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ABSTRACT

Potassium sodium niobate (KNN) based piezoelectric materials system is deemed
as one of the most promising candidates for substitution of lead-based piezoelectric
materials due to the high piezoelectric coefficient and high Curie temperature. However,
their piezoelectric properties are still lower than the lead-based piezoelectric materials.
Improving the performance of KNN-based piezoelectric ceramics has become a need
for development.

The main research in this thesis can be divided into three parts. First of all, BZ—
KNLN-BNT tertiary system piezoceramic with high performance-temperature stability
was developed by adjusting the MPB slope (chapter 3). Moreover, NaNbO; template
particles using for preparing the oriented ceramics were synthesized by the
hydrothermal method instead of the traditional high temperature molten salt method
(chapter 4, 5). Finally, oriented KNLN-BZ-BNT ceramics were fabricated by using the
Reactive Templated Grain Growth (RTGG) method (chapter 6).

For the study of KNN-based ceramics component, rhombohedral perovskite
component BNT was employed as the third component to adjust the MPB slope of BZ-
KNN system. MPB slope of KNLN-BZ system was adjusted from negative to positive
by adding a small amount of the third component-BNT. A vertical MPB was formed
when the addition amount of BNT was 1%. The vertical MPB composition, 0.075BZ—
0.915KNLN-0.01BNT, with temperature-independent behavior has important practical
value. The research method, using a stable rhombohedral perovskite component to
adjust the negative MPB slope, indicates the possibilitythat the positive slope of MPBs
could be made perpendicular to the composition axis by adding a stable tetragonal
perovskite component as the third component in lead-free piezoceramic systems. The
method provides a route for improving the performance with temperature stability of
lead-free piezoceramics.

In the synthesis of template particles by hydrothermal method, NaNbOj; particles



with different morphology were synthesized. Plate-like morphology particles with a
width of 35 um and a thickness of 3 pm and fibrous morphology particles with an aspect
ratio were obtained as expected morphology. Through investigating the hydrothermal
conditions such as reaction time, temperature and NaOH concentration on the phase
and morphology of the particles, process of crystal growth was conjectured. The plate-
like NaNbOs particles were grown form the strip-like NagNbsOi9-13H,O through
dehydration and rearrangement with the increase of temperature. The optimal
hydrothermal conditions for preparing plate-like morphology were confirmed as 140
°C, 3 h and 12 mol/L of NaOH. Fibers NN particles with an aspect ratio could be
obtained with further increase of temperature to 180°C. After annealing treatment at
600°C, the plate-like NN and fiber NN both turned into perovskite structure without
morphology change. However, the melting point of the plate-like particles confirmed
by TG-DTA analysis was around 1000 °C, therefore the particles could only be used in
low temperature sintering below 1000 °C.

To improve the application temperature of template particles, hexagonal NaNbO 3
particles with plate-like morphology were synthesized by hydrothermal method. The
morphological evolution of the solid products in the reaction with the increase of
mineralizer concentration is monitored via SEM: the initial plate-like particles grew
rapidly and finally transformed into cubic morphology. The mineralizer concentration
for synthesis of hexagonal NaNbOs particles was confirmed by XRD. Under such
concentration, the size of particles can be controlled. The particles were transformed
from ilmenite structure to perovskite structure after annealing. The plate-like
morphology was kept with a little crack on the surface. Therefore, the surface
orientation of the perovskite particles was microcosmically and macroscopically
characterized by EBSD and XRD analysis respectively. The results indicate that thinner
particles tend to have higher orientation in (00I) crystal planes.

In the fabrication of oriented KNLN-BZ-BNT ceramics by tape-casting method,
slurry formulations suitable for this system was studied, and high quality tape-casting
thick films were obtained. The process of the preparation of oriented ceramics was

optimized. On this basis, oriented KNLN-BZ-BNT ceramics with an orientation of 49%



were fabricated. The d3; of oriented ceramics improved 22% compared with non-
oriented ceramics. The principle of orient development process was also investigated
and it can be divided into 3 stages: (1) ceramics densification followed with in situ
reaction between template particlesand matrix particles; (2) rapid growth of individual
oriented grain; (3) slow growth of oriented grain. The results showed that the oriented

grain growth follow the principle of 2-D nucleation and growth.

Keywords: Lead-free piezoelectric ceramics, Potassium sodium niobate,
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Chapter 1

Introduction

1.1 Principles of Piezoelectricity
1.1.1 The Direct and the Converse Piezoelectric Effect

Piezoelectricity is linear interaction between mechanical and electrical systems in
non-centric crystals or similar structures. The direct piezoelectric effect may be defined
as the change of electric polarization proportional to the strain. A material is said to be
piezoelectric if the application of an external mechanical stress gives rise to dielectric
displacement in this material. This displacement manifests itself as internal electric
polarization. It should be noted that the piezoelectric effect strongly depends on the
symmetry of the crystal. A crystal having sufficiently low symmetry produces electric
polarization under the influence of external mechanical force. Crystals belonging to the
11 point groups having central symmetry are unable to produce piezoelectric effect.
With one exception, all classes devoid of a centre of symmetry are piezoelectric. The
single exception is the Class 29 (enantiomorphous hemihedral), which, although
without a centre of symmetry, nevertheless has other symmetry elements that combine
to exclude the piezoelectric property. Closely related is the converse (reciprocal, inver se)
effect, whereby a piezoelectric crystal becomes strained if an external electric field is
applied !,

We subject a plate to a pressure parallel with the thickness. If a compressional
force (size) F is used, the polarization P; parallel to the thickness is proportional to the
stress T11 = F/A. Hence the piezoelectric polarization charge on electrodes covering the
major faces A is proportional to the force causing the strain. If we apply tension, the
sign of pressure is reversed and the sign of the electric polarization reverses too. When
an electric field E is applied along the thickness, the plate is deformed. The deformation

(the strain Si;) changes sign when the polarity of the field is reversed (Fig. 1-1).

1



Direct Piezoelectric
Effect

Converse Piezoelectric
Effect

Contraction Expansion

Fig. 1-1 Direct and converse piezoelectric effect

The direct piezoelectric effect is described by

Py =diuT, (1.1)
where P; is the component of the polarization vector and Ty; is the component of the
stress tensor. The coefficient dij; is called the piezoelectric coefficient. Conversely, if
an external electric field E; is applied, a strain Sy; is produced

Si1 =dinEr. (1.2)

1.1.2 History of the Theory of Piezoelectricity

The direct piezoelectric effect was first discovered by the brothers Pierre Curie
and Jacques Curie more than a century ago 2. They found out that when a mechanical
stress was applied to crystals such as tourmaline, topaz, quartz, Rochelle salt and cane
sugar, electrical charges appeared, and this voltage was proportional to the stress.

The Curies did not, however, predict that crystals exhibiting the direct
piezoelectric effect would also exhibit the converse piezoelectric effect. One year later
that property was theoretically predicted on the basis of thermodynamic consideration
by Lippmann Bl who proposed that converse effects must exist for piezoelectricity,
pyroelectricity, etc.

Subsequently, the inverse piezoelectric effect was confirmed experimentally by

2



Curies ¥, who proceeded to obtain quantitative proof of the complete reversibility of
electromechanical deformations in piezoelectric crystals. These events above can be
viewed as the beginning of the history of piezoelectricity.

Based on them, Woldemar Voigt ! developed the first complete and rigorous
formulation of piezoelectricity in 1890. Since then several books on the phenomenon
and theory of piezoelectricity have been published. Cady ¢ treated the physical
properties of piezoelectric crystals as well as their practical applications, Tiersten [
dealt with the linear equations of vibrations in piezoelectric materials, and Kudryavtsev
Bl Tkeda ™ , gave a more detailed description of the physical properties of
piezoelectricity. Rogacheva ['% presented general theories of piezoelectric shells. Qin
[ILI2] discussed Green’s functions and fracture mechanics of piezoelectric materials.

Micromechanics of piezoelectricity were discussed in references [,

1.2 Applications of Piezoelectricity

Piezoelectric materials are used in sensors, transducer, resonators, filters, generator,
underwater acoustic devices, fish-finders and diagnostic acoustic devices. Figure 1-2

shows a summarized outline of technical applications of piezoelectricity.

Voltage
generator

Sensors for the
measurements of
mechanical stress,
pressures and
accelerations

Applications of
the direct effect

Piezoelectric

|_| Applications of the
converse effect i Actuators |
Wave Filters
Ultrasonics

—I Resonant sensors |

Fig. 1-2 Technical applications of piezoelectricity

3



(14151 gpeakers for

In particular, piezoelectric films have been used as sensors
audio equipment U6 and printing 1% applications. Piezoelectric ceramic
transducers have been applied to adaptive structures for vibration control 2!, ultrasonic
flaw detection 2! and military systems, such as launch vehicles, aircraft, and
submarines. The piezoelectric single crystal material such as quartz could be made in
to quartz crystal resonators 12*/ and applied to communication equipment and timer.
Lead magnesium niobate-lead titanate (PMNT) *%1 could be used as medical
ultrasound imaging probe in medical fields.

It is noteworthy that most of widely used piezoelectric materials are lead-based
materials. However, due to toxicity and pollution of Pb element, the Restriction of
hazardous substances directive (RoHS) 2! which was adopted in February 2003 by the

European Union greatly limited the application of lead-based piezoelectric ceramics.

Therefore, it is necessary to develop the lead-free based piezoelectric materials.



1.3 Classification of Lead-free Piezoelectric Ceramics by Structure
1.3.1 Perovskite structure

The perovskite structure is adopted by many oxides that have the chemical formula
ABOs. The structure of an ideal cubic perovskite is shown in Fig. 1-3, where the A
cation are shown at the corners of the cube, and the B cation in the centre with oxygen

ions in the face-centred positions.

e
¢

&/&

Fig. 1-3 Cubic perovskite unit cell. Blue spheres represent the A cations, white spheres represent the B cations, and

red spheres represent oxygen anions forming an octahedra.

There are many perovskite structure-based piezoelectric ceramics, such as BaTiO3
(BT), NagsBigsTiOs (BNT) and K\Na;«NbO3 (KNN), each of them has its unique
properties. Although their performance are still lower than PZT as shown in Fig. 1-4,

they are still the most promising lead-free piezoelectric ceramics.
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Fig. 1-4 Room temperature values of d5; as a function of T for

various piezoceramics with perovskite structure and PZT.

1.3.1.1 Barium titanate

Barium titanate is the first discovered ferroelectric perovskite. Its ferroelectric
properties are connected with a series of three structural phase transitions. The Curie
point T, of barium titanate is 120 °C. Above 120 °C the original cubic cell is stable up
to 1460 °C. Above this temperature a hexagonal structure is stable. When the
temperature is below the Curie point, crystallographic changes in BaTiO3 occur, first at
about 120 °C a ferroelectric transition between the cubic, paraelectric and ferroelectric
phase of tetragonal structure takes place. At 5 °C, the transition to a phase of the
orthorhombic structure goes on and at -90 °C to the low temperature phase having a
trigonal structure 27,
1.3.1.2 Sodium bismuth titanate

Sodium bismuth titanate, NasBigsTiOs; (BNT), as rhombohedral symmetry (R3C)
at room temperature (RT) and their phase transitions are complicated. The phase
transition temperature, 7r.t, from rhombohedral to tetragonal and 7r.c, from tetragonal
to cubic, are approximately 340 and 540 °C on heating, respectively, for BNT single
crystals.

The BNT ceramic shows the strong ferroelectric properties of a large remanent
polarization and relatively high piezoelectric properties compared with other lead-free
piezoelectric ceramics. However, data on piezoelectric properties of the BNT ceramic

are scarce because it is difficult to pole this ceramic due to a large coercive field, Ec (=
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73kV/cm) except in specialized work. On the other hand the BNT ceramic need a high
sintering temperature of more than 1200 °C to obtain a dense body. It is thought that
the vaporization of Bi ions occurred during the sintering process at temperature higher
than 1200 °C, resulting in the poor poling treatments because of low resistivities. From
the thermograph measurement, the weight loss caused by the Bi vaporization was
carried out at over 1130 °C. Various processes and method are thought to prevent the
vaporization and to obtain the stoichiometric BNT ceramic. Thus, the BNT ceramic
should be sintered at 1100 °C and lower %,

1.3.1.3 Alkaline niobate-based ceramics

KNN is a solid solution of ferroelectric KNbO3 and antiferroelectric NaNbO; 12,
Both end members of the solid solution are orthorhombic at room temperature. Pure
KNN ceramics sintered by the conventional solid-state reaction in air exhibit a high
Curie temperature (7. = 420 °C), a good ferroelectricity (P; = 33 uC/cm?), while poor
piezoelectricity (d3; = 80 pC/N) and bulk density . The obstacles of the processing
for KNN-based ceramics is largely due to the instability of the KNN phase and volatility
of the alkali oxides sintering at high temperatures, which make it difficult to obtain high
density U,

To improve the sinterability and piezoelectric properties of KNN ceramics, a lot
of different materials have been used to either dope it or to substitute the main elements.
Some of these combinations include: KNN-Ba 32 KNN-SrTiO; 3L KNN-LiNbO3
34 KNN-LiTaOs, KNN-LiSbO;, (K,Na,Li)(Nb,Ta,Sb)O; 33 and pure KNN with
sintering aids like CuO, ZnO, MnOsand Bi,0;. The KNN-LiTaO3;-LiSbO3 composition
which was reported by Saito 9 remains one of the best so far in terms of piezoelectric
properties. This was initially attributed to the existence of a morphotropic phase
boundary (MPB) at the proposed composition. Later reports show however that the
addition of dopants lowers the tetragonal to orthorhombic phase transition in the KNN
system to room temperature and is therefore rather considered as a polymorphic phase
transition. Efforts are still being made to see if and how the system can be further

improved ¢,



1.3.2 Tungsten-bronze structure

Figure 1-5 shows a cross-section of the structure normal to the fourfold axis. The corner
linking of octahedral leading to five-, four-, and threefold tunnels for the A-sites running
parallel to the fourfold symmetry axis. The general chemical formula is of the from
(A1)4(A2)2C4B10030, where A are 15-fold coordinated sites in the fivefold tunnels, A,
are 12-fold coordinated sites in the fourfold tunnels, C are ninefold coordinated sites in
the threefold tunnels, and B are the sixfold coordinated B-sites cation as in the

perovskite 37,

Fig. 1-5 Cross-section of a ferroelectric tetragonal tungsten bronze taken normal to the fourfold axis.

Currently, most of piezoelectric ceramics with the tungsten-bronze structure are
niobate, mainly including: B34 (Sr; Ba,)Nb,Os, (AsSrix)2NaNbsO;s (A=Ba, Ca,
Mg...) and (K\Naj.o)2(SryBai.y)Nbi0O3.

1.3.3 Bismuth layer structure

Bismuth-layer-structured ferroelectrics (BLSFs) have a crystal structure in which
8



bismuth oxide layers ((Bi»02)*" layers) are interleaved with pseudo-perovskite blocks
along the crystallographic c-axis, as shown in Fig. 1-6. The pseudo-perovskite blocks
have a formula of (M, 1RinO3m+1)%, where M is mono-, di-, or trivalent ions; R is tetra-,
penta-, or hexavalent ions such as Ti*" and Nb>*; and m is the number of RO¢ octahedra
in the pseudo-perovskite block (m = 1, 2, 3, 4, and 5) *!1. With the increase of m, the

piezoelectricity is improved, however the cure temperature is reduced.

(Bi,O,)2
layer

Pseudo-
perovskite
layer

c B © M(Pb,Bi,Sr...)
o -
ae — b layer .O(Tn, Ta..)

Fig. 1-6 Schematic drawing showing the crystal structure of BLSF (m = 3)

of one half of the pseudo-tetragonal unit cell.

This system can be summarized as follows 41
(1) BiaTi3012;

(2) MBi4Ti4015 (M = Sr, Ba, Ca) ;

(3) MBi2R,09 (M = Sr, Ba, Ca, R=Nb, Ta) ;

(4) BiTiROy (R = Nb, Ta).



1.3.4 Pyrochlore structure

Fig. 1-7 Pyrochlore lattice

The pyrochlore structure which shows in Fig. 1-7 is a common vertex (of NbOg or
TaOg) octahedra, while the gap between the larger of Cd?* (or of Pb?") ions located in
the oxygen octahedron. The more general crystal structure describes materials of the
type A2B2Os and AB,O; where the A and B species are generally rare-earth or
transition metal species. Ferroelectrics ofthis structure appears only in a limited numb er

of compounds Cd,NbyO, 1 Pb,NbyO; and Cd,TayO7 461,

1.4 Main Performance Parameter of Piezoelectric Ceramics

Because a piezoelectric ceramic is anisotropic, physical constants relate to both
the direction of the applied mechanical or electric force and the directions perpendicular
to the applied force. Consequently, each constant generally has two subscripts that
indicate the directions of the two related quantities, such as stress and strain for
elasticity *7). Three orthogonal axes are represented by subscript 1-3. By convention,
axis 3 is the direction of polarization of piezoelectric ceramics. Subscripts 4-6 indicate
stress or strain in shear form about axes 1-3, respectively. This is illustrated in Figure

1-8.
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Piezoelectric Constant

Piezoelectric constant quantifies the volume change when a piezoelectric material
is subject to an electric field, or the polarization on application of a stress. The

piezoelectric constants are defined as follows:

charge density developed
applied mechanical stress

Piezoelectric Charge Constant: d = CN!

Piezoelectric Voltage Constant: ¢ = electric field developed VmN-!

applied mechanical stress

Because the strain induced in a piezoelectric material by an applied electric field
is the product of the value for the electric field and the value for d, d is an important
indicator of a material's suitability for strain-dependent (actuator) applications. Due to
the strength of the induced electric field produced by a piezoelectric material in
response to an applied physical stress is the product of the value for the applied stress
and the value for g, g is important for assessing a material's suitability for sensing

(sensor) applications 47,



Curie Temperature

Most piezoelectric materials have a Curie Temperature ( 7¢). Above T, the materials
are not polar indicate that they lostthe piezoelectricity. 7. decide the ceiling temperature

for the use of piezoelectric materials.

Permittivity

The permittivity, or dielectric constant, ¢, for a piezoelectric ceramic material is
the dielectric displacement per unit electric field. &' is the permittivity at constant stress,
&5 is the permittivity at constant strain.

E.g. &'y is the permittivity for dielectric displacement and electric field in
direction 1, under constant stress. The first superscript to ¢ indicates the direction of the

dielectric displacement, and the second subscript is the direction of the electric field.

Dielectric Dissipation Factor

The loss tangent, tand, is defined as the ratio of resistance to reactance in the
parallel equivalent circuit of Fig. 1-9 (a). It is a measure of the dielectric losses in the
material and therefore also a measure of the heat generation capacity of the ceramic
when operated under dynamic conditions. This is a direct measurement and is usually

formed at the same conditions as the capacitance measurement [#3,

Rp
4/\/\/\/\—

Fig. 1-9 Non-resonant (a) parallel and (b) series equivalent circuit

Electromechanical Coupling Factor

The electromechanical coupling factor, 4, a numerical measure of the conversion

12



efficiency between electrical and acoustic energy in piezoelectric materials. It is an
indicator of the effectiveness with which a piezoelectric material converts electrical

energy into mechanical energy, or converts mechanical energy into electrical energy.

Mechanical Quality Factor
Mechanical quality factor, Owm, the ratio of reactance to resistance in the series
equivalent circuit of Fig. 1-9(a) is given by:

2

£
2 2
on f, Z,C(fo-£7)

(1.3)
where C is the low frequency (1 kHz) capacitance; Zy, is the minimum impedance; f; is

resonant frequency, and f, is anti-resonant frequency.

1.5 How to Improve the Performance of Piezoelectric Ceramics

1.5.1 Composite modification

Piezoelectric ceramics materials compared with piezoelectric monocrystal
materials have advantages as follow:
(1) The preparation process is easy.
(2) The ceramics materials could be made into different shapes of components, and its
polaxis direction could be chosen for different purpose.
(3) By changing composition, the performance could be changed easily and purposively.
The last point is particularly important in industrial application. Taking a basic
component as the main body, by adding additives, the component trace changed, and a
lot of derivative systems with various properties could be obtained. The composite
modification mainly including:
(a) Addition of oxide.

Almost all of oxides are used to modified the properties of piezoelectric ceramics.

13



Oxides with characteristic mainly include Nb,Os, TaxOs, Nd>Os, Bi2O3, Lay03, SmOs,
WO:;, etc. Through adding above oxides, coercive field decrease, resistivity increase,
cause polarization easily, and piezoelectricity increased. But electrical quality factor
(Or) and mechanical quality factor (Owm) could decline, “soft” materials could be
obtained. On the other hand, adding Fe;O;, Cr,0Os, MnO», etc. could make coercive
field increase, cause polarization difficulty. However, the value of Or and Owm could
increase, “hard” materials could be obtained.

(b) Substitution of element and composite oxides.

For better dielectricity and piezoelectric properties, initially Ca, Sr, Ba elements are
used to substitute Pb; Sn, Hf elements are used to substitute Zr, Ti. Later A'"B>*O; and
A¥B*0; systems are studied detailedly. Among them the using of BiFeO; % and
LiNbO;P"! obtained remarkable results. All these case above have wider solution range
than (a), thus the degree of variability in the properties is lager.

(c) Composite substitution with chemical valence compensation.

For example, [Nay,'"Bij»*"] is used to substitute Pb 5%); and [Fe 2>"Nb2**] is used to
substitute [Zr, Ti] 3l This substitution characterized by various ionic combination and

wider solution range.

1.5.2 Morphotropic phase boundary

Morphotropic phase boundary (MPB) is defined as an abrupt structural change
within a solid solution with composition. As an example, lead zirconate titanate (PZT)
is used widely mainly due to its unique properties at the MPB, at a composition where
the PZ : PT ratio is almost 1 : 1, as shown in Fig. 1-10(a) ®**. PZT compositions near
the MPB have both high &, and high &, as shown in Fig. 1-10(b)*¥. Nowadays, the term
“MPB” is used to refer to the phase transition between the tetragonal and the
rhombohedral ferroelectric phases as a result of varying the composition or as a result
of mechanical pressure. In the vicinity of the MPB, the crystal structure changes
abruptly and the dielectric properties in ferroelectric materials and the

electromechanical properties in piezoelectric materials become maximum %%,
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Fig. 1-10 (a) PZT phase diagram and (b) dielectric constants and coupling

coefficients for PZT composition near the MPB

Not only used in lead-based materials, the characteristics of MPB in lead free are
also used in many lead-free materials to improve their performance. xNa,»Bi;,TiO3—
(1-x)BaTiO; (BNT-BT) or xNa;»:Bii2TiOs—(1-x)Ky/2Bi12TiO3 (BNT-KBT) have
enhanced piezoelectric properties due to MPB between rhombohedral (R) and
tetragonal (T) phase. Figure 1-11(a) % shows the phase diagram of xNa;2Bi1,TiO3—
(1-x)BaTiOs; system. Near the MPB its delectric and pizeoelectric properties are
enhanced , as shown in Fig. 1-11(b)®7. For the KNN system, the enhanced dielectric
and piezoelectric properties were attributed to a MPB which separating orthorhombic

(58601 This MPB is actually a polymorphic phase transition, where

and tetragonal phases
the increased polarizability associated with a temperature transition leads to increased
dielectric and piezoelectric properties °!l. The dielectric and piezoelectric properties of

KNN systems are enhanced by additives such as LiNbO3, LiSbO3; modified 6263,
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Fig. 1-11 (a) phase diagram of xNa, ,Bi,,TiO;—(1-x)BaTiO; system and
(b) delectric and pizeoelectric properties in BNT-BT.

1.5.3 Texture techniques

Using texture techniques to control the grain orientation of polycrystalline

ceramics is an effective approach to improve the piezoelectric properties. Figure 1-12

o TH’%;

(a) (b) (c)

Fig. 1-12 Grain orientation. (a) single crystal, (b) polycrystal, (c) textured polycrystal

shows the two-dimensional diagram of grain orientation.

Hot processing is a traditional method for the grain orientation. Tadashi et al.
prepared SrBisTi4Ois ceramics with a grain orientation degree of 95% via hot-forging
technique *. However, due to the disadvantage such as complexity of the process, hot
processing is not widely used.

Strong magnetic field is a effective method for preparing textured piezoelectric

ceramics. Makiya et al. prepared Bi4Ti301> ceramics with a grain orientation above 90%
16



at {hk0} plane %5, Masahiko Kimura et al. prepared CaBi4TisO;s ceramics with a grain
orientation of 82%, and the electromechanical coupling coefficient is about 1.5 times
larger than that of the non-oriented ceramics [,

Templated Grain Growth (TGG) and Reactive Templated Grain Growth (RTGG)
are versatile and effective technique for the fabrication of textured ceramics. This
technique could be used to texture not only bismuth layer structure but also perovskite-
structure and tungsten-bronze structure piezoelectric ceramics. Some of the textured

lead-free piezoceramics and their orientation degree prepared by TGG/RTGG technique

are listed in Table 1-1.

Table 1-1 Some of textured lead-free piezoceramics prepared by TGG/RT GG technique

.. ) Orientation
Textured composition Template particles Ref.
degree (%)
0.92Nao.sBio.sTiO3-0.08BaTiO3 plate-like Bi2sNa3sNbsOis 60 [67]
0.94Bio.sNao.sTiO3—0.6BaTiO3 plate-like BNT 92.5 [68]
(Ko.44Nao.52L10.04)(Nbo.84Ta0.10Sbo.0s)O3  plate-like NaNbOs3 91 [35]
BisTi3012 plate-like BisTi3O12 92 [69]
BaxNaNbsO1s acicular BazNaNbsOi1s 80.1 [70]

This method includes two key points: the preparation of anisotropic template grain
and the process control of template particles oriented in the ceramic matrix. The
particles which were appropriate for the ideal template of TGG and RTGG texture
techniques have to meet some requirements. Firstly, template particles must have the
needle-like or plate-like morphology and have suitable aspect ratio or radius-thickness
ratio. In addition, before the actual application the template particles must have
structural conformance with the ceramic matrix. Moreover, the melting point of
template particles should be higher than the ceramics sintering temperature. The

schematic of RTGG techniques is shown in Fig. 1-13.
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Fig. 1-13 Schematic diagram of reactive templated grain growth techniques.

1.5.4 Nano effect

Numbers of experiments show that the properties of nanoscale ferroelectric thin
film, particles, nanowires, nanotube are quite different from those of bulk materials.
When the scale of the material is reduced to the nanometer range, surface effect and
size effect on its performance becomes very important. Uchino et al. " studied the
effect of surface tension on the Curie temperature of BaTiO; particles by X-ray
diffraction. The results show that the Curie temperature changes with the change of
particle size, and it has great difference with the bulk material. Then Ma et al. '* gave
the influence of surface tension on the ferroelectric properties of nanomaterials.
Recently, Zhou et al. [ prepared PZT nanowires with the size of 70nm. They also
confirmed the ferroelectric properties significantly enhanced due to the surface tension.
Liu et al. " found PBST nanotube had stronger ferroelectric properties.

Recently years, theoretical studies on the size effect and surface effect of
ferroelectric thin films are divided into phenomenological method and microscopic
models method. The phenomenological method can predict the correlative properties
of nano-ferroelectric thin films 5771, Recently, first principles study simulation

experiments of ABO; type ferroelectric material was reported 8. S. K. Streiffer ef al.
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[P prepared PbTiO; thin films with different thickness on SrTiO; substrate and
provided relationship between film thickness and Curie temperature. With the progress
of the technology and the maturity of theoretical research, the performance nanoscale

materials attract a wide range of attention in all aspects of chemical and physics.

1.6 Thesis Objectives and Organization

1.6.1 Thesis Objectives

Piezoelectric ceramic components have many applications such as sensors,
transducer, resonators, filters in our daily life, industry and even military field. However,
the most wildly used piezoelectric ceramics are Pb-based ceramics. With the
improvement of healthy and environmental protection requirements, the development
of lead-free piezoelectric ceramics has become a requirement. Potassium sodium
niobate (KNN) based piezoelectric materials system is deemed as one of the most
promising candidates for substitution of lead-based piezoelectric materials due to the
high piezoelectric coefficient and high Curie temperature. However, their piezoelectric
properties are still lower than the lead-based piezoelectric materials. Therefore, the
objectives of this research is develop high performance lead-free piezoelectric ceramics.
Specific objectives are as follows:
(a) Development of KNN-based piezoelectric ceramics with performance-temperature
stability.
(b) Preparation of NaNbO; template particles by hydrothermal method.

(c) Fabrication of oriented piezoelectric ceramics.

1.6.2 Thesis Organization

The thesis consists of 7 chapters. Chapter 1 introduces the background and
objectives of this research. Chapter 2 illustrates the reagents, equipment and
characterization equipment. Chapter 3 expounds the MPB slope adjusted in BZ-KNLN
system. Chapter 4 and 5 discusses the synthesis of NaNbOs; template particles by
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hydrothermal method. Chapter 6 expounds the fabrication of oriented KNLN-BZ-BNT

ceramics. Finally, chapter 7 presents the conclusions of this research.
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Chapter 2

Experiment and Characterization

This chapter describes the experiment reagents, equipment used for hydrothermal

synthesis and tape-casting process. Main characterization instruments in our laboratory

are introduced.

2.1 Experiment reagents

All experiment reagents used in this research are listed in table 2.1.

Table 2.1 Experiment reagents.

Reagent Formula Purity Manufacturer
Potassium hydroxide =~ KOH 85% Wako pure chemical
Sodium hydroxide NaOH 97% Wako pure chemical
Niobium pentoxide Nb2Os 99.9% High purity chemicals
Lithium carbonate Li.COs 99.99% High purity chemicals
Sodium carbonate Na,CO3 99% High purity chemicals
Potassium carbonate K2CO3 99.5% High purity chemicals
Barium carbonate BaCOs3 99.95% High purity chemicals
Titanium oxide TiO, 99.99% High purity chemicals
Zirconium oxide Zr0O; 98% High purity chemicals
Bismuth oxide Bi»0s 99.99% High purity chemicals
Sodium dodecyl CisH29NaOsS - Tokyo kasei kogyo
benzene sulfonate

Polyvinyl pyrrolidone  (CsHgNO), - Wako pure chemical
Hexadecyl trimethyl Ci6Hs3(CH3)sNBr - Wako pure chemical
ammonium bromide

Citric acid CeHsO7 98% Wako pure chemical
Dodecyl phosphate C12H27PO4 - Wako pure chemical

28



2.2 Experiment equipment

2.2.1 Equipment for hydrothermal synthesis

Fig. 2-1 Teflon-lined autoclave with different volume.

Autoclaves used in hydrothermal synthesis are shown in Fig. 2-1. The
corresponding volume from left to right is 50 ml, 100 ml, 200 ml, respectively. The
maximum operating temperature is 200 °C. In hydrothermal synthesis, the filling factor
of these autoclave is approximately 80 vol%. Fig. 2-2 shows the 1 L autoclave for

preparing large amount of particles.

\

Fig. 2-2 1 L autoclave.
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2.2.2 Equipment for tape-casting

Fig. 2-3 (a) Tape-casting machine and (b) Punchingand cutting machine

Tape-casting machine, Fig. 2-3a, with a number of different temperature heating
and drying unit makes the slurry evenly coated on the carrier foil to form a thick film.
Fig. 2-3b is punching and cutting machine. The thick film is cut into small pieces with

the same size for subsequent laminating.
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Fig. 2-4 (a) Laminating machine with heating unit and (b) Hot isostatic press machine

Laminating machine, Fig. 2-4, by setting the temperature and pressure the thick

film could be separated. Under the heating situation the carrier foil could be take off
30



easily. Laminating the film piece by piece, green ceramic body with length of 15cm and
thickness of 1.5 mm could be obtained. The green ceramic body is compacted by the

hot isostatic press machine at 50 °C with a press of 50 MPa.

Fig. 2-5 (a) Cutting Machine and (b) Square samples with length of 1 cm.

The compacted ceramic green body is cut to a desired size evenly by cutting
machine (Fig. 2-5). Square samples with length of 1cm and thickness of 1.2 mm are
show in Fig. 2-5.

Before sintering, binder and other additives must be removed from the green body.
In order to ensure no cracks appear, binder removal process is set to 1 °C/min to 600 °C

and then keep for 1 h.
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2.3 Characterization

2.3.1 X-ray diffraction analysis.

The crystal structure of the particles is identified by X-ray diffraction (XRD)
(Model RINT 2200; Rigaku Corp., Tokyo, Japan) using CuKa radiation. This XRD
instrument have a heating unit and could be used to characterize the process of phase

transformation while temperature is increased.

Fig. 2-6 X-ray diffraction instrument.
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2.3.2 Scanning electron microscopy analysis.

The morphology and microstructure of samples were characterized by scanning
electron microscopy (SEM) (S-3000N, Hitachi Ltd., Tokyo, Japan). This SEM
equipped with energy dispersive X-ray spectroscopy (EDX) is used to study the
composition of particles. All the particle samples were sputter-coated with a thin Au or
Pt film prior, which can increase electrical conductivity on the surface and prevent a

charge that tends to decreaseimage clarity.

Fig. 2-6 Scanning electron microscope.
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Chapter 3
MPB Slope Adjusted in BZ — KNN System

3.1 Introduction

Lead-based piezoceramics are most widely used in modern electronic devices.
Since the 1950s, PbZr;4TixO3 (PZT) ceramics have drawn much attention because of
their excellent piezoelectric properties. So widely used just because it has a nearly
vertical tetragonal-rhombohedral morphotropic phase boundary (MPB). The dielectric
and piezoelectric properties show their maximal values around the MPB composition.
Due to this nearly vertical MPB !l the PZT have a wide temperature-stability. Other
high-performance Pb-based materials such as lead magnesium niobate-lead titanate
(PMN-PT) and lead zinc niobate-lead titanate (PZN-PT) have a similar MPB 2],
However, these Pb-based ceramics with above 60 wt% Pb will be prohibited in the near
future from many practical applications because of their toxicity during preparation and
processing. Therefore, high-performance lead-free piezoceramics has attracted much
attention inrecent years.

Through the effort of many researchers in the past two decades, it was recognized
that the (KosNaos)NbOs (KNN) family and their derivatives are the most promising
candidates, which have high piezoelectric coefficient and high Curie temperature -6,
In many reports, the orthorhombic-tetragonal or rhombohedral-tetragonal phase
boundary has successfully been adjusted to room temperature with specially designed
compositions, resulting in high piezoelectric properties at room temperature [-!!,
However, the properties deteriorate quickly when the temperature increase because of
the temperature-unstable phase boundary [¢71. Adjusting the MPB slope is an effective
way to improve the temperature-stability. Z. Chen et al.'? adjusted the ferroelectric—
antiferroelectric (FE-AFE) phase boundary slope of Pb(ZroosTioos)Os (PZT95/5)
system. After adding the antiferroelectric perovskite PbSnOs, a vertical FE-AFE phase

boundary was obtained. This suggest that the MPB slope could be adjust by adding the
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third component.

R. Wang et al. 31 reported a negative-slope MPB in the BZ-KNN system. With
temperature increase, the phase around the MPB transforms from rhombohedral to
tetragonal then to cubic indicate that tetragonal phase is stable at high temperatures.
Therefore, perovskite structure compound with rhombohedral phase could be used as
third component for enhancing the rhombohedral phase at high temperatures, resulting
in a change of MPB slope. In this work, rhombohedral perovskite component BNT was
employed to adjust the slope of BZ-KNN system. A small amount of Li is added to

increase the Curie temperature

3.2 Experimental procedure

(1-x-y)BZ—xKNLN-yBNT were prepared by a traditional solid-state reaction
method. Ceramics stoichiometric of this ternary systems are shown in Fig. 3-1.
Analytical reagent Na,COs, KyCOs, LioCOs, NbyOs, BaCOs, TiO, ZrO; and Bi2O3
were adopted as raw materials. In a typical synthesis, raw material powders were mixed
by planetary ball milling with zirconia balls and ethanol for 4 h. After drying, the
mixtures were compacted and calcined at 1000 °C for 2 h. Then the calcined powders
were crushed and ball-milled again for 10 h. The final powders were mixed with a few
polyvinyl alcohol binder and then formed into disks with a diameter of 12 mm by
pressing. After burning out the binder carefully, the disks were sintered at 1180 °C for
4 h. The sintered disks were lapped to Imm thickness and then coated silver-electrode
on both surfaces at 600 °C for 1 h, then poled in 130 °C of silicone oil for 15 min with

1kV/mm. Flow diagram of solid-state reaction method was shown in Fig. 3-2.
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Fig. 3-2 Flow diagram of solid-state reaction method.




The phase was identified by X-ray diffraction (XRD) (Model RINT 2200; Rigaku
Corp., Tokyo, Japan) using CuKa radiation. This XRD equipped with a heating unit
was used to characterize the process of phase transformation while temperature was
increased. Cubic, rhombohedral, tetragonal and orthorhombic phase of perovskite
structure could be confirmed by the shape of (200),. diffraction peak around 45°. The

judgment method was shown in Fig. 3-3.

(200) . diffraction
peak around 450 Shape Phase
Sinel Above T, : Cubic,
neie Under 7, : Rhombohedral
Double weak-left /\/\ Tetragonal
Double weak-right Orthorhombic

Fig. 3-3 Method for judging various phases of perovskite structure [14-16]

The T. was determined at the peak value from the curve of the temperature
dependence of the dielectric constant at 1 kHz. The electromechanical coupling factor
ko was measured by the resonance-antiresonance method, and the piezoelectric constant

dss measured by a dss-meter using specimens with 10 mm diameter and 1mm thickness.
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3.3 Results and discussion

(a) (b)

(100)pc  J110PC (200)pc (211)pc

(210)pc
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A
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20 30 40 5.0 60 44 46
26 (°) 26 (°)

Fig. 3-3 XRD patterns of samples (a) from 26 = 20 - 60°; (b) Pseudocubic (200) peak.

XRD patterns shown inFig. 3-3 indicate that all samples had a perovskite structure
at room temperature. It was determined from the XRD patterns that sample 4, 1, 7, 22,
3, 2 had a tetragonal phase and sample 9, 10, 16, 12, 11, 17, 15 had a rhombohedral

phase.

v R ° ") ® ® ™

~ 272\ 292 o

0.86 0.88 0.90 0.92 0.94 0.96
(Ko.45Nag 5L 05)NbO;

Fig. 3-4 Phase diagram. Solid line in the triangle shows the MPB
and the numbers are Curie temperatures.
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Fig. 3-4 shows the phase diagram, in which the solid line indicates the MPB. The
numbers in Fig. 3-4 are the T of the samples. The T, decreased with BZ or/and BNT

increased in the system.
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Fig. 3-5 (a-c) High-temperature XRD patterns of pseudocubic (200) peaks from sample 11,
12 and 18, respectively. (d) Schematic diagram of MPB slope with y = 0.

High temperature XRD analysis was used to investigate the slope of MPB, from
room temperature to 300 °C in the range of 20= 44.5-46°. Sample 11 changed their
phase from rhombohedral to tetragonal and then to cubic with temperature increased.
Sample 18 shows orthorhombic phase at room temperature then transforms into

tetragonal with just a little temperature increase. These results indicated tetragonal
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phase was stable at high temperatures for these compositions. Fig. 3-5d shows diagram

of the MPB for y = 0. The shape of MPB displays a negative-slope.
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Fig. 3-6 (a), (b) High-temperature XRD patterns of pseudocubic (200) peaks from
sample 10, 2. (c) Schematic diagram of MPB slope with y = 0.01.

The same measurements were carried out for other samples. Sample 10 and 2
changed their phase from rhombohedral and tetragonal to cubic, respectively, as shown

in Fig. 3-4(a, b). It's worth noting that, the MPB is vertical, as shown in Fig. 3-6c.

Tc=245°C Tc=254°C
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Fig. 3-6 (a), (b) High-temperature XRD patterns of pseudocubic (200) peaks from
sample 9, 7. (d) Schematic diagram of MPB slope with y = 0.02.

Fig. 3-5(a, b) shows phase change of sample 9 and 7. Sample 9 change its phase

from rhombohedral to cubic with temperature increase. Sample 7 change its phase from
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tetragonal to rhombohedral then to cubic. The MPB present positive-slope shape, as
shown in Fig. 3-5(c).

Through increasing the third component BNT, the slope of MPB changed from
negative to positive. This result verifies the existence of vertical MPB composition.
Relationship between MPB slope and the amount of doped—BNT was shown in Fig. 3-
7.
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I
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Fig. 3-7 The MPB slope change with BNT increase.

Sintering temperature and density of sample with vertical MPB composition are
shown in Fig. 3-8. When the sintering temperature reached 1190 °C, sample with the

highest density, 4.37 g/cm®, could be obtained.
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Fig. 3-8 Effects of sintering temperature on density.

Electric properties of the sample sintered at 1190 °C are also tested. The T. of
sample was 279 °C. The sample had a dielectric constant and loss (before poling) & =

1600, tand = 3.5%, k, = 42%, and dz3 = 285 pC/N at room temperature.

3.4 Summary

MPB slope of KNLN-BZ system was adjusted from negative to positive by adding
a small amount of the third component, BNT. A vertical MPB was formed when the
addition amount of BNT was 1%. The vertical MPB composition, 0.075BZ-
0.915KNLN-0.01BNT, with temperature-independent behavior has important practical
value. The research method, using a stable rhombohedral perovskite component to
adjust the negative MPB slope, indicates the possibilitythat the positive slope of MPBs
could be made perpendicular to the composition axis by adding a stable tetragonal
perovskite component as the third component in lead-free piezoceramic systems. The
method provides a route for improving the performance with temperature stability of

lead-free piezoceramics.
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Chapter 4

Hydrothermal Synthesis of Sodium Niobate

4.1 Introduction

In recent years, the application of lead-based piezoelectric ceramics has been
limited for its harm to human health and pollution of the environment . Consequently,
lead-free piezoelectric ceramics have attracted much attention, especially potassium
sodium niobate-based piezoelectric ceramics (KNN), which are considered to be the
most promising substitute for lead zirconium titanate (PZT) for its high-performance
piezoelectric properties >3, To further improve the properties of KNN, researchers
have assessed many methods, including doping elements 9], texture 7, and adjusting
the morphotropic phase boundary slope [®l; the most well-known and effective method
is the tape-casting texture technique first reported by Saito [, By adding the template
particles and tape-casting treatment, the ceramic matrix orientated growth and
properties were greatly improved. Appropriate size and oriented template particles are
important factors of the method. KNN is characterized as having a high and narrow
sintering temperature range ); therefore, the NaNbO; with a higher melting point of
1422 °C is more suitable than KNbOs with a melting point of 1050 °C as a proper
material for template particles. The traditional method of preparing NaNbO;3 template
particles is the molten salt method ['*!?] which topochemically converts a layer-
structured plate-like BizsNassNbsOjg precursor in an NaCl flux. However, it is
accompanied by disadvantages such as complicated operation and high energy
consumption. Compared with the traditional method, the hydrothermal method is an
effective approach to achieving metal oxides and hydroxides with some advantages
such as low cost, low pollution and controllable morphology. In this study, NaNbO3
particles with various types morphology were prepared by hydrothermal method.
Effects of reaction conditions such as reaction temperature, time and concentration of

OH" on morphology were discussed.
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4.2 Experimental procedure

Sodium hydroxide (NaOH, 97%), and niobium oxide (Nb2Os, 99.9%) were
adopted as raw materials. In a typical synthesis, NaOH were dissolved in distilled water
at a settled overall concentration between 2 and 16 M. Then, 0.5 g of Nb,Os was added
to the above solution and stirred for 30 min, resulting in a suspension. The suspension
was placed ina 50-mL Teflon-lined autoclave with a filling factor of approximately 80
vol%. The autoclave was heated at different temperature for a period between 2 and 8
h to yield white particles. After cooling, the white precipitations were repeatedly
washed with deionized water before drying at 80 <C. Some of the particles were further
calcined at 600<C to examine their phase and microstructure in detail before and after
calcination.

The crystal structure of the particles was identified by X-ray diffraction (XRD)
(Model RINT 2200; Rigaku Corp., Tokyo, Japan) using CuKa radiation. The
morphology and microstructure of the as-prepared particles were characterized by
scanning electron microscopy (SEM) (S-3000N; Hitachi Ltd., Tokyo, Japan). The
thermal stability of the particles was tested by thermogravietric analysis (TGA) and

differential thermal analysis (DTA) (Thermo Plus 2, Rigaku corporation, Japan).

(o) (5] (1]

Stirring
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Suspension
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Fig. 4-1 Flow diagram of hydrothermal synthesis.
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4.3 Results and discussion

4.3.1 Effect of reaction temperature
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Fig. 4-2 XRD patterns of particles obtained at different temperatures

and (inset) patterns details from 5 to 20°.

Figure 4-2 shows XRD patterns of particles obtained for 3 hin 12 mol/L of NaOH
at different reaction temperatures. The XRD patterns matched NagNbeOi9 * 13H,O (1]
(JCPDS Card NO. 14-0370) at 100 °C and 120 °C. From 140 °C to 160 °C, the strongest
diffraction peak appeared at 20 = 9°, but no standard data could be matched. As the
reaction temperature rose to 180 °C, the main product is Na;Nb,Og-H,O [ which has
a fiber morphology and monoclinic lattice. The particles obtained at 180 °C are a
metastable intermediate of this reaction, and they completely convert to the final

product NaNbOs cubes at 200 °C.
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Fig. 4-3 SEM images of particles obtained at different temperatures.

SEM images of particles obtained at different temperatures were shown in Fig. 4-
3. The Nb,Os powder aggregated first to irregular bars below 120 °C, and then turn to
plate-like morphology with a width of 35 um and a thickness of 3 um at 140 °C. When
temperature was 180 °C, the morphology of particles turned to fibrous with an aspect
ratio. The fibers completely converted to the final cubic morphology at 200 °C. The
morphology evolution of particles with the increase of reaction temperature is shown

in Fig. 4-4.
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Fig 4-4 Morphology evolution of particles with the increase of reaction temperature.

4.3.2 Effect of reaction time

JMMWMWEL

|- JLMMJ,JLMMMMMWW
I | R S

Intensity (a.u.)

T
4 M A s M |
AL e weo de R ORI kAR i I sompeaidionsetsc o iam

,”’ Iy 3h

I | |
P, u....J‘_»J_,wL__)._._J“L-n..iLAJU ‘»"'ﬂv‘ﬁ»uju Lfnl.N"'w‘ ‘\.!L’L“‘h"z\\,\.)‘ S TN, F O S0 &, e

Y R TN WP - 8

10 20 30 40 50 60
2Theta (degree)

Fig. 4-5 XRD patterns of particles obtained at different times.

XRD patterns of particles obtained at 140 °C for different times were shown in Fig.

4-5. The weak diffraction peak intensity of the particles obtained at 2 h indicate that the
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crystallinity of the patrticles was not high and the reaction time was not enough. When
the reaction time was above 3 h, no difference could be observed by the XRD patterns

indicated that 3 hours is enough for this reaction.

WD11.5mm 20.0kV x2.0k  20um

A
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SE  26-May-13 WD11. 4mm 20.0KV x2.0k  20um SE  28-May-13

Fig. 4-6 SEM images of particles obtained at different times.

SEM images of particles obtained at different reaction times were shown in Fig.
4-6. When the reaction time is 2h, the particles are mixture without regular morphology
indicated that the reaction has not completed. This was consistent with the above XRD
results. For 3 h to 6 h, plate-like morphology particles were obtained. It is noteworthy
that the particles broke into needle-like when the reaction time reached 12 h. Therefore,
too long reaction time is not suitable for the synthesis of plate-like morphology and 3

hours is a more appropriate reaction time.
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4.3.3 Effect of NaOH concentration

Fig. 4-7 SEM images of particles obtained in different NaOH concentration.

SEM images of particles obtained in different NaOH concentration were shown
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in Fig. 4-7. The NaOH concentration was an important factor for controlling the
morphology. When the concentration of NaOH was 2 mol/L, the morphology of the
particles was irregular. The powder mainly presented the stick shape at a NaOH
concentration of 4—10 mol/L. The NaOH concentration increased to 12 mol/L, plate-
like morphology could be observed. With the mineralizer concentration increased to 14
mol/L, the morphology of the particles became irregular. Therefore, 12 mol/L is the
optimal concentration for preparing the plate-like morphology.

As the template particles for fabricating the oriented ceramic, morphology of
particles should be plate-like and needle-like. To summarize, reaction temperature 140
°C, time 3 h, and 12 mol/L of NaOH were the best conditions for prepared the plate-
like particles. The fibrous NN particles could be obtained if the reaction temperature
increase to 180 °C.

From all of the above results, a plausible formation mechanism of this system is
shown as follows. As temperature is raised, the thermal active energy promotes the
acceleration of the reaction and the transformation from the intermediates to the final
products. The reaction initially ruptures the corner-sharing of the niobium-oxygen
polyhedra in Nb,Os, yielding intermediates with edge-sharing octahedra. Therefore, the
first step reaction is rupturing the corner-sharing between NbOg octahedra:
3Nb20s + 80H™ — NbeO1o* + 4H0, (1
Then, the NbsO1o* reacted with metal cation and yielded NagNbsO1o- 13H,0:

NbsO1o> + 8Na* + 13H,O — NagNbeOi9' 13H0, (2)

With the increase of temperature, NagNbeOi9:13H,O gradually dehydrated, and
the degree of dehydration was closely related to the temperature. Particles with plate-
like morphology were obtained by dehydration before 160 °C. When the reaction
temperature reached 180 °C, Na,Nb,Os H,O was formed, and the reaction can be
expressed as:

NagNbgOi9-13H,0 — 3NaNboOs'H,O + 2Na®™ + 20H™ +9H,0. 3)

The structure of the Na)Nb,Oe'H,O is metastable and a stable structure of
NaNbOs forms at the expense of the fibers in the final stage of the reaction:

Na;Nb,Os'H,O — 2NaNbO; + H,O. (4)
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4.3.4 Phase and morphology of particles after annealing treatment.

Intensity (a.u.)

" (d)
. A — @
h 1 b A A .A_.__._»._(l?l_.

JW W N | . ~ (a)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Fig. 4-8 (a) XRD patterns of plate-like NN; (b) plate-like NN after annealing treatment; (c) XRD
patterns of fiber NN; (d) fiber NN after annealing treatment

For further application, the phase and morphology should be confirmed. After
annealing treatment at 600 °C, the plate-like NN and fiber NN both turned in to
perovskite structure as shown in Fig. 4-8. The morphology can still remain constant as

shown in Fig. 4-9.

SE 26-May-13 WD11. 3mm 20.0kV x250 200um E 13-Jun-13 WD11.6mm 20.0kV x1.5k  30um

Fig. 4-9 SEM images of different morphology particles after annealing treatment;
(a) plate-like NN and (b) fiber NN.
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4.3.5 Thermal analysis
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Fig. 4-10 TG and DTA curve of plate-like sodium niobate hydrate particles

obtained at 140 °C for 3 h in 12 mol/L NaOH.

DTA and TG analysis of the plate-like particles obtained at 140 °C was shown in
Fig. 4-10. An endothermic peak appeared at 150 °C by the DTA, and the TG revealed
total weight loss of approximately 18 wt%. It was indicating the combined water-loss
of the particles. However, the endothermic peak appeared around 1000 °C indicated the
melting point of the particles was around 1000 °C. For common sintering of KNN-
based ceramic, this melting point was too low. The particles could only be used in low

temperature sintering below 1000 °C.
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4.4 Summary

NaNbOs particles with different morphology were synthesized by hydrothermal
method. Plate-like morphology particles with a width of 35 um and a thickness of 3 um
and fibrous morphology particles with an aspect ratio were obtained as expected
morphology.

Through investigating the hydrothermal conditions such as reaction time,
temperature and NaOH concentration on the phase and morphology of the particles,
process of crystal growth was conjectured. The plate-like NN particles were grown
form the strip-like NagNbeO19- 13H,O through dehydration and rearrangement with the
increase of temperature. The optimal hydrothermal conditions for preparing plate-like
morphology were confirmed as 140 °C, 3 h and 12 mol/L of NaOH. Fibers NN particles
with an aspect ratio could be obtained with further increase of temperature to 180 °C.

After annealing treatment at 600 °C, the plate-like NN and fiber NN both turned
in to perovskite structure without morphology change. However, the melting point of
the plate-like particles confirmed by TG-DTA analysis was around 1000 °C. This

limited the particles could only be used in low temperature sintering below 1000 °C.
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Chapter 5
Morphology Control and Phase Transition of Hexagonal Sodium
Niobate Particles

5.1 Introduction

In the previous chapter, although plate-like NaNbO; particles were prepared, it
could only be used for low temperature sintering below 1000 °C. For the low
temperature sintering of KNN-based ceramics, the usual practice is to add sintering aids
such as CuO, K4CuNbgO,3, and ZnO [, However, the adding of sintering aids tend to
sacrifice T¢ or ds;. Therefore, NaNbO; particles with high melting point is expected to
be synthesize. In previous work, K4sNasNbsO19-9H,O with plate-like morphology was
prepared [, In this work, through adjusting synthesis conditions of the previous work,
hexagonal NaNbOs; with plate-like morphology was prepared by the hydrothermal
method. Effects of reaction conditions such as reaction time, concentration of OH", and
K*: Na* ratio on morphology are discussed. The phase and morphology of the powders

after calcination treatment are also investigated.
5.2 Experimental procedure

Potassium hydroxide (KOH, 85%), sodium hydroxide (NaOH, 97%), and niobium
oxide (Nb,Os, 99.9%) were adopted as raw materials. In a typical synthesis, KOH and
NaOH were dissolved in distilled water at a settled overall concentration between 0.5
to 1.5 mol/L with a designed K*: Na* ratio. Then, 0.5 g Nb,Os and appropriate
surfactant were added to the above solution and stirred for 30 min, resulting in a
suspension. The suspension was placed in a 50-mL Teflon-lined autoclave with a filling
factor of approximately 80 vol%. The autoclave was heated at 200 °C for a period
between 2—8 h to yield white particles. After cooling, the white precipitations were
repeatedly washed with de-ionized water before drying at 80 °C. Some of the particles

were further calcined at 600 °C to examine their phase and microstructure in detail
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before and after calcination.

The crystal structure of the particles was identified by X-ray diffraction (XRD)
(Model RINT 2200, Rigaku Corp., Japan) using Cu Ka radiation. An XRD equipped
with a heating unit was used to characterize the process of phase transformation while
temperature was increased. The morphology and microstructure of the as-prepared
particles were characterized by scanning electron microscopy (SEM) (S-3000N,
Hitachi Ltd., Tokyo, Japan). An SEM equipped with energy dispersive X-ray
spectroscopy (EDX) was used to study the composition of particles. Electron back-

scattered diffraction (EBSD) analysis was used to study the orientation of the particles.

[ Nb,O; ][ surfactant ]
L _ 1

Adding
KOH

NaOH ——[ Suspension ]

Mixin Stirrin
H,0 [ J ] |
| Autoclave I

= |

[ Precipitation ]

Washing,

Filtering,
drying.

[ Characterization ]h

Fig. 5-1 Flow diagram of hydrothermal synthesis.
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5.3 Preparation and morphology control of ilmenite NaNbO;

5.3.1 Effect of surfactant on the morphology

Surfactants are often used in hydrothermal processes to adjust the morphology of
product. Chunxia Li et al. 1*) prepared B-NaLuF,; microplates by trisodium citrate (Cit*)
assisted. Xiao Li Zhang [¢ prepared ZnO particles with different morphology by adding
SDBS. In this work, in order to more effectively control the morphology of the product,
different types of surfactants wereused. Surfactants used in the experiment were listed

in Table 5-1.

Table 5-1 Surfactant used in experiment.

Type Reagent Abbreviation Effective group
Anionic Sodium dodecyl SDBS Cy,H,s
benzene sulfonate S0.-
3
Dodecyl Phosphate DP LY T
Citric Acid CA Py i
_OJLx, \\/J\O_
Nonionic Polyvinyl pyrrolidone PVP QX\O
S
Cationic Hexadecyl trimethyl CTAB T

i i H3C(H —N'—CH
ammonium Bromide 3C(H:C)ss CH,

CH,
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Fig. 5-2 SEM images of particles obtained by adding different surfactant.

Fig. 5-2 shows the SEM images of particles obtained with different surfactant.
Particles obtained without adding surfactant mainly shows plate-like morphology with
a diameter of 25 pm. But there are many small particles without uniform morphology
exist. Adding SDBS make particle size becomes smaller and the morphology becomes
more uniform. Adding CA make particles too small to use as template particles.
Particles with well dispersibility could be obtained by adding DP, but disadvantages are
obvious such as non-uniform particles size and smaller aspect ratio. The regularity of

particles is only a little improvement by adding nonionic surfactant PVP. Cationic
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surfactant CTAB acts as a barrier to the formation of plate-like morphology.

In conclusion, the anionic surfactant SDBS is suitable for the system. Through
adding SDBS, particles with well dispersibility and uniform size could be obtained.
When SDBS is introduced into the reaction system, it can selectively adsorb on different
crystallographic facets, resulting in the modification of the surface free energy of the
individual crystallographic faces and leading to the formation of anisotropic
microplates. The dominant adsorption of SDBS on the {0001} facets lowers the surface
energy of these facets and drives the growth of the nuclei along the [001] direction.

Function mechanism of SDBS in this system was shown in Fig. 5-3.

, selective adsorption of mainly growth
nucleation SDBS on {0001} surfaces along [001] direction
(<<
362 $45S
<)
- 220
. "N
© o mmm) 9 —)
\' Y \_ >
< P
SDBS 1223
O
AV AVAVAN > > : </ 2 2

Fig. 5-3 Function mechanism of SDBS in this system.



5.3.2 Effect of reaction temperature

® K,Na,Nbs09 9H,0
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Fig. 5-4 XRD patterns of powders synthesized for 8h in [OH-]= 1.0 mol/L with different reaction temperature

(a) 180 °C; (b) 200 °C and the standard diffraction data of hexagonal NaNbO; (JCPDS Card No. 33-1270).

Fig. 5-4 shows the XRD patterns of powders synthesized for 8 h with [OH] =1.0
mol/L under different reaction temperature. When reaction temperature is 180 °C, the
particles is a mixture of K4NasNbeO19-9H,O ™ (JCPDS Card No. 14-0360) and some
unknown impurity. When reaction temperature is 200 °C, all the diffraction peaks of
the as-prepared powders are consistent with the standard diffraction date of hexagonal
NaNbOs3 (JCPDS Card No. 37-1076). According to solution chemistry of niobium,
different types of niobium oxide species such as NbO,(OH)s*, NbgO1o*, or Nbj2036'%
exist in aqueous solutions depending on the solution pH as well as the ratio of niobium
oxide 7. In the NbgO1s* hexaniobate, which is formed in low temperature, NbOg
octahedrons share the edges as shown in Fig. 5-5 &l However, this structure is not stable

due to the NbOg octahedrons is greatly distorted and the centre of negative charge in
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the crystal structure might be deviated from that of positive charge. More stable
structure can be formed under higher temperature conditions. The exchange of cations
under high temperature could be contributed to the different ionic radius of Na* and K,
which are 102 and 138 pm respectively; the smaller ionic radius of Na™ probably
provided its higher reaction activity, thus formed more stable structure. Therefore, when
the reaction temperature is high enough, K" ions will be released, followed by the Na*

ions occupying their side and resulted in a stable structure.

? H2—O

Fig. 5-5[NbsO19]* ion shown in ball-and-stick (left) and polyhedral (right) representation. The structure
has a central ps-O sites that is inert to exchange, 12 p-O bridges, and 6 terminal n-O sites. The central
Ls-O site is shown as a red sphere in the polyhedral representation (right). In the ball-and-stick

representation, the oxygens are red and the Nb(V) metals are green (81,
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5.3.3 Effect of reaction time

+ + K,Na,Nb,0,," 9H,0
® Hexagonal NaNbO,
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Fig.5-6 XRD patterns of reaction under conditions of 200 °C, [OH-] = 1.0 mol/L
and K*: Na* ratio of 2 : 1 at different times: (a) 2 h; (b)4 h; (c) 8 h.

The XRD patterns shown in Fig. 5-6 provide the evolution of product with the
time extend under the conditions of 200 °C, [OH] =1 mol/L, and K* : Na* ratio of 2 :
1. As shown in Fig. 5-6a, the main product is K4NasNbsO19:9H,O (JCPDS Card NO.
14-0360). As the reaction time extended, the diffraction peaks of K4NasNbsO19:9H,0
were decreased while hexagonal NaNbO3 (JCPDS Card NO. 37-1076) was enhanced
(Fig. 5-6b). The diffraction peaks of KuNasNbsO19:9H,O disappear as the reaction time
over exceeds 8 h, and the hexagonal NaNbOj is obtained as the end product (Fig. 5-6c¢).

SEM images in Fig. 5-7 illustrate the morphological evolution of the powders
obtained at different times. At the starting stage, the precipitations show irregular
morphology (Fig. 5-7a). As the reaction time extended, small particles gradually
disappeared and formed plate-like morphology (Fig. 5-7b). After 8 h, the small particles
completely transformed to hexagonal plate-like morphology with of about 20 um in

diameter and 2 um in thickness (Fig. 5-7c¢).
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Fig.5-7 SEM images of reaction under conditions of 200 °C, [OH-] = 1 mol/L
and K*:Na* ratio of 2 : 1 at different times: (a) 2 h; (b) 4 h; (c) 8 h.
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5.3.4 Effect of K : Na' ratio
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Fig. 5-8 XRD patterns of particles obtained at [OH-] = 1 mol/L for 8 h with different K*: Na* ratios:
(@1:3and 1:2;(b)1:1,2:1,3:1and 4: 1;and inset (¢c) EDX analysis result.

Fig.5-8 shows the XRD patterns of the powders obtained with different ratios of
K" : Na" at 200 °C for 8 h. When the ratio ranged from 1: 3 to 1 : 1, the XRD patterns
of the particles fit for those of orthorhombic NaNbOs;. When the ratio is equal to or
greater than 1 : 1, hexagonal NaNbOs could be obtained. However, when the ratio was
changed to 1 : 0, no precipitation was obtained. It could be deduced that when reacted
long enough at low concentration of OH-, K" could be totally replaced by Na" and
product was only NaNbOs. EDX analysis was used to prove the inference. Before the
test, the sample was milled into smaller particles with diameter of about 1 pm by
planetary ball mill. Then, EDX analysis was performed on positions including the face
and section. All the results were the same and it are shown in Fig. 5-8c. The peaks are
observed clearly for Na, Nb, and O elements, and no impurity is detected. When
sufficient Na* exists in solution, a large number of the resultant Nb—O species in the
alkaline solution system and their chemical interactions with plenty of Na* ions induce

the subsequent phase transformation process, which dominates the crystallization of the
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orthorhombic phase NaNbOs. The Na® ions easily occupy the cavities of the corner-
sharing NbOs octahedra, which form a three-dimensional framework to constitute
perovskite NaNbOs;. While the amount of K™ was greater than Na*, K4yNasNbsO19- 9H,O
was first synthesized, and was later transformed into hexagonal NaNbOj; through ion

exchange.

Fig.5-9 SEM images of particles obtained at [OH-] = 1.0 mol/L for 8 h with different K*: Na* ratios:
(@1:3;(b)1:2;(c)l:1;(d)2:1;()3:1;(H4:1.

The SEMs of particles from different K* : Na* ratios are shown in Fig. 5-9. While
the K" : Na® ratio was below 1 : 1, the orthorhombic NaNbO; displayed cubic
morphology. As the ratio increased to 1 : 1, NaNbO; formed a hexagonal structure and
displayed plate-like morphology. It is noteworthy that under high K : Na" ratio (Fig.
5.91), although the product remained in a hexagonal crystal structure, the particles could
not remain intact and disintegrated into small pieces. Therefore, there should be a

proper K* : Na™ ratio for the preparation of plate-like morphology.



5.3.5 Effect of OH™ concentration
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Fig.5-10 XRD patterns of particles obtained at 200 °C for 8 h with K*:Na* ratio of2 : 1
in different [OH]: (a) 0.5 mol/L; (b) 0.8 mol/L;(c) 1.0 mol/L;(d) 1.5 mol/L.

Figure 5-10 shows the XRD patterns of particles obtained at different
concentrations of 0.5-1.5 mol/L. As shown in Fig. 5-10a, the diffraction peaks of
hexagonal NaNbOs and a small amount of impurity are observed at the concentration
of 0.5 mol/L. The impurity disappears as the concentration increases to 0.8 mol/L, as
shown in Fig. 5-10. When the concentration increases to 1 mol/L, the increase of
relative intensity indicates that the crystallinity of the particles is enhanced (Fig. 5-10c).
By further increasing the concentration to 1.5 mol/L, a mixture of hexagonal and

orthorhombic NaNbOj; (JCPDS card No. 33-1270) is obtained (Fig. 5-10d).
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in different [OH-]: (a) 0.5 mol/L; (b) 0.8 mol/L;(c) 1.0 mol/L; (d) 1.5 mol/L.

SEM images of particles synthesized at different [OH"] concentrations are shown
in Fig. 5-11. In a low [OH] condition, the particles showed plate-like but not regular
morphology with a diameter of about 3 um (Fig. 5-10a). As [OH] increased to 0.8
mol/L, the size of the plate-like particles increased to about 8 um (Fig. 5-11b). Particles
of uniform size and plate-like morphology with a diameter of about 15 um and thickness
of about 2 um were obtained at higher [OH'] of 1 mol/L (Fig. 5-11c). When the [OH]
reached 1.5 mol/L, the product was a mixture of plate-like hexagonal NaNbO; and
cube-shaped orthorhombic NaNbOs (Fig. 5-11d). The formation of the hexagonal phase
is sensitive to [OH]. Adjusting the concentrations of OH" is an effective approach to

controlling the shape and size of particles.
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Fig. 5-12 SEM images of particles obtained at 200 °C for 8 h with K*: Na* ratio of 2 : 1 in different [OH-]: (a) 0.7
mol/L; (b) 0.9 mol/L; (c) 1.0 mol/L; (d) 1.2 mol/L; (e) 1.4 mol/L and (f) the diameter & thickness of samples a-e.

Mineralizer concentration too low or too high were not favorable for preparing the
plate-like NaNbOs3 particles, and the optimum concentration range was confirmed to be
0.4-1.4 mol/L. Through carefully controlling the [OH], particles with a diameter of
10—60 um and a thickness of 1-10 um were obtained. The mineralizer concentration
used in the synthesis of samples a-e shown in Fig. 5-11 was 0.7 mol/L, 0.9 mol/L, 1.0
mol/L, 1.2 mol/L and 1.4 mol/L, respectively. The diameter and thickness of samples
were shown in Fig 5-12f.

The particles size is particularly sensitive to the mineralizer concentration, perhaps

because the solution supersaturation (o) increased with the increase of mineralizer
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concentration in this reaction. For two-dimensional nucleation growth, normal growth
rate (Rn) of particles is directly proportional to solution supersaturation %, Therefore,
the particle size, especially along (0001) plane, increased rapidly. However, excessive
mineralizer concentration result in excessive supersaturation, 2-dimensional nucleation
is replaced by 3-dimensional nucleation resulting cubic morphology.

Fig. 5-13 shows the particles obtained under different [OH] and K*:Na*
hydrothermal conditions. Only within the appropriate ranges, ilmenite type NaNbO3
with plate-like morphology could be obtained.

M Perovskite
A Mixof P& |
[OH7] _
(mol/L) - . . @ lImenite
Impurity
15L ®None
1.0 | -0 ®
05
0.0 ) | i | i | i | i 1
20 40 60 80 100
Na“ .
Mol % K K

Fig.5-13 Particles obtained under different [OH-]and K*:Na* hydrothermal conditions.
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Formation Mechanism

From the crystal structure, hexagonal NaNbOs have anisotropic unit cell structures,
which can induce anisotropic growth along crystallographically reactive directions,
resulting in the formation of hexagonal structures. In addition, the reaction follows the
2-dimensional nucleation growth mechanism. The lowest surface energy of (0001) in
hexagonal system leads facets tend to growth along (0001) surface resulting plate-like
morphology.

From all of the above results, a plausible formation mechanism of this system is

shown as follows:

3Nb,Os + 80H — NbgOi®* + 4H,0, (1)
NbeO1® + 4Na* + 4K* + 9H,0 — KsNagNbO19: 9H,0, (2)
K4NasNbeO19'9H,O + 2Na*— 6NaNbO; + 4K* + 20H" + 8H,0. 3)

As temperature is raised, the thermal active energy promotes the acceleration of
the reaction and the transformation from the intermediates to the final products. The
reaction initially ruptures the corner-sharing of the niobium-oxygen polyhedra in Nb,Os,
yielding intermediates with edge-sharing octahedra. Therefore, the first reaction step is
the rupture of the corner-sharing between the NbOgs octahedra (formula 1). Then, the
NbsO1o* reacted with metal cation and yielded KsNasNbsO19-9H,0 (formula 2). As the
temperature reached 200 °C, ion exchange was accessible. The phase transformation
and morphology change occurred with the rearrangement of the cations in the network
of these NbOg octahedra. Finally, the K* was replaced by Na*, and the product was

transformed to a single phase of NaNbO; (formula 3).
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5.4 Phase transition and characterization of ilmenite NaNbOQO3

5.4.1 Thermal analysis
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Fig. 5-14 TG-DTA plot of template particles after calcination treatment.

The sample was tested by TG—-DTA analysis as shown in Fig. 5-14. The upper
curve of TG is basicallya straight line during the sample heated from room temperature
to 1250 °C, indicating that the sample had good thermal stability. In the DTA plot, on
the other hand, no decalescence peak was observed in the temperature range tested,

indicating that the sample did not melt under 1250 °C.
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5.4.2 Phase and morphology of particles after annealing treatment.
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Fig.5-15 XRD patterns of (a) particles obtained at 200°C, [OH] = 1M and K*:Na* ratio of 2:1 for 8 h

and (b) the above particles after calcination treatment at 600°C.

Through annealing treatment at 600 <C lasting for 2 h, the product was totally

transformed into perovskite structure according to the XRD results Fig. 5-15.

Fig. 5-16 SEM images of particles annealed at different temperature (a) 600 °C and (b) 1200 °C.

Although the morphology of the particles remains intact even after annealing at

1200 °C, some cracks appear on the surface as shown in Fig. 5-16. During the thermal
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process, particles transformed from the hexagonal phase (H) at room temperature to the
cubic phase (C) at high temperature and finally transformed into orthorhombic phase
(O) after cooling down to room temperature. Thus, the crystal structure transformed
from ilmenite into perovskite, which was stabilized by its denser molar volume and
higher entropy !!. The change in the crystal structure during the thermal treatment is
shown in Fig. 5-17. The H to C transition is irreversible, while the C to O transition is
reversible ['>13], indicating that Na* and Nb* are rearranged during the H to C transition.
During the hexagonal-to-cubic phase transition, the theoretical density of the NaNbO3
particles changed from 4.22 g/cm® to 4.44 g/cm?®, which can be attributed to the atomic
arrangement becoming more compact. Therefore, the H to C phase transition is a
process of contraction, and lattice vacancies generated during this process can explain

the occurrence of these cracks.

- a @ Na > :Na
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Fig. 5-17 Crystal structure transformation during the annealing treatment.

During the phase transformation, atomic rearrangement and volume shrinkage
occurred asynchronously from the particle surface, which caused the formation of
cracks on the particles. The top surface of the plate-like particles was closely related to
our template purpose and almost the only part to observe. Therefore, we focused on
factors that affect the morphology of top surface. Specifically, we hypothesized that the

disorientation of the top surface mainly resulted from defects in the particles. The
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accumulation of defects in the normal direction and the disorientation of the top surface
should be positively correlated. Assuming that the defects in particles are evenly
dispersed and the defect density is the same in all types of particles, a thicker particle
should have a higher accumulation of defects in the normal direction and more
disorientation on the top surface. Therefore, individually thermal treated (600 °C, 2 h)
particles with different thickness were selected, and their surface orientation was
characterized by EBSD analysis. As shown the inverse pole figure map in Fig. 5-18,
the proportion of the (001),. orientation decreased (represented in red) with the

increasing thickness, thus indicating that the particle surface gradually changed from

the (001),. orientation to an irregular orientation.

Fig. 5-18 SEM images and EBSD inverse pole figure map of particles
with different thickness: (a) 1.8 um; (b) 2.4 um and 3.3 um; (¢) 9.8 um.

However, the surface orientation of individual particlesis not enough to represent
the whole group. Therefore, Lotgering factors, F, calculated from XRD data were
adopted to macroscopically characterize the overall sample quality. Characterization on
the macro, the F proved to be of good use as a result of its easy calculation and the
simplicity of the representation for the orientation degree. The F'is calculated from the
intensities of XRD peaks with the conventional 26/0 scan mode, and is defined as the

following equation 4,
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_P_PO
T 1-F,’

where P denotes the fraction of the summation ofthe peak intensities corresponding to

F

the preferred orientation axis to that of the summation of all diffraction peaks in
particle-oriented materials. Py is P of a material with a random particle distribution. The
F varies between zero to unity; = 0 corresponds to random orientation, and F =1 to
perfect orientation 1],

Before testing, samples of particles with different thickness were prepared using a
simple orientation treatment wherein the particles were first separated in alcohol by
ultrasonic dispersion. When this dispersion was dropped onto a glass slide, the plate-
like particles tended to lie flat on the glass surface. Thus, the particles were easily

oriented by this treatment.
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Fig. 5-19 XRD patterns of oriented sample of particles (a) before and (b) after thermal treatment at 600 °C
and inset (c), (d) XRD patterns of non-oriented sample of particles.

The XRD patterns of the oriented samples with the a particle thickness of 1 um
are shown in Fig. 5-19a. In contrast with the unoriented sample (Fig. 5-19c), the

diffraction peaks disappeared except those indicating the (003) and (006) faces, thus
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indicating that the major face of the particles is parallel to the crystallographic (00I)
plane. The thermal treatment transformed the hexagonal NaNbOs; with an ilmenite
structure into the more stable perovskite structure Fig. 5-19b. The Lotgering factors (F)
of the (0OI) crystal planes of the samples before and after thermal treatment and its
variation ratio R could be calculated using the XRD relative peak intensities. R is

defined by
F, - E,
R = F

where F; and F}, are calculated before and after the thermal treatment, respectively. The

calculated results for particles with a thickness of 1 pm were £ = 0.954, F;, = 0.91 and
R = 4.61%. The same measurements were carried out for thicker particles, and the

results are shown in Fig. 5-20.
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Fig. 5-20 The Lotgering factors of particles with different thickness

before and after annealing treatment and its variation ratio.

Due to the limitations of the simple orientation treatment, F;i could not be ideal
(i.e., 1) and therefore, a value of about 0.95 is acceptable as a macroscopic threshold
value to quantify ordering. After the thermal treatment, F, decreased; however, the

variation ratio tended to increase. This indicates that the thinner particles remained well
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oriented. This result demonstrates that the synthesized particles could be a suitable
template for fabricating potassium sodium niobate-based lead-free piezoelectric

ceramics if the particlesthickness is sufficiently thin.
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Fig. 5-21 Orientation change of particles with different thickness during thermal treatment.

Fig. 5-21 shows the orientation change of particles with different thickness during
thermal treatment. As temperature increases, the phase change begins from the outside
to inside. Due to the effect of surface tension, the movement of the cation on the surface
of particles presents a regular state. In the case of a thin particle, the movement of the
cations inside the particle is also affected by the surface tension and follows the change
of surface cation, resulting in a well orientation on the surface. However, as the
thickness of the particle increases, the influence of surface tension on the interior
decreases, resulting in an irregular movement of the cation inside the particle. Due to
the increase of accumulated defects, the surface orientation of a thicker particle

becomes disordered.
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5.5 Summary

In this chapter hexagonal NaNbO; particles with plate-like morphology were
synthesized by hydrothermal method. Hydrothermal conditions, such as reaction time,
temperature, mineralizer concentration, surfactant, and K" : Na* ratio, were discussed.
Mineralizer concentration is the key factor for controlling the particle size. The
mineralizer concentration in the hydrothermal reaction was able to control the particle
morphology. Plate-like particles with a diameter of 10-60 um and a thickness of 1-10
pum were obtained at mineralizer concentrations between 0.7-1.4 M. However,
excessive mineralizer concentration resulted in excessive supersaturation, and two-
dimensional nucleation was replaced by three-dimensional nucleation, resulting in
cubic morphology. The phase transition of particles was also discussed. A thermal
treatment at 600 °C irreversibly transformed the ilmenite structure into the perovskite
structure. The contraction of the lattice during the phase transformation caused some
lattice defects and further resulted in a change in the surface orientation. The thickness
of the particles was positively correlated with the disorientation of the top surface. More
defects accumulated in the thickness direction as the particles became thicker, and the
surface orientation changed from ordered to completely disordered. These results

indicate that thinner particles tend to have higher orientation in the (00I) crystal planes.
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Chapter 6

Fabrication of Oriented KNLN — BZ — BNT Piezoceramics

6.1 Introduction

It is well known that the crystallization process is of technological importance in
the manufacture of ceramics. The physico-chemical properties of the ceramics largely
depend on the microstructure, phase and the morphology of the crystalline, etc.
Controlled crystallization makes it possible to obtain ceramic materials with the desired
properties !}, The oriented ceramics exhibited improved and highly anisotropic
properties when compared with randomly oriented ceramics. Reactive templated grain
growth (RTGG) offers the possibility of fabricating grain-oriented polycrystalline
ceramics. Crystallographic texturing of polycrystalline ferroelectric ceramics, such as
Pb(Mg;/3Nb3)Os-PbTiOs ¥ and Pb(Mg;3Nb3)Os—Pb(Zr, Ti)O3 B, results in greatly
enhanced piezoelectric properties that can reach>50% of single-crystal values [¢. For
the lead-free piezoceramics, Tani [7) first prepared BigsNagsTiOs lead-free ceramics by
using BisTisO12 as template. Sugawara et al. ¥ prepared BaTiO; ceramics using
BagTi1704 template in2001. Gao ) prepared oriented Bigs(Na,K)osTiO; ceramics with
ds3 of 134 pC/N parallel to casting plane.

In chapter 3, BZ-KNLN-BNT tertiary system piezoceramic was developed
for the performance with temperature-stability. In order to improve its electrical
properties, texture technique can be an effective way.

In this chapter, BZ-KNLN-BNT was employed as matrix material; plate-like
NaNbO:s particles synthesized in chapter 5 was used as template. Using RTGG method,
oriented BZ-KNLN-BNT piezoceramic was fabricated. Oriented process of ceramics
was studied and template particles evolution during the RTGG process was also

discussed.
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6.2 Experimental section

Slurry for tape-casting was first prepared. It is uniformly mixed with solvent,
binder, dispersant, plasticizer, matrix powders and template particles. Specific slurry
component is listed in table 6-1. Raw materials are well mixed by a mild roller milling.
Then the slurry was coated on the carrier foil using the tape-casting machine which was
introduced in Fig. 2-3 (a). After drying, this film with carrier foil was cut into same size.
The carrier foil was carefully stripped and films were laminated into a thin plate with a
thickness of 1.2 mm. In order to ensure the density of the sample, the thin plate was
compacted at 70 °C, 50 MPa by hot insostatic pressing (HIP). Then the plate was cut
into small square with a length of 10 mm. After burning out the binder carefully, the
samples were sintered between 1000 °C and 1200 °C for a period of time. The sintered
samples were lapped to Imm thickness and then coated with silver-electrode on both

surfaces at 600 °C for 1 h, then poled in 130 °C of silicone oil for 15 min with 1kV/mm.

Table 6-1 Slurry component.

Function Reagent Abbreviation Dosage (9)
Solvent Ethanol EtOH 20
Ethyl acetate EAC 20
Binder Polyvinyl butyral PVB 16
Dispersant Glyceryl trioleate GT 1.55
Plasticizer Polyethylene glycol PEG400 2.4
Butylbenzyl phthalate BBP 2.4
Matrix and template - - 100

The crystal structure and grain orientation were determined by the intensity of X-
ray diffraction (XRD) (Model RINT 2200; Rigaku Corp., Tokyo, Japan) on the major
surfaces of sintered ceramics, with 26 in the range of 5-80“and with a step of 0.02<
The morphology and microstructure of the samples were characterized by scanning
electron microscopy (SEM) (S-3000N, Hitachi Ltd., Tokyo, Japan). The T. was

determined at the peak value from the curve of the temperature dependence of the
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dielectric constant at 1 kHz. The electromechanical coupling factor k, was measured by
the resonance-antiresonance method, and the piezoelectric constant dss measured by a

dss-meter.
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Fig. 6-1 Flow diagram and the corresponding physical photos.
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6.3 Results and discussion

The difficulty of experimental operation rises with smaller diameter of template
particles and thinner tape-casting film. In this experiment, template particles with 20
pm in diameter and 2 um in thickness were selected in this work. The samples were
stacked together and covered with a small crucible during sintering process to reduce
the volatility of K" and Na’. Two kinds of grain growth, matrix-matrix and matrix-
template, existed during the sintering process. In order to reduce the matrix-matrix
growth, a faster heating rate of 10 °C/min was used in the sintering process.

Physical photo of samples sintered under different temperature for 5 h was shown
in Fig. 6-1. With the sintering temperature increase, shrinkage rate of samples was
gradually increased. However, the sample after 1180 °C sintering could not be separated

indicate that the sintering temperature could not be further increased.

Fig. 6-2 Images of samples sintered under different temperature for Sh.
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Fig. 6-3 XRD patterns of samples before sintering and sintered under different temperatures for Sh.

The XRD patterns shown in Fig. 6-3 provide the XRD patterns of samples before
sintering and sintered under different temperatures for 5 h. Due to the little difference
in the size of the lattice between matrix KNLN-BZ-BNT and template NN, their
diffraction peaks were separated before sintering. After sintering, only a perovskite
structure diffraction peak could be observed, indicating the reaction between the matrix
and the template was completed. When the sintering temperature is at 1100 °C, 1130
°C, 1150 °C and 1170 °C, the Lotgering factor (F) of samples is 19%, 30%, 37% and
49%, respectively. The relative density of samples sintered under different temperature
is shown in Fig. 6-4.

Burke [ reported only when the relative density of the ceramics reached 90%,
the grain could abnormally grow because of the pores pin grain boundaries. Hong et al.
(1 reported that the abnormal grain growth of alumina occurred when the relative
density of ceramics reached 97%. Since the grain growth during the texturing process

Is similar to the abnormal growth of grains, it can be inferred that there is a critical
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relative density of KNLN-BZ-BNT ceramics when the grain began to orient grow. In

this experiment, the critical relative density was about 90%.
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Fig. 6-4 The relative density of samples sintered under different temperature.

Fig. 6-5 SEM images of sample sintered at 1170 °C for 5h
() surface and (b) thermally etched surface.

SEM images of samples sintered at 1170 °C for 5h were shown in Fig. 6-5. From
the higher magnification of the thermally etched surface image (Fig. 6-5b), the diameter
of the oriented particles increased to 30 um and matrix-matrix grain growth did not
make the grain of ceramics become very large. In the sintering process, the
thermodynamic driving force of oriented grain growth was the solubility difference
between template particles and matrix particles. The solubility of substances in liquid
phase (S) is defined by the relationship:

S = Soexp(26mm/prRT),

where Sy is equilibrium solubility, 6 is average surface free energy, M is molecular
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weight, p is density, r is the radius of the particles, and R is gas constant. According to
this formula, the difference of solubility in the liquid phase is mainly caused by the
difference of grain size. Due to the large size of template particles than matrix particles,
the surface energy of the template particles is much smaller than the surface energy of
the matrix particles. Therefore, the solubility of the template particles inthe liquid phase
(St) is smaller than that of the matrix particles (Swm). With the increase of the sintering
time, the template particles gradually grew. Moreover, according to Gibbs-Wulff
theorem: a droplet or crystal will arrange itself such that its surface Gibbs free energy
is minimized by assuming a shape of low surface energy. Perovskite KNLN-BZ-BNT
belongs to the cubic crystal system, with strong symmetry, and its most stable
morphology was cubic. Therefore, in the early stage of grain growth, due to the length
of the template particles is larger than the thickness, the growth rate of the template
particles in the thickness direction was greater than in the length direction. After a
period of growth, the difference between the thickness and the length decreased, and
the growth rate in two directions also decrease, resulting in a limited growth of the
oriented particles.

Above all, the orient development process in KNLN-BZ-BNT ceramics can be
divided into 3 stages which wasshown in Fig. 6-6: (1) ceramics densification followed
with in situ reaction between template particles and matrix particles; (2) rapid growth
of individual oriented grain; (3) slow growth of oriented grain. In the first stage, with
the increasing of the sintering time, pores in the ceramics were gradually eliminated
and the ceramics become denser. With increasing contact between the template
particles and matrix particles, the reaction began as mutual diffusion of Na*, K* and Li*,
then a layer of KNLN formed on the surface of NaNbO3; template particles. As the
reaction is only the mutual diffusion of ions, the morphology of the template grain
unchanged, so this process is called in situ reaction ['>!3]. The texturing then proceeded
to the second stage. The matrix particles were rapidly epitaxial growth along the
template particlesformed oriented grain. After the grain growth to a certain extent, the

growth rate began to slow down, the reaction has entered the final stage.
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Fig. 6-6 Schematic diagram of the process of orient development of KNLN-BZ-BNT ceramics.
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Fig. 6.7 Temperature dependence of dielectric constant and dielectric loss of the oriented (F=49%)

KNLN-BZ-BNT ceramics measured at 1 kHz.

The temperature dependences of dielectric constants and dielectric loss at 1 kHz

of the oriented (F=49%) KNLN-BZ-BNT ceramics are shown in Fig. 6-7. The Curie

temperature (7;) is 288 °C. It has no evident differences compared with non-oriented

ceramics mentioned in chapter 3. Other electric properties parameters of oriented

KNLN-BZ-BNT and non-oriented ceramics are shown in table 6-2. The d53 of oriented

ceramics improved 22% compared with non-oriented ceramics. Although the

performance has been increased by 22%, there is still much room for improvement by

using thinner template particles and optimizing tape-casting process.

Table 6-2 Performance parameters

p TanB kp Tc d33
(g/cn?d) “ (%) (%) (°C)  (pCIN)
Oriented
(49%) 4.48 1540 3.2 - 288 347
Non-oriented 4.37 1600 3.5 42 279 285
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6.4 Summary

In this chapter, firstly, the slurry formulations suitable for KNLN-BZ-BNT
ceramics was studied, and high quality tape-casting thick films were obtained. The
process of the preparation of oriented ceramics was optimized. Secondly, the oriented
KNLN-BZ-BNT ceramics with an orientation of 49% were fabricated. The d3; of
oriented ceramics improved 22% compared with non-oriented ceramics. In the end, the
principle of orient development process was investigated and it can be divided into 3
stages: (1) ceramics densification followed with in situ reaction between template
particles and matrix particles; (2) rapid growth of individual oriented grain; (3) slow
growth of oriented grain. The results showed that the oriented grain growth follows the

principle of 2-D nucleation and growth.
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Chapter 7

Conclusion

With the improvement of healthy and environmental protection requirements, the
development of lead-free piezoelectric ceramics has become a requirement. In our
research, KNN-based ceramics were studied as the most promising substitute for lead-
based ceramics due to the high piezoelectric coefficient and high Curie temperature.

To improve the temperature-stability of KNN-based ceramic. Rhombohedral
perovskite component BNT was employed as the third component to adjust the MPB
slope of BZ-KNN system. MPB slope of KNLN-BZ system was adjusted from
negative to positive by adding a small amount of the third component, BNT. A vertical
MPB was formed when the addition amount of BNT was 1%. The vertical MPB
composition,  0.075BZ-0.915KNLN-0.01BNT, with temperature-independent
behavior has important practical value. The research method, using a stable
rhombohedral perovskite component to adjust the negative MPB slope, indicates the
possibility that the positive slope of MPBs could be made perpendicular to the
composition axis by adding a stable tetragonal perovskite component as the third
component in lead-free piezoceramic systems. The method provides a route for
improving the performance with temperature stability of lead-free piezoceramics.

In the synthesis of template particles by hydrothermal method, NaNbO; particles
with different morphology were synthesized. Plate-like morphology particles with a
width of 35 um and a thickness of 3 pm and fibrous morphology particles with an aspect
ratio were obtained as expected morphology. Through investigating the hydrothermal
conditions such as reaction time, temperature and NaOH concentration on the phase
and morphology of the particles, process of crystal growth was conjectured. The plate-
like NN particles were grown form the strip-like NagNbsOj9-13H,O through
dehydration and rearrangement with the increase of temperature. The optimal
hydrothermal conditions for preparing plate-like morphology were confirmed as 140

°C, 3 h and 12 mol/L of NaOH. Fibers NN particles with an aspect ratio could be
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obtained with further increase of temperature to 180 °C. After annealing treatment at
600 °C, the plate-like NN and fiber NN both turned in to perovskite structure without
morphology change. However, the melting point of the plate-like particles confirmed
by TG-DTA analysis was around 1000 °C, therefore the particles could only be used in
low temperature sintering below 1000 °C.

To improve the application temperature of template particles, hexagonal NaNbO 3
particles with plate-like morphology were synthesized by hydrothermal method.
Hydrothermal conditions such as reaction time, temperature, mineralizer concentration,
surfactant, K™:Na" ratio were discussed. Particles with plate-like morphology could be
obtained in a K":Na® ratio of 1:1 to 3:1. The mineralizer concentration in the
hydrothermal reaction was able to control the particle morphology. Plate-like particles
with a diameter of 10-60 um and a thickness of 1-10 pm were obtained at mineralizer
concentrations between 0.7-1.4 M. This ilmenite type structure NaNbO;s; could
completely transform into perovskite structure by annealing treatment at 600 °C. The
irreversible phase transition process was confirmed as atomic compact. The atomic
compact during phase transformation caused some lattice defect, and further resulted
in the change of surface orientation. The thickness of the particles was positively
correlated with the disorientation of the top surface. More defects accumulated in the
thickness direction as the particles became thicker, and the surface orientation changed
from ordered to completely disordered. These results indicate that thinner particles tend
to have higher orientation in the (001) crystal planes.

In the fabrication of oriented KNLN-BZ-BNT ceramics by tape-casting method,
slurry formulations suitable for this system was studied, and high quality tape-casting
thick films were obtained. The process of the preparation of oriented ceramics was
optimized. On this basis, oriented KNLN-BZ-BNT ceramics with an orientation of 49%
were fabricated. The d3; of oriented ceramics improved 22% compared with non-
oriented ceramics. The principle of orient development process was also investigated
and it can be divided into 3 stages: (1) ceramics densification followed with in situ
reaction between template particlesand matrix particles; (2) rapid growth of individual

oriented grain; (3) slow growth of oriented grain. The results showed that the oriented
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grain growth follows the principle of 2-D nucleation and growth.
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