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Abstract < 001>-textured KSr,NbsO;s (KSN) ceram-
ics were fabricated in a matrix of StNb,Og4 and KNbO3
powders via reactive templated grain growth (TGG),
using <001>-oriented acicular KSN particles as the
template for grain growth. KSN phase formation star-
ted at 1100 °C and was complete at 1300 °C. Template
particles grew at the expense of matrix grains with
increasing sintering time and temperature, resulting in
improved texture fraction, f. A maximum fraction of
0.98 was obtained in 1.5 wt% Nb,Os and 10 wt%
template containing samples sintered at 1450 °C for
6 h. A template content of 10 wt% resulted in a high
quality of texture with a narrow distribution of elon-
gated grains in [001]. The highly textured ceramics
(f=0.9) had a remanent polarization of 0.19 C/m? in
the polar ¢ direction, [001], as compared to 0.03 C/m?
in the non-polar a or b direction and 0.04 C/m? as for
the random sample. The estimated saturation polari-
zation (Pg,) was 0.25 C/m? which is comparable to
reported KSN single crystal value of 0.25 C/m?. This
indicates that TGG is a viable method to fabricate
textured ceramics having ferroelectric properties close
to the single crystals.
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Introduction

(K,Sr)NbsO;5 is a solid solution having tetragonal
tungsten bronze (TTB) crystal structure when StNb,Og
content is between nearly 59-78 mol% [1]. KSr,NbsO5
(stoichiometric composition with 66.7 mol% SrNb,Og,
abbreviated as KSN) single crystal is a uniaxial ferro-
electric with 4 mm symmetry and therefore shows
enhanced ferroelectric and piezoelectric properties only
in [001] (e.g., two allowed polarization directions) [2].
KSN exhibits a room-temperature electrooptic effect
nearly an order of magnitude greater than that of LiN-
bOj3 [1]. In addition, alkali and alkaline earth cations can
be accommodated (or doped) in the TTB structure and
therefore a wide spectrum of Curie temperatures (7.)
and electrical properties can be realized [2, 3].
Randomly oriented polycrystalline KSN ceramics
show inferior electrical properties compared to the
KSN single crystals due to abnormal grain growth that
inhibits densification [4] and limited numbers of
polarization directions [2]. In addition, each grain in
the polycrystalline sample has a crystallographic ori-
entation different from the neighboring grains, result-
ing in an averaging of electrical properties in all
directions. Texturing of the material in the [001] would
impart a macroscopic symmetry (eom for textured and
poled ferroelectric ceramics) that is anisotropic in
nature. Depending upon the poling and measurement
directions, the properties would reflect this macro-
scopic symmetry. In this case, measuring along the
[001] would show enhanced polarization and dielectric
constant. Templated grain growth (TGG) method has
been successfully applied to fabricate textured ceram-
ics [5-11]. TGG is an inexpensive method to produce a
texture in the desired crystallographic direction in a
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polycrystalline body. Anisotropically shaped template
particles (i.e. whisker or platelet) are aligned in a fine-
grained matrix by shear-forming methods such as tape
casting and then they preferentially grow at the
expense of matrix grains during sintering. The final
texture in the ceramic depends strongly on the initial
concentration of template particles [7, 11].

There are limited numbers of results on textured
KSN ceramics. Kimura et al. [12] obtained 86% texture,
as measured by the Lotgering factor, by two-stage hot
pressing, without using any templates. They reported
anisotropic dielectric properties as a result of texture in
the microstructure. Yurdal et al. [13] reported fabrica-
tion of highly textured KSN ceramics, using acicular
KSN templates. Other textured systems with a TTB
crystal structure include hot-pressed Sr,Ba;_ ,Nb,Og
(x = 0.30-0.65) (SBN30-SBN65) [14], hot-pressed
Pb(),(,()BaMOszO(, [15] and TGG of SBN40 [16]

Reactive sintering was found to be advantageous as
compared to conventional sintering in that the latter
resulted in low densification and cracking due to
abnormal grain growth [17-19]. Chemical reaction and
densification are both achieved in the same heat
treatment in reactive sintering. These two steps can
occur in sequence or concurrently, depending on the
material and processing variables [20]. Typically,
reactive sintering is done by sintering either the con-
stituent oxides or intermediate products, which elimi-
nates the prereaction (or calcination) step(s) and
induces an additional driving force for sintering due to
the free energy of the chemical reaction [17]. Reactive
sintering has been successfully applied to ceramics
having TTB structure [13, 17-19].

In a recent paper, texture development in [001] as a
function of sintering conditions and presence of excess
Nb,Os in the reactive matrix were reported, using only
10 wt% template particles [13]. In this study, phase
formation from a reactive matrix of KNbOjz and
SrNb,Og, and texture development as a function of
template contents (0, 5, 10, 15 wt%) are investigated to
fabricate <001>-textured KSN by reactive TGG.
Excess Nb,Os (0, 1, 1.5 wt%) is added to form a liquid
during sintering. The effect of Nb,Os doping on phase
formation and microstructure development as well as
anisotropic electrical properties (e.g., polarization vs.
electric field) induced by texturing are also reported
here.

Experimental procedures

KSrNbsO;5s (KSN) ceramics were prepared by reac-
tive sintering of SrNb,Og (SN) and KNbO; (KN)

powders. SN or KN was first synthesized by solid-state
reaction of SrCO; (Alfa) or K,CO; (Merck) and
Nb,Os (Aldrich) at 1050 °C for 5 h and 900 °C for 1 h,
respectively. Appropriate amounts of SN and KN
powders together with excess Nb,Os (0, 1, 1.5 wt%)
were first dispersed in distilled water with ammonium
salt of poly(acrylic acid) (PAA-NH,; Darvan 821A,
R.T. Vanderbilt) by ball milling for 24 h, and then
mixed with polyvinyl alcohol (PVA) (Sigma), glycerol
(Aldrich) and KSN templates (0-15 wt%). Template
particles were incorporated into the slurry at this stage
so as not to cause template breakage during ball mill-
ing. The slurry was further stirred for 24 h in a closed
beaker for homogenous mixing of polymers and
ceramics. Several drops of ethylene glycol surfactant
(Surfynol 104E, Air Products) were added to remove
air bubbles formed during mixing. Tape casting slurries
showed a pseudoplastic behavior. A detailed study of
tape casting process was given elsewhere [13]. After
binder burnout, samples were heated at 7 °C/min
to 1350-1450 °C and held for 2-6 h. The density of
the samples was determined using the Archimedes’
technique.

The acicular KSN particles were used as templates
for the reactive TGG experiments. They were synthe-
sized by reacting KCI salt with SN mixed at a weight
ratio of 1.25-1. This mixture was heated to 1100 °Cin a
closed Al,Oj crucible, kept for 6 h and finally cooled to
room temperature at a rate of 2 °C/min. As-synthe-
sized particles were washed several times with hot
distilled water to remove the remaining salt on the
particles. Templates of 1-3 um in diameter and 10—
30 um in length, as confirmed by Scanning Electron
Microscopy (SEM) (Philips X1.30), were physically
separated by differential settling in water to narrow the
texture distribution in the final sintered KSN ceramics.
X-ray diffractometry (XRD) (Rigaku) showed that
template particles consist of minor amounts of
Sr,Nb,O7 (JCPDS No. 28-1246) together with the KSN
phase (JCPDS No. 34-108). The fiber axis is along the
[001] (or c¢ direction) crystallographic direction.

Table 1 summarizes the sample designation, excess
Nb,Os content and initial amounts of templates in the
KSN samples. In nomenclature, N refers to excess
Nb,Os and T refers to template content. For example,
excess Nb,Os is 1 wt% and template content is 10 wt%
in the N1-T10 samples.

Amount of KSN phase formation from a reactive
mixture of SN and KN was calculated as a function of
excess Nb,Os content in the random samples. The
samples were heated at 7 °C/min to temperatures
between 1000 °C and 1400 °C, and then air-quenched.
The quenched samples were ground for XRD analysis.
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Table 1 Sample designation, template content, and excess N,Os
amount in KSN ceramics

Sample Excess Nb,Os, Template
designation wt% content, wt%
NO-TO 0 0

N1-TO 1 0

N1.5-TO 1.5 0

NO-T5 0 5

NO-T10 0 10

NO-T15 0 15

N1-T10 1 10

N1.5-T10 1.5 10

The scan rate was 1°20 per min with a step size of 0.02°.
The strongest line intensities of KSN (20 = 32.077°)
(JCPDS # 34-108), SN (260 =29.211°) (JCPDS # 28-
1243), and KN (26 =31.566°) (JCPDS # 32-0822)
peaks were integrated to find the peak areas, using
curve fitting. The fraction of KSN formed was calcu-
lated by comparing the integrated peak areas of KSN
and (SN + KN).

For microstructure analysis, samples were polished
to 3 um using diamond paste and then thermally
etched at 50 °C below the sintering temperature for
30 min. Morphological texture was characterized using
SEM on samples cut parallel (/) to the casting direc-
tion. Crystallographic texture was characterized using
XRD on samples cut perpendicular (L) to the casting
direction and then texture fraction, f, was calculated,
using the Lotgering factor [21];

f=@-pP)/1-P) 1)

where P and P° are [lo1) + L002)//Z](niry in the tex-
tured and random cases, respectively. Crystallographic
orientation distribution was obtained from corrected
rocking-curve measurements [22, 23], using the KSN
(002) peak. The orientation distribution was calculated
by fitting corrected rocking curves to the March-Dol-
lase equation [24, 25];

O(f . r,a) = f(rcos? a+ rtsin? o) V2 + (1 — f) (2)

where f is the texture fraction, r is the degree of ori-
entation parameter, and o is the misalighment angle
from the texture direction (e.g., [001]). The r is closely
related to the width of the orientation distribution of
the anisotropic grains and ranges from r = 1 for ran-
dom to r = 0 for perfectly textured materials.

For polarization—electric field (P-E) measurements,
samples were electroded with silver and baked at
600 °C for 30 min. The P-E hysteresis loops were
measured at 20 Hz at room temperature. Remanent
polarization and coercive field were determined from
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the P-E loops and compared for random and textured
samples.

Results and discussion

Phase formation and microstructure evolution
in random samples

During reactive sintering, SN and KN react to form
final KSN phase with increasing temperature. KSN
phase formation was determined from the quenching
experiments as a function of temperature and excess
Nb,Os content. Template-free NO-TO, N1-TO, and
N1.5-TO samples were used and heated to desired
temperatures (1000-1400 °C) and then air-quenched.
KSN phase formation was found to commence at
1100 °C and complete at 1300 °C, regardless of the
presence of excess Nb,Os (Fig. 1). This result indicates
that Nb,Os does not alter the phase formation char-
acteristics (at the resolution limits of the XRD).
However, excess Nb,Os affects the microstructure
evolution, as seen from Fig. 2. Anisotropic grain
growth becomes more dominant with increasing Nb,Os
content. The grains of a ceramic having the TTB
structure grow anisotropically because the growth rate
in the ¢ direction ([001]) is faster than that in the a
direction, resulting in acicular (or anisotropic) growth
of the grains [12, 26]. This acicular growth is promoted
in the presence of a liquid and randomly oriented at
the absence of template particles. Note that Nb,Os-
free sample (Fig. 2a) does not undergo severe aniso-
tropic grain growth even though it was sintered at
higher temperature (e.g., 1400 °C for 6 h vs. 1350 °C
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Fig. 1 KSN phase formation as a function of quenching
temperature and excess Nb,Os content in the random samples
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Fig. 2 Microstructures of random samples as a function of
excess Nb,Os; (a) NO-TO sintered at 1400 °C for 6 h, (b) N1-TO
sintered at 1350 °C for 2 h, and (c) N1.5-TO sintered at 1350 °C
for2h

for 2 h). However, a few grains grown abnormally and
anisotropically are present, which can be attributed to
the formation of a liquid possibly due to local inho-
mogeneity in chemical composition [1, 4].

Texture development and characterization

Figure 3 shows texture evolution in the NO-T10 sam-
ples as a function of sintering temperature and time.

Powder pattern (Fig. 3a) is given and main KSN peaks
are marked to visualize the texture evolution from the
XRD patterns. Figure 3b shows that initially aligned
template particles and matrix grains are easily
observable after sintering at 1350 °C for 2 h. With
increasing sintering temperature and time, template
particles grow at the expense of matrix grains and
highly textured ceramic is obtained, as reflected by
strong (001) peaks in the XRD patterns and elongated
grains in the SEM pictures. Also, the density increased
from 64% of theoretical density (TD) at 1350 °C to
88% TD at 1400 °C.

XRD patterns in Fig. 4 compare the texture devel-
opment as a function of template content. The peaks
other than {001} are dominant in the NO-T5 and NO-
T15 samples (Fig. 4a, c), stating that these samples are
not as strongly textured as the NO-T10 sample
(Fig. 4b) where {001} are dominant. In other words, a
template content of 5 wt% is not enough to induce
high texture fraction due to the grain growth in the
matrix. Many short and off-axis acicular grains
together with some equiaxed grains are present in
Fig. 4a. Matrix grain growth competes with the
anisotropically growing grains by decreasing the total
grain boundary area, thereby decreasing the driving
force for TGG. Increasing the template concentration
to 10 wt% resulted in better texture development
because the larger number of template particles grow
at the expense of the fine-grained matrix at shorter
time (because of the smaller intertemplate spacing).
Increasing the amount of template particles further (to
15 wt%), however, caused tangling of the templates
during tape casting. NO-T5 and NO-T10 samples
reached a density of ~93% TD and NO-T15 reached a
density of 89% TD.

Figure 5 compares the microstructures of random
(N1.5-T0) and textured (N1.5-T10) samples sintered at
1400 °C and 1450 °C for 2 h, respectively. A duplex
microstructure consisting of bigger (in excess of
100 pm for some grains) and smaller grains develops in
the N1.5-TO (Fig. 5a). Cracking occurs due to high
internal stress caused excessively by abnormal grain
growth in the microstructure [4, 17]. However, the
textured sample exhibits a very uniform microstructure
(Fig. 5b), despite the fact that it was sintered at higher
temperature. A comparison of random and textured
samples indicates that template particles promote the
growth and alignment of matrix grains in the direction
of the template particles’ orientation during heat
treatment, thereby regulating the microstructure.
Therefore, neither abnormal grain growth nor cracking
is observed in the textured samples, prepared by
reactive sintering and TGG.

@ Springer



7624

J Mater Sci (2006) 41:7620-7627

Fig. 3 Crystallographic
(XRD patterns, L-cuts) and
morphological (SEM pictures,
/I-cuts) texture evolution in
the NO-T10 samples sintered
at (b)1350 °C for 2 h, (c)
1350 °C for 6 h, and

(001)

il S

(002)

(d)1400 °C for 6 h. Curve (a)
is given as a reference powder
pattern. Main KSN peaks
(JCPDS # 34-108) are also
marked

O
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Fig. 4 Crystallographic
(XRD patterns, L-cuts) and (002)
morphological (SEM pictures,
//-cuts) texture evolution in (001)
the samples sintered at
1450 °C for 2 h; (a) NO-TS,
(b) NO-T10 and (c) NO-T15
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L) I
(a) Y
.y, AN
20 30 40 50 E

20, Degrees

Figure 6 shows the variation of texture fraction, f, as
function of excess Nb,Os content (NO-T10, N1-T10, and
N1.5-T10) and sintering conditions. As sintering tem-
perature or time increases, f improves sharply. For
example, it is 0.45 at 1350 °C/2 h as compared to 0.96 at
1450 °C/6 h for the NO-T10 samples. In addition, f in-
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creases with the Nb,Os content and the increase in fis
more pronounced at lower sintering conditions. For
example, it is 0.45 for the NO-T10, 0.56 for the N1-T10
and 0.65 for the N1.5-T10 after sintering at 1350 °C for
2 h. Higher f can be attributed to the formation of a
liquid due to the presence of excess Nb,Os, favoring
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Fig. 5 SEM pictures of (a) N1.5-T0 sample sintered at 1400 °C
for 2 h and (b) N1.5-T10 sample sintered at 1450 °C for 2 h

faster anisotropic grain growth of the template particles
in [001]. The liquid phase in the system promotes faster
growth of high-surface-energy planes (e.g., {00/} in KSN

e
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Fig. 6 Texture fraction as function of excess Nb,Os content (NO-
T10, N1-T10, and N1.5-T10) and sintering conditions

[12, 26]). Growth of the anisotropic grains occurs via
solution-reprecipitation, in which small matrix particles
dissolve in the liquid phase and then reprecipitate on
the larger template particles [8]. Consequently, for a
successful TGG, the aspect ratio of the template par-
ticles must be high and the matrix grain size must be as
fine as possible at the time of densification. An f> 0.9
can be obtained at 1450 °C for all samples, even for
NO-T10. Local inhomogeneity in chemical composition
[1, 4] together with the size effect of the templates over
the matrix grains can aid texture development in the
NO-T10 samples because f almost levels off at
T =1450 °C for each set. Microstructures of the
NO-T10 and N1.5-T10 samples sintered at 1450 °C for
2 h are shown in Figs. 4b and 5b, respectively. Both
graphs reveal highly textured microstructures. In addi-
tion, Fig. 4 compares the effect of template concen-
tration on texture development in the samples sintered
at 1450 °C for 2 h. fwas calculated to be around 0.6 for
the NO-T5 and NO-T15 as compared to 091 for
the NO-T10. These results indicate that the optimum
template content is around 10 wt%.

Texture characterization calculated by the Lotgering
factor is an easy method, but it does not provide
information about orientation distribution around
[001]. Therefore, the distribution was calculated from
the rocking curves, using Eq. 2. These curves enable us
to calculate degree of orientation parameter, r, which is
closely related to the width of the distribution of tex-
tured grains and ranges from r = 1 for random to r = 0
for perfectly textured materials. The r parameter was
calculated to be 0.21 for the NO-T10, 0.31 for the NO-T5
and 0.34 for the NO-T15 samples. In addition, the
elongated grains are oriented within 8.4° (i.e., at full
width at half maximum) around [001] in the NO-T10, as
compared to 15.6° in the NO-T5 and 17.6° in the NO-
T15. These results again indicate that 10 wt% template
results in a high quality of texture with a narrow dis-
tribution of elongated grains in [001] in the reactive
TGG of KSN ceramics.

Ferroelectric properties

Figure 7 compares the polarization—electric field (P-E)
hysteresis loops between random and textured sam-
ples. The compositions are random N1.5-TO sample
sintered at 1350 °C for 2 h (see Fig. 2c for the SEM
picture) and textured N1.5-T10 sample sintered at
1450 °C for 2 h (see Fig. 5b for the SEM picture). The
random sample sintered at lower temperature was used
in order to eliminate the adverse effect of abnormal
grain growth or coarsening on microstructure (similar
to the one shown in Fig. 5a). The textured N1.5-T10
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Fig. 7 P-E loops of random (N1.5-T0) sample sintered 1350 °C
for 2 h and textured (N1.5-T10) sample sintered at 1450 °C for
2 h. The a and c¢ loops are from the textured sample and the r
loop is from the random sample

sample has an f= 0.9 and a density of 95% TD. The
textured sample has a well-saturated P-E loop and
show distinct P-E anisotropy between the polar c
direction ([001]) and non-polar a or b direction in that
remanent polarization (P;) is considerably higher in
the former. The P, is 0.19 C/m” in the polar direction
(Curve c) as compared to 0.03 C/m? in the non-polar
direction (Curve a) and 0.04 C/m? as for the random
sample (Curve r). The coercive field (E.) is about
2 kV/mm for both samples. The estimated saturation
polarization (Ps,) observed at 5 kV/mm is 0.25 C/m?
(Curve c) which is comparable to reported KSN single
crystal value of 0.25 C/m? [27]. A very similar P-E
hysteresis loop was also recorded from the textured
N1.5-T10 sample sintered at 1450 °C for 6 h (f = 0.98),
stating that an f> 0.9 is required to obtain enhanced
P-E properties. To our knowledge, this is the first
report of enhanced and highly anisotropic electrical
properties measured in the KSN ceramics.

In addition, it was observed during the sequential
measurement of P-E loops as a function of increasing
applied field that polarization increased continuously,
stating that there happens no fast polarization fatigue
in the samples. Detailed dielectric and piezoelectric
properties as a function of texture, additive content
and sintering conditions will be reported later.

Conclusions

<001>-textured KSr,NbsO;s (KSN) ceramics were
fabricated successfully in a matrix of SrNb,Og and
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KNbO; powders via reactive templated grain growth
(TGG), using acicular KSN particles as the template
for grain growth in [001]. Excess Nb,Os was added as a
liquid former. The template particles, synthesized by
reacting STNb,Og¢ with KCI, were used to texture KSN
in [001]. Quenching experiments on the template-free
samples indicated that KSN phase formation started at
1100 °C and was complete at 1300 °C, regardless of the
presence of excess Nb,Os. However, excess Nb,Os
affected the microstructure evolution in that aniso-
tropic grain growth became more dominant with
increasing Nb,Os content.

Template particles grew at the expense of matrix
grains with increasing sintering time and temperature,
resulting in improved texture fraction, f. Samples
containing 10 wt% templates reached f> 0.9 after
sintering 1450 °C for 2 h. A maximum f obtained in
this study was 0.98 in the 1.5 wt% excess Nb,Os-con-
taining samples (N1.5-T10) sintered at 1450 °C for 6 h.
In addition, a template content of 5 wt% was not
enough to induce high texture fraction due to the grain
growth in the matrix and 15 wt% template content
caused tangling of the templates during tape casting.
The degree of orientation parameter, r, was calculated
to be 0.21 for the NO-T10, 0.31 for the NO-T5 and 0.34
for the NO-T15 samples. Therefore, 10 wt% template
content resulted in a high quality of texture with a
narrow distribution of elongated grains in [001]. Tem-
plate particles controlled matrix grain growth and thus
no cracking or abnormal grain growth was observed in
the samples textured by reactive TGG.

The remanent polarization, P, was measured to be
0.19 C/m? in the polar ¢ direction ([001]) as compared
to 0.03 C/m? in the non-polar a or b direction and
0.04 C/m? as for the random sample. The estimated
saturation polarization (Pg) was 0.25 C/m” which is
comparable to reported KSN single crystal value of
0.25 C/m?®. To our knowledge, this is the first report of
enhanced and highly anisotropic electrical properties
measured in the KSN ceramics.
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