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bstract

sing the composite powders of (Na0.5K0.5)NbO3 (NKN) nano-particles and nano-rods as starting materials, the NKN single crystals were prepared
y abnormal grain growth (AGG) method. The morphology evolution and the formation mechanism in the crystal growth process were investigated
n detail. The results revealed that the average size and the apparent quantity of abnormal grains increased gradually with the increase of sintering
emperature. The biggest NKN single crystals with size of about 3 mm were obtained at 950 ◦C for 2 h. Though the nano-particles and nano-rods

ave the same composition, the driving forces are distinctively different due to the diversity of grain morphology. The nano-rods have the large
riving forces especially at high sintering temperature, which plays a dominant role in facilitating the formation of NKN single crystals during
GG process.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Lead-based piezoelectric materials such as (Pb, Zr)TiO3
PZT) are most used in acoustic transducers, medical ultrasonic
robes, solid actuators, and other electromechanical fields due to
heir excellent piezoelectric properties.1,2 However, the toxicity
f lead oxide has led to a demand for alternative lead-free piezo-
lectric materials. The main research works are now focused on
lkali niobates, modified bismuth titanates, and systems which
ave a Morphotropic Phase Boundary (MPB) structure.3–6

mong these systems, alkaline niobate (Na0.5K0.5)NbO3 (NKN)
ased solid solutions, which have large piezoelectric response
nd strong ferroelectricity, are considered to be a potential
ubstitute for lead-based piezoelectric materials. However, due
o the volatility of potassium element and lack of pyroplastic
ehavior, it is hard to obtain dense alkaline niobate ceramics by

he conventional method.7

In 2004, a great breakthrough has been made in alkaline nio-
ate systems.8–10 Saito et al. have synthesized the compacted
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extured NKN-based ceramics using reactive templated grain
rowth (RTGG) method. The properties of the obtained NKN
extured ceramics are much better than that of the non-textured
orm, and can be compared to that of PZT4. So, it is natural
o anticipate that NKN-based single crystals might have even
etter piezoelectricity than their textured forms for the optimal
rystallographic orientation and domain structure in the single
rystal body.11 However, until now, there are few works con-
entrated on the crystal growth of NKN, which might be due to
he high cost and tedious process in the normal crystal growth

ethods.11–13

Solid-state single crystal growth method has been widely
sed in the fabrication of single crystals of various metallic mate-
ials, barium titanate, PMN-PT and NKN.14–20 Abnormal grain
rowth (AGG) is one of the solid-state single crystal growth
ethods, which is highly promising particularly for materi-

ls with a high melting temperature, phase transition, volatile
lements and incongruent melting.21 It is anticipated that NKN-
ased single crystals would be obtained by AGG method through

djusting the process carefully. Recently, several papers have
eported the AGG phenomena in NKN-based ceramics.22–24

owever, the precursor oxide powders used in all these stud-
es are prepared by conventional solid-state method. Due to the

mailto:ydhou@bjut.edu.cn
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igh calcining temperature, the synthesized powders have the
arge size (normally in micrometer scale) with strong agglom-
ration, which pertain the low sintering ability and prohibit the
ffective growth of NKN crystal. Normally, the size of abnormal
rown grain was below a millimeter. As we know, nano-sized
owders have a higher inherent surface area, which provides a
ignificantly higher driving force for grain growth. That is to
ay, using nano-powders as starting materials, it can be antici-
ated to obtain the large size of NKN-based single crystals by
GG method under lower sintering temperature. To our best of
nowledge, the crystal growth of NKN-based nano-powders in
GG process have not been reported previously.

In this study, special shaped (mixture of particles and rods)
KN nano-powders were synthesized by the developed sol–gel
ethod. By using these powders as starting materials, a mil-

imeter sized NKN single crystals were successfully prepared.
he grain growth mechanism in AGG process has also been

nvestigated in detail.

. Experimental procedure

Na2CO3 (99.8%), K2CO3 (99%), citric acid (C6H8O7·H2O,
9.5%) and acetic acid (CH3COOH, 99.5%) were used as
aw materials in combination with a water-soluble niobate
olution.25 The nano-sized NKN powders were prepared by
ol–gel method, and the scheme was as follows. According to
he chemical stoichiometry of NKN, the water-soluble niobate
olution was mixed with Na2CO3 and K2CO3, into a diluted
olution of citric acid, and subsequently acetic acid was added
o control the pH value. Before gaining the homogeneous yel-
ow sol, vigorous stirring for 2 h was required. Thereafter, the
ol was heated at 80 ◦C for 12 h to prepare dried gels. Then the
ried gels were calcined at 500 ◦C for 5 h with a heating rate of
◦C/min to obtain NKN nano-sized powders.

Using these nano-sized powders, the NKN ceramics were
repared by conventional sintering as follows. The powders
ere granulated with poly(vinylalcohol) and pressed into disks
f 11.5 mm diameter followed by a uniaxial pressing under
50 MPa. These powder compacts were sintered in air at dif-
erent sintering temperatures between 750 ◦C and 950 ◦C. For
rystal phase and morphology analyses, the surfaces of ceramics
ere mirror polished carefully.
The crystal phases of the powders and ceramics were deter-

ined using X-ray diffractometry (XRD; Model D8 Advance,
ruker AXS, Karlsruhe, Germany) in θ–2θ mode with graphite
onochromatized Cu K� radiation (λ = 0.154178 nm). The

ptical and polarizing micrographs were obtained by an Olym-
us BX51 M microscope (Olympus, Tokyo, Japan). Abnormal
rain size distribution was measured from the photographs of
he ceramic surfaces by image processing software (Photo-
hop CS 8.0.1, Adobe, CA, USA). The equivalent spherical
wo-dimensional grain radii were measured and converted to
quivalent spherical three-dimensional grain radii by divid-

ng by 0.76.26 Transmission electron microscopy (TEM) and
elected-area electron diffraction (SAED) were carried out using
JEM-2000 F TEM (JEOL, Tokyo, Japan). Samples for TEM
ere firstly grounded mechanically to about 50 �m thickness,
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nd then thinned to perforation by the argon-ion milling method.
icromorphology of samples was studied using scanning elec-

ron microscope (SEM; Model S-3500N, Hitachi, Tokyo, Japan).
or SEM experiments, the ceramic samples were mechanically
ractured and coated with aurum film to facilitate the observa-
ion.

. Results and discussion

Fig. 1(a) shows the XRD pattern of the NKN powders syn-
hesized by sol–gel method. It can be seen that only a pure NKN
rthorhombic phase could be discovered and there was no evi-
ence of a second phase. Fig. 1(b) shows the TEM image of these
KN powders. The morphology of the powders shows a com-
osite structure of particles and rods, which is different from the
bservation of homogeneous NKN nano-particles in the former
ork.25 It was found that the morphology of the NKN powders

s strongly determined by the calcining procedure. By adjusting
ppropriate heating rate, inhomogeneous shapes of NKN pow-
ers were synthesized and the detailed crystallization process of
he powders will be investigated in other articles. As shown in
ig. 1(b), the particles have the diameter of about 30 nm, while

he rods have the diameter of about 100 nm and length of about
�m. For comparison, Fig. 1(c) and (d) shows the selected-
rea electron diffraction (SAED) patterns of typical individual
article and rod, respectively. According to the standard card
f orthorhombic KNbO3 (JCPDS No. 71-2171), both patterns
ould be indexed with the orthorhombic Perovskite structure,
onfirming the same composition for the nano-particles and
ano-rods.

Fig. 2 shows the different magnified surface optical pho-
ographs of the NKN ceramics sintered at different temperatures.

hen the sintering temperature reaches 850 ◦C, there are several
lack spots appearing in the ceramic surface, which grow grad-
ally with increasing temperature. In order to further confirm
he structure of these black spots, the polarizing micrograph of
sample sintered at 950 ◦C is observed under polarized micro-

cope. As shown in Fig. 3, the same brightness of the black
pot testifies the uniform crystal tropism, which confirms that
he black spots are abnormal grains. For NKN, the equilibrium
rystal shape is cubic, probably with (0 0 1) faces.27 If one looks
t the (0 0 1) plane of such a cube, it would look like a square.
owever, it can be found in Fig. 2 that the abnormal grains have
ifferent shapes, such as square, rectangle and triangular. So, it
an be safely concluded that the special grain morphology in
ur specimen can be attributed to the appearance of different
ropism plane, such as (0 0 1), (1 1 0) and (1 1 1) parallel to the
eramic surface.

Fig. 4 presents a typical TEM image of a thinned abnormal
rain in the NKN sample sintered at 950 ◦C. The insert figure
hows the corresponding SAED pattern. It can be found that the
AED pattern could be indexed perfectly with the orthorhom-
ic Perovskite structure of NKN, therefore confirming that the

bnormal grain is a single crystal form.

The average abnormal grain sizes and number of abnormal
rains per cm2 at different sintering temperatures have been
alculated according to Fig. 2(a), and the results are shown in
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nano-powders as precursor. From Fig. 6, it can also be found that
the growth behavior of the abnormal NKN grains is controlled
by means of two-dimensional nucleation, starting at the crystal
corners or edges.
ig. 1. (a) XRD pattern, (b) TEM image of the NKN powders from sol–gel met
c) and rod (d).

ig. 5(a) and (b), respectively. It can be seen that both curves
how the increase trend with the increase of sintering tempera-
ure. At 950 ◦C, the average abnormal grain size is as large as
.08 mm and the number of abnormal grains gets 50 per cm2.

Fig. 6 shows the photograph of some relatively large NKN
rystals obtained from samples sintered at 950 ◦C by mechanical
eparation. It can be seen in Fig. 6, similar to AGG phenomena in
ZT Perovskite ceramics,28 the obtained NKN crystal appears

o contain two or three abnormal grains joined together by pen-

tration twins. However, it should be pointed that the big NKN
rystal has the large size above 3 mm. Compared with the pub-
ished data,22–24 the relative large size of NKN single crystal
an be obtained easily by using AGG method with composite

ig. 2. Surface optical photographs of the NKN ceramics sintered at different
emperatures.
elected-area electron diffraction (SAED) patterns of typical individual particle
Fig. 3. The polarizing micrograph of a sample sintered at 950 ◦C.
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Fig. 4. TEM image and SAED pattern (inset) of an abnormal grain.

For a grain growing by two-dimensional nucleation, the
rowth rate can be given by29:

˙ ∼= υst exp

(
− πΩε2

6�GhkT

)
(1)

here Ṙ is growth rate, υst is step velocity of the growing
ucleus, Ω is molar volume, ε is edge free energy of the nucleus,
G is driving force for grain growth, h is step height of the
ucleus, k is Boltzman’s constant and T is temperature. The driv-
ng force of a grain is inversely related to the mean grain radius.
ompared to micron-sized powders, nano-sized powders have
igher �G, which is beneficial to rapid grain growth. For the

ig. 5. The dependence of average abnormal grain size (a) and the number of
bnormal grains per cm2 (b) on the sintering temperature.
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ig. 6. Optical photograph of some relatively large NKN crystals obtained from
amples sintered at 950 ◦C.

ase of a grain growing in the solid-state, the driving force is
iven by30:

G = σgbΩ

(
1

r̄
− 1

r

)
(2)

here σgb is the average grain boundary energy, r is the radius of
he growing grain and r̄ is the radius of a grain which is neither
rowing nor shrinking (usually given by the mean grain radius).
t can be concluded from the formula above, with the mean grain
adius as a constant value, depending on the distribution of grain
izes, the grains will have a range of driving forces for growth.
he larger grain will have larger driving force for growth.

Growth of the grain is characterized by two stages: a very
low growth rate at low driving forces, followed by an abnormal
apid growth rate once the driving force exceeds a critical value.
he critical driving force is given by29:

GC = Ωε2

3hkT
(3)

Depending on the relative values of �Gc and �G, the grains
ill have different types of grain growth behavior, such as slowly
rowing grains (�G ≤ �GC), and abnormal rapidly growing
rains (�G > �GC). When sintered at a relatively low temper-
ture (<850 ◦C), �GC is enhanced to a high value and all the
rains have �G ≤ �GC. In this case, AGG is depressed and
ll the grains grow normally. However, because of the different
rain sizes, the nano-particles and nano-rods will have differ-
nt driving forces. The nano-rods have a higher driving force
or growth and can grow more rapidly than the nano-particles
ecause the nano-rods are much larger than the nano-particles,
nd the distribution of the grain sizes in ceramics become exten-
ive. Fig. 7 shows the SEM photograph of the fracture surface
or NKN ceramics sintered at 750 ◦C. The sample is randomly
articulate in shape distribution. The small particles are about
everal hundreds of nanometers while the large grains even

evelop to the size bigger than 2 �m, which can confirm the
xtrapolation above. When the samples are sintered at 850 ◦C,
here are more nano-rods with �G > �GC, which are able to
row rapidly to form abnormal grains. With the sintering temper-
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ig. 7. SEM photograph of the fracture surface for NKN ceramics sintered at
50 ◦C.

ture increasing to 900 ◦C, �GC reduces further and the amount
f nano-rods with �G > �GC increases accordingly, cause the
verage abnormal grain size and the number of abnormal grains
er cm2 increase. Because the amount of nano-rods which are
onsumed for abnormal grains is limited, with the sintering
emperature increasing to 950 ◦C, compared to the number of
bnormal grains per cm2, the average abnormal grain size does
ot increase visibly.

. Conclusion

Nano-sized (Na0.5K0.5)NbO3 powders with composited
tructure of particles and rods were synthesized by the improved
ol–gel method. Using these composite powders as starting
aterials, millimeter sized NKN single crystals were obtained

y AGG method. The biggest NKN single crystals with size of
bout 3 mm were obtained at 950 ◦C for 2 h. The analysis of
rystal growth mechanism during AGG process revealed that
he nano-rods have the larger driving forces compared to that
f nano-particles, which grow rapidly especially at high tem-
erature above 850 ◦C, and finally formed the large NKN single
rystals. The method presented in this paper will make prepara-
ion of NKN single crystals convenient and greatly reduce the
roduction cost, and thus can be extended to the synthesis of
ther alkali niobates crystals.
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