and consume the grains surrounding them to become
much larger compared to other grains. Such grains are called
abnormal grains. If AG, >> AG ., none of the grains have a
driving force large enough for appreciable growth and grain
growth is essentially stagnant [56, 73, 77]. In the SSCG meth-
od, the seed single crystal is much larger than the surrounding
matrix grains. It has a driving force > AG, and acts like an
abnormal grain. A single crystal grows on the seed crystal and
consumes the surrounding matrix grains [44, 46, 89]. Grains
in the matrix can also grow abnormally if they are large

0 10 20 30 40 50 60
Grain radius (um)

enough to have AG > AG,. Similar behavior has also been
found to occur in solid state sintered systems [56, 90, 91].
The grain shape in the (Nag 5Bij 5)TiO3-BaTiO3 system is
faceted with rounded edges and corners [92]. In such a system,
the grain growth is governed by the growth of the faceted
interfaces [92, 93]. The grain shape in the present NBT-
258T system is also faceted with rounded edges and corners
(Figs. 4, 9 and 10). The grain growth is therefore controlled by
the 2D nucleation and growth or screw dislocation growth
methods, as outlined above. The rounded corners and edges
of the grains implies that the step free energy ¢ in this system
is low [78, 92, 94-96]. In the samples sintered at 1100°C, the

@ Springer



134

J Electroceram (2018) 40:122-137

—————— Diffusion controlled growth
2D nucleation -
controlled growth

dR/dt

v

Fig. 14 Schematic plot of grain growth rate vs. driving force for growth
for systems in which diffusion-controlled growth and 2D nucleation-
controlled growth take place

value of AG. is low due to the low value of step free energy ¢
(Eq. 7) and so pseudo-normal grain growth takes place. Both
the seed crystal and many of the matrix grains have values of
AG > AG, and so can grow. The grain size distribution re-
mains unimodal even after long sintering times (Fig. 13). Due
to the low sintering temperature, the growth rate of both the
single crystal and matrix grains is very slow (Figs. 11 and 12).
It is notable that the single crystal growth distance and mean
matrix grain sizes are very similar in the samples sintered at
1100°C. Because many matrix grains are also growing, the
seed crystal does not have a growth advantage over the matrix
grains and so cannot grow abnormally.

As the sintering temperature increases to 1150°C, the in-
crease in the area of the flat faces on the grains (Fig. 9) indi-
cates an increase in the step free energy ¢ [78, 94, 96, 97]. The
change in the shape of the solid/liquid interfaces at the triple
junctions from curved to faceted also indicates an increase in €
(Fig. 10) [74]. Consequently AG, also increases (Eq. 7). This
reduces the number of matrix grains with AG > AG, that are
able to grow; however, there are still numerous matrix grains
with AG > AG, that can grow. The seed crystal also has AG >
AG. and so a single crystal can grow. The growth rate of the
single crystal and the growing matrix grains will increase be-
cause of an increase in the diffusion coefficient D and in-
creased solubility of the solid phase in the liquid S (Eq. 5).
From Figs. 12 and 13 it can be seen that the mean matrix grain
size increases but that the grain size distribution initially re-
mains unimodal. As the matrix grains grow, the mean grain
size T increases, causing a decrease in the values of AG for the
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growing grains (Eq. 4). As the value of AG for a particular
grain drops below AGe,, it stops growing. Eventually, most of
the matrix grains stop growing. Because the seed crystal is
much larger than the matrix grains, it still has AG > AG,
and can continue to grow (Figs. 3 and 11). Some matrix grains
will also still have AG > AG, and can continue growing to
form abnormal grains, causing the grain size distribution to
broaden (Fig. 13). The grain growth behavior changes from
pseudo-normal to abnormal. This takes place by 5 h of
sintering. Similar behavior was previously observed in
(Nay sBig 5)TiO;5-BaTiO; [92, 98].

Further increase in sintering temperature to 1200°C cause ¢
and AG¢ to decrease (Eqgs. 7 and 8). This increases the number
of grains with AG > AG that are able to grow and therefore
should delay the point at which the grain growth behavior
changes from pseudo-normal to abnormal. However, this is
compensated for by the further increase in the growth rate of
matrix grains due to increases in D and S. The rapid matrix
grain growth causes the growth behavior to shift from pseudo-
normal to abnormal by 1 h of sintering. The growth rate of the
abnormal grains also increases, causing the grain size distri-
bution to rapidly broaden. Increasing the sintering temperature
to 1250°C accelerates this process. Increasing the sintering
temperature also causes increased single crystal growth due
to increased values of D and S.

The matrix grain size is important because of its direct
correlation to the driving force for single crystal growth (Eq.
4). As the mean matrix grain size increases, the driving force
for single crystal growth decreases, causing single crystal
growth to tail off as sintering time increases (Fig. 11). The
large values of mean grain size in the samples sintered at
1250°C reduce the driving force for single crystal growth
and so the growth distance of the samples sintered at 1200
and 1250°C converge after sintering for 50 h. In addition to
the large mean grain size, abnormal grains in the matrix will
impinge on the single crystal layer and prevent single crystal
growth. This impingement effect may be the cause for varia-
tions in the single crystal growth rate in a particular sample, as
shown by the error bars in Fig. 11. From the results, the opti-
mum temperature for single crystal growth is 1250°C as a
growth distance of ~ 90 um can be obtained after just 5 h.

Single crystals grown by the SSCG method usually contain
many pores. These pores in the single crystal come from the
matrix due to the fast movement of the interface between the
growing single crystal and the matrix, which causes pores at
the single crystal/matrix grain boundary to be trapped within
the single crystal [44, 48]. Moreover, due to coalescence the
pores in the matrix can increase in size [44, 99]. The shape of
the pores trapped inside the single crystal and matrix grains
gives an indication of the equilibrium grain shape [100]. For
(Ko sNag s)NbO3-based systems, intergranular pores are usu-
ally cubic in shape, indicating that these systems have a high
value of step free energy ¢ [49, 100]. However, in the present
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work, the pores trapped in the single crystal and matrix grains
are spherical, indicating that the (Na 5Bij 5) TiO3-SrTiO5 sys-
tem has a low step free energy [78]. Similar results have been
found in other (Nag sBig 5)TiOs-based systems [52]. Porosity
in the single crystal can be reduced by combining hot pressing
with crystal growth [101] or two-step sintering [102] to in-
crease the sample density.

The behavior of the NBT-25ST samples with temperature
is somewhat unusual. From Eq. (8), the step free energy ¢ is
expected to decrease continuously as sintering temperature
increases. An increase in vacancy concentration with in-
creased sintering temperature is also expected to reduce ¢
[103]. However, from the shape of the annealed powders
(Fig. 9) and of the solid/liquid interfaces at the triple junctions
(Fig. 10), the step free energy appears to increase as the
sintering temperature increases from 1100 to 1150°C.
Further increases in temperature cause ¢ to decrease as expect-
ed. The reason for this increase in ¢ between 1100 and 1150°C
is not clear. Koruza et al. studied NBT-25ST ceramic samples
sintered at 1150°C for 2-20 h and found them to possess a
core-shell microstructure with a BNT-rich core and a ST-rich
shell [55]. Extended sintering caused the core-shell micro-
structure to disappear due to interdiffusion between the core
and the shell. In the present work, it could be possible that
increasing the sintering temperature from 1100 to 1150°C
caused the core-shell microstructure in the matrix grains to
disappear. This would change the chemical composition of
the grain surface and hence the step free energy. However,
no evidence of a core-shell microstructure was found in the
matrix grains of samples sintered at any temperature (Fig. 8).
After 10 h of sintering, the core-shell microstructure could
have already disappeared from our samples, but Koruza
et al. found that the core-shell microstructure persisted even
in samples sintered at 1150° for 20 h. Also, a core-shell mi-
crostructure was not present in the samples sintered at 1100
and 1150°C for 1 h (Fig. 10). Therefore it is unlikely that
changes in the core-shell microstructure are responsible for
the behavior of our NBT-25ST samples. The increase in € with
sintering temperature between 1100 and 1150°C could be
caused by changes in the chemical composition of the liquid
phase at the triple junctions (Table 2). Previous work in the
95 mol% (Nag 5sBiy 5)TiO3—5 mol% BaTiO; system has shown
that addition of TiO, caused changes in the grain growth be-
havior consistent with an increase in step free energy ¢ [98].
Changes in stoichiometry can also affect the grain growth
behavior [104, 105]. The grain growth behavior of this system
needs to be studied in greater detail.

5 Conclusions

Single crystals of NBT-25ST were grown by SSCG on [001]
oriented SrTiO5 seed crystals for the first time. Electron

backscattered diffraction and X-ray diffraction analysis shows
that the single crystals have grown epitaxially on the seed
crystals. Energy dispersive spectroscopy analysis shows the
single crystals to be slightly Na-deficient. X-ray photoelectron
spectroscopy indicates the presence of oxygen vacancies. The
dependence of single crystal growth and matrix grain growth
on sintering temperature and time was studied. Samples
sintered at 1100°C showed little single crystal and matrix
grain growth. Increasing the sintering temperature to >
1150°C caused an increase in single crystal growth distance
and mean matrix grain size, as well as abnormal grain growth
in the matrix. At long sintering times, the single crystal growth
distance for samples sintered at 1200 and 1250°C converges.
The optimum single crystal growth temperature is found to be
1250°C. The single crystal and grain growth behavior can be
explained using the mixed control mechanism of microstruc-
tural evolution.
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