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Research Topic: Phase formation, microstructure and electrical properties of new
binary system of (1-x)BNKLLT-xNKLNST lead-free piezoelectric
ceramics synthesized by the combustion technique

Researcher: Miss.Suphorn'phun Chootin
Assist.Prof.Dr.Theerachai Bongkarn

ABSTRACT

The .objective of this paper is to modify the piezoelectric properties of
Big.s( Nag,6sKo. 201-i0.1) 0.5 1105+ 0.10 wt% of La0O3 (BNKLLT) ceramics by the addition of
(Ko.4aNao 52Li0.00)(NDo aa Ta0.1050006)03  (NKLNST)  compound - with forming solid state.
Novel binary (1-x)BNKLLT-xNKLNST lead-free piezoelectric ceramics with an x
content from 0 to 0.10 {step 0.02) were prepared via the solid state combustion
technique with glycine used as the fuel. The affectation of x content on the structure
evolution, morphology and electrical response of these ceramics were examined. The
coexistenice structure between rhombohedral and tetragonal was observed in the x =
0 sample. As x content increased between 0.02 and 0.04, the phase formation
became a higher tetragonality structure. With x content > 0.06, the phase formation
began to change to a pseudo cubic phase. The microstructure exhibited a polyhedral
grain shape in all samples. The average grain size of (1-x)BNKLLT-xNKLNST samples
with various x content was in the same range (1.36-1.52 pm). The relative theoretical
density increased from 96.7 to 97.2% when the NKLNST concentration was increased
up to 0.04 and then decreased at higher concentrations. The reduction of Tea Tsa and
the weak ferroelectric behaviour of these ceramics with increasing x content were
observed. The resulting (1-)BNKLLT-xNKLNST ceramics exhibited large piezoelectric
coefficient of dss up to 266 pC/N near the thombohedral-tetragonal MPB at x = 0.04.




near morphotopic phase boundary (MPB) is a popular technique with interesting
nowadays. C. Kornphom et al. [5] successfully fabricated high piezoelectric properties
of (1-x)[Bio.s(Nao.6sKo22Li0.1 )05 Ti03+0.10 wit% of Laz0s]-
x[(Bao.90Cao.10)(Ti0.85Z10.15)O3] (x=0-0.1) (abbreviate to (1-x)BNKLLT-xBCTZ) binary
system by solid state combustion technique, which the structure exhibited the
coexisted phases of rhombohedral and tetragonal phase in all samples, where the
highest ds3 value about 295 pC/N was attained at x = 0.04 closed to MPB. In addition,
many previous works indicated that introducing KNN-based compouﬂd into BNT-
based ceramics can improve the density and electrical behavior which is of great
interest at this time [15, 16].

For this reason, we tested the 1idea of the addition of
{Ko.44Nao.52Lio_o4)(Nbo_34Tao.108bo_06)03 (KNLNST) ceramics with large piezoelectric
constant (350-450 pC/N) [17, 18] into BNKLLT ceramics to form a new solid solution
in order to increase the piezoelectric properties of BNKLLT. From a literature review,
the investigation and preparation of (1-x)BNKLLT-xKNLNST ceramics (0<x<0.10)
by the solid state combustion technique has not been studied up until now. So, in this
work, the goal was to design a new binary solid solution of (1-x)BNKLLT-xNKLNST
with 0<x<0.10 preﬁared by the solid state combustion technique. The effect of
NKINST content on the phase evolution, microstructure and electrical properties were

investigated.




Objectives of this research

The objectives of this research are as follow:

1. To prepare (1-x)BNKLLT-xKNLNST ceramics (0<x<0.10) using the solid
state combustion technique.

2. To investigated the optimum calcination and sintering conditions of
(1-x)BNKLLT-xKNLNST ceramics (0<x<0.10) by the solid state combustion
technique.

3. To study the effect of calcination and sintering temperatures on phase
formation, microstructure and electrical properties of (1-x)BNKLLT-xKNLNST

ceramics (0<x<0.10) by the solid state combustion technique.

Expected outputs of the study

1. To obtain information on the preparation of (1-x)BNKLLT-xKNLNST
ceramics (0<x<0.10) using the solid state combustion technique.

2. To obtain information on the optimum calcination and sintering conditions
of (1-x)BNKLLT-xKNLNST ceramics (0<x<0.10) by the solid state combustion
technique.

3. To understand the effect of calcination and sintering temperatures on phase
formation, microstructure and electrical properties of (1-x)BNKLLT-xKNLNST

ceramics (0<x<0.10) prepared by the solid state combustion technique.




CHAPTER II

THEORY AND LITERATURE

This chapter contains details on the brief description of necessary concepts of
the perovskite ferroelectrics. In addition, the relevant literatures on processing and
characteristics of both powders and ceramics are reviewed with attention paid on their

propetties.

Perovskite Structure

Since the ferroelectric properties of barium titanate were reported by
Von Hippel! in 1945, ABO3 compound with the perovskite structure have been studied
extensively. These studies have resulted in the discovery of many new ferroelectric
and piezoelectric materials. Most of the literatures on perovskite-type compounds have
concentrated on these properties.

Perovskite structure is a crystal structure of a mineral perovskite calcium
titanate (CaTiO3) which was discovered by Count Lev Aleksevich von Perovski [30].
This structure is adopted by many oxides that the general chemical formula of ABO;.
The general crystal structure is a primitive cube which the A represents a cation with
larger ionic radius in the corner, B represents a cation with a smaller ionic radius in the
middle of the cube and O is oxygen in the centre of the face edges. Figure 1 shows a
cubic perovskite structure unit cell (a) and three-dimensional network of BOs
octahedra (b). The sites are occupied by Ba*", Pb*", K* or Na' ions, and B sites by
Ti4*, Zr**, Nb™ or Ta® jons. Some examples of perovskite-type ceramic compounds
are lead titanate (PbTiO3), barium titanate (BaTiO3), bismuth sodium titanate (BixNai-
«Ti03), potassium niobate (KNbO3), etc. The perovskite structure can tolerate a wide
range of compositional variation. Thus, its properties are differed behavior [29, 31,
32].




(®)

Figure 1 (a) A cubic SrTiOsperovskite-type unit cell and (b) three-dimensional
network of BOg octahedra {26]

Piezoelectricity

Piezoelectricity was discovered in 1880 by Jacques and Pieire Cutie during
their systematic study of the effect of pressure on the generation of a electrical charge
by crystals such as quartz, zincblend, and tourmaline [32]. The name “piezo” is
derived from the Greek, meaning “to press”, hence piezoelectricity is the generation of
electricity as a result of mechanical pressure. Many piezoeleciric materials are not
ferroelectric but all ferroelectrics are piezoelectric. Two effects are operative
in piezoelectricity. The direct effect is identified with the phenomenon whereby
an electrical charge (polarization) is generated from mechanical stress, whereas
the converse effect is associated with the mechanical movement generated by

the application of an electrical field. Both of these effects are illustrated in Figure 2.




e
P —
A 4

-
A

v

(a)

(b)

Figure 2 Piezoelectric effects in ferroelectric ceramics

(a) direct effect (b) converse effect [32]

The basic equations that describe these two effects in regard to electric and

elastic properties are
D=dT + ¢"E (1)
S =sET +dE (2)

Where D is the dielectric displacement (consider it equal to polarization),
T the stress, E the electric field, S the strain, d a piezoelectric coefficient, s
the material compliance (inverse of modulus of elasticity), and € the dielectric constant
(permittivity). The subscripts indicate a quantity held constant: in the case of €7, the
stress is held constant, which means that the piezoelectric element is mechanically
unconstrained, and, in the case of st, the electric field is held constant, which means

the electrodes on the element are shorted together.



Ferroelectrics

Ferroelectricity is a phenomenon which was discovered by Valasek in 1921
[33]. It has become customary to call ferroelectricity the phenomenon exhibited by
these crystals and ferroelectric the crystal themselves. This is due to a formal
similarity of the ferroelectric phenomenon with that of ferromagnetism. The similarity
is mainly phenomenological. As ferromagnetic materials exhibit a spontaneous
magnetization and hysteresis effects in the relationship between magnetization and
magnetic field, ferroelectric crystals show a spontaneous electric polarization and
hysteresis effects in the relation between the dielectric displacement and the electric
field. This behavior is mostly observed in certain temperature regions below by
transition temperature (Curie temperature) where those crystals above are this
transition temperature are no longer ferroelectric.

The crystal symmetries of the paraclectric and ferroelectric phase are
an important factor in displaying the ferroelectric behavior of the materials. The lattice
structure described by the Bravais unit cell of the crystal governs the crystal
symmetry. Though there are thousands of crystals in nature, they all can be grouped
together into 230 microscopic symmetry types or space groups based on symmetry
elements. It can be shown by the inspection of the 230 space groups that there are just
32 point groups. As shown in Figure 3, the 32 point groups can be further classified
into (a) crystal having a center of symmeiry and (b) crystals which do not possess
a center of symmetry (noncentrosymmetric). There are 21 classes of
noncentrosymmetric, a necessary condition for piezoelectricity to exist, and only 20
are piezoelectric. Among these 20 point groups, only 10 can display a spontancous
polarization, which is designated as pyroelectric. A subgroup of the spontaneous
polarized pyroelectric is a category of materials known as ferroelectrics. Ferroelectrics
are a special class of materials in which a permanent electric dipole can be reoriented
between equilibrium states by the external electric field. Continuing Valasek’s analogy
between ferroelectric and ferromagnetic, the dependence of the polarization on
an applied electric field can be seen by polarization versus electric field i.e. (P-E)
hysteresis loop as shown in Figure 4. The hysteresis loop is typically observed using

the simple circuit described by Sawyer-Tower [34]. One parameters obtained from the

“hysteresis foop measurement, the remnant polarization (Py) is the crystal spontaneous



polarizes along one of the allowed direction without applied electric field. The field
required to reverse the polarization is known as the coercive field (Ec).

Normal ferroelectric materials have a sharp phase transition which occurs at a
specific temperature called the Curie temperature, Tc. The Tg is the temperature which
the crystal structﬁre.transforms from the paraelectric state into the ferroelectric state
and vice versa [29, 35, 32]. In the paraclectric state, the dielectric permittivity obeys

the Curie-Weiss law.

£, = 3

Where C is the Curie-Weiss constant, T is the temperature and To is the
Curie-Weiss temperature. The Curic temperature (Te) and the Curie-Weiss temperature
(To) should not be confused. The Curie temperature is the actual transformation
temperature, but the Curie-Weiss temperature is found by extrapolating the plot of the
Curie-Weiss law, as shown in Figure 5. The Curie temperature and Curie-Weiss
temperature typically differ by only a small amount that depends on the type of phase
formation the material undergoes. The Curie-Weiss temperature can be as much as ten
degrees lower than the Curie temperature for first-order phase transformations and the
two can be nearly equal for second-order phase transformations (first order phase
transformations are those in which the first derivative of the free energy, with respect
to temperature, is discontinuous; second order phase transitions are those in which the

second derivative is discontinuous).
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Figure 4 A ferroelectric hysteresis loop [34]
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Antiferroelectric

An antiferroelectric crystal is defined as a crystal whose structure can be
considered as being composed of two sublattices polarized spontaneously in
antiparallel directions and in which a ferroelectric phase can be induced by applying

an electric field. Experimentally, the reversal of the spontancous polarization in

- ferroelectrics is observed as a single hysteresis loop, and the induced phase transition

in antiferroelectrics as a double hysteresis loop (Figure 6), when a low-frequency

ac field of a suitable strength is applied [37].

"Ecn'f

b
Ecrr'r E

Figure 6 Antiferroelectric hysteresis loop [37]

Paraelectric

Paraelectricity is the ability of many materials (specifically ceramic crystals)
to become polarized under an applied electric field. Unlike Ferroelectricity; this can
happen even if there is no permanent electric dipole that exists in the material, and
removal of the fields results in the polarization in the material returning to zero,
as shown in Figure 7. The mechanisms which give rise to paraelectric behavior are
the distortion of individual ions (displacement of the electron cloud from the nucleus)

and the polarization of molecules or combinations of ions or defects. Paraelectricity

oceurs in crystal phases in which electric dipoles are unaligned (i.e. unordered
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domains that are electrically charged) and thus have the potential to align in
an external electric field and strengthen it. In comparison to the ferroelectric phase, the
domains are unordered and the internal field is weak. The LiNbOj; crystal is
ferroelectric below 1430 K, and above this temperature it turns to paraelectric phase.

Other perovskites similarly exhibit paraelectricity at high temperatures [38].

AP

s}

Figure 7 Paraclectric hysteresis loop [38]

Typical methods to synthesize ceramics
Solid-state reaction method

Solid-state  reaction method is the most widely used method for
the preparation of polycrystalline solids from a mixture of solid starting materials.
This method involves chemical decomposition, where solid reactants are heated to
produce a new solid and normally use simple oxides powders such as carbonates,
hydroxides, nitrates, sulfates, acetates, oxalates, alkoxides and other metal salts for
preparation. The solids do not react together at room temperature over normal time
scales and it is necessary to heat them to much higher temperatures, often to 1000 to
1500 °C in order for the reaction to occur at an appreciable rate. An example of
reaction between barium carbonate and titanium oxide at high temperature produce

barium titanate by using solid-state reaction method.

BaCOs(s) +TiOx(s) -- (~1200 °C) ----->BaTiOs(s) +COz (g) @




13

Solid-state reactions generally have an advantage in terms of production cost.
However, it is commonly understood that the conventional solid state method requires
compulsory grinding of different oxide mixtures for long periods of time as well as
sintering. In addition, the synthesized component distributions are not homogeneous
and particle sizes are relatively large [39, 40].

Sol-gel processing

Sol-gel process is a method for producing solid materials from small
moleculesin a solution (sols) agglomerate and under controlled conditions eventually
link together to form a coherent network (gel). The method is used for many
applications in synthesis of novel materials. The advantages of the sol-gel process in
general are high purity, homogenecity and low temperature. For a lower temperature
process, there is a reduced loss of volatile components are thus the process is more
environmental fiiendly. In addition, some materials that cannot be made by
conventional means because of thermal and thermodynamically instability can be
made by this process. However, the disadvantages are also real. The starting materials
can be fairly expensive [41, 42].

Co-precipitation method

Co-precipitation (CPT) is the carrying down by a precipitate of substances
normally soluble under the conditions employed. This method proceeds in two stages.
First stage, the impurity is trapped either on the surface or inside the growing particles.
If the growing particles have a crystal structure, then the impurity will become
localized at regions of the solid phase with a perfect structure. During rapid
precipitation, the growing particles will trap non-equilibrium impurities, which are
usually in homogeneously distributed through the volume of the solid phase.
In the second stage, the concentration of defects within the precipitate decrease and
the particles are flocculated. Impurities trapped during the first stage return either
partially or completely to the medium. The concentration of impurities in the solid
phase becomes equalized. The crystals acquire an equilibrium composition that

depends only on the composition and temperature of medium [41, 42].
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Combustion method

Combustion method is the method based on the principle that once a reaction
is initiated under heating, an exothermic reaction occurs from the oxidation-reduction
reaction between reaction materials and fuel. It has emerged as an important technique
for the synthesis and processing of advanced ceramics, which involves a self-sustained
reaction. The advantages of this technique include inexpensive raw materials, simple
and fast preparation process, fine powders with high homogeneity and low firing
temperature and shorter dwell time [43, 44, 45, 46]. The advantages of this method
over other combustion methods are: firstly, being a solution process, it has control
over the homogeneity and stoichiomelry of the products; sccondly, it is possible to
incorporate desired impurily ions in oxide hosts and prepare industrially useful
materials; (hirdly, the process is simple and fast. Moreover, in fact, the reaction
mechanism of this method is very complex due to there are several parameters
influencing the reaction such as the type of fuel, fuel-oxidizer ratio, etc [47].

The fuel that used in combustion method was commonly an organic
compound. Generally, a good fuel should reacted nonviolent, produce nontoxic gases,
also acts as a chelating materjal for metal cations. It serve two purposes; first for the
source of C and H which on combustion form CO; and HyO and liberate heat and
second for forming complexes with the metal ions facilitating homogeneous mixing of
cations in solution. The nature of fuel and its amount are some of the important
process parameter that influencing on the powder characteristics like a crystallite size,
surface area nature of agglomeration, etc. The several fucls were used in the
combustion method, e.g., urea, glycine, citric acid, alanine, carbohydrazide, poly
acrylic acid, oxalic acid, acety] acetone, metal acetate, hydrazine. Thus, the selection
of an appropriate fuel is very important for the combustion system. Some properties of
organic compounds used in combustion synthesis method are shown in Table 1.
The commonly used fuels are; glycine, citric acid and urea. They were described as
below;

1. Glycine

Glycine is one of the cheapest amino acids and is known to act as a

complexing agent for a large amount of metallic ions. The glycine molecule has a

—carboxylic-acid group located at-one end of the chain-and-an-amino group.
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2. Citric acid
Citric acid is a weak organic acid that act as a convenient ligand which is
inexpensive and is a more effective complexing agent for metal ions. The structure
consists of three carboxyl groups and a hydroxyl group.
3. Urea
Urea is an attractive fuel for originating the formation of powders with
crystallite sizes in the submicron/nanosized range and act as a complexing agent for
metal ions because it contains two amino groups located at the extremes of its

chemical structure.

Table 1 Some properties of organic compounds [48]

Propertics Organic component
Alanine  Glycine Carbohydrazide TUrea  Citric acid
Structare colon HN=CH,-COOLH NH=-NIT, /NHz CH,—(IZOOH
formula H- C"'iNHg 0=C\ O==C\ HO-C-(],‘OOH
CH, NII—=NH, NH,  CH,-COOH
Molecular
) 80.1 90.1 75.1 60.1 192.1
weight (g/mol)
Heat of
combustion 18.2 13.0 12.6 10.5 10.2
(k¥/g)
Decomposition
3i4 262 153 135 175
temperature (°C)

The combustion method has been successfully used in the preparation of a
large number of the ceramic oxide materials for a variety of applications which
illustrated in Table 2. For example During the short span (> 15 years), many from the
authot’s laboratory were becoming interested and attracted for producing fine grain
size, crystalline and homogeneous ceramics at relatively low temperature and with

reduced processing time. For example, Hwang, et al. [48] has investigated

. ——decomposition-of the five fuels by acid-orcarbohydrazide. Some properties-of five- — —— -
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fuels they select are shown in Table 1. The results of the thermal analysis show that
there were different weight losses of organic fuels as presented in Figure 8.
When using carbohydrazide as organic fuel, indicating that the chemical reaction took
place very rapidly. But remaining weight is 22% of its original weight. While using
glycine and alanine as organic fuels, the thermogravimetric of both demonstrated
similar results. Their reactions are very fast and remaining weight lower than 10%.
When using urea and citric acid as organic fuels, the chemical reaction was not
rigorous when compared with glycine and alanine. Moreover, the crystal structure and
microstructure of Ni-Zn ferrites prepared by combustion technique with various
organic fuels was studies also. They result show that the pure phase of Ni-Zn was
obtained while using glycine, alanine and corbohydrazide. While using urea and citric
as organic fuels, the impurities phase was obtained existed in the diffraction pattern,
as seen in Figure 9. The nanocrystalline sizes are ranging between 20.2 and 43.7 nm,
as seen in Table 2. The results indicated that the ceramic synthesized by the

combustion technique produced nanocrystalline sizes.

(1)------Carbohydrazide

{1)---- Glycine -100
(©)-=-- Alanine
s (d)------ Urea
. i (e) Citric acid - 80
L f
5 60
@ i
2
40{ o 40
20- L] 20

Temperature (C)

Figure 8§ Thermogravimetric of various fuels [48]
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Table 2 Oxide materials prepared by solution combustion method with the fuels

Material Fuel Particle size Application
Al O U 4 um Abrasive
AlO3-Zr0; U 20-45 nm Cutting tool
MAI:O4 AMF+U/CH/ODH/GLY 15-28 nm Catalytic support
{(M=Mn and Zn)
MgAlL Oy u 13-20 nm Structure material
Ce03-Zr(0; ODH 18 nm Oxygen storage capacitor
GLY 100 pm Oxygen storage capacitor
BaTiO; GLY/CA 18-25 nm Dielectric material
Pb(Zr, Ti) O CA ~60 nm Piezoelectric material
Zr0; GLY 23 nm Oxygen sensor
LiMn20y4 PAA 30-60 nm Lithinm battery
InyGa .05 HY 54-160 nm Optical coating for sensors
TiO; ODH 20 nm Catalyst
GLY §-12 nin Carcinogenic hexavalent
chromium reduction
LaBO; 8) 55-75 Decomposition of NaQ to Na
nm (FESEM) and O,
WO, GLY/U/thiourea 12-59 nm Removal of organic dye from
water
MgO GLY 12-23 nm Fluoride removal from drinking

water

Note: U urea, AM metal acetate, CH carbohydrazides, ODIH oxalidihidrazida,
GLY glycine, CA citric acid, PAA poly acrylic acid, HY hydrazine. [49, 50, 5 1]
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Figure 9 XRD patterns of the Ni-Zn ferrites with various organic fuels:
(a) alanine (b) glycine (c) carbohydrazide (d) urea and
(e) citric acid [48]

Wu, et al. [52] studied the effect of using various fuels on the structure and
magnetic properties of SiOs-doped Ni-Zn ferrvite composite prepared by sol-gel
combustion method. The result shows that the fuel type dramatically influenced the
phase formation and electromagnetic properties of final products. The particle size for
preparing its powders decreased in order: glycine route > hydrazine route > citric acid
route, which are 34, 22 and 18 nm, respectively. Thus, citric acid was an effective
chelating agent in producing fine ferrite powder. However, the glycine route was an
effective fuel to possess the best magnetic properties with high saturation

magnetization and low value of coercively.
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Table 3 Effect of ﬁarious fuels of the Ni-Zn ferrites prepared by the combustion

technique [48]

Fuel *Tw Amount Crystallite Surface Carbon Ni**:Zn?: M.©
(°C) ofgas sizeP area content Fe** (Am?/kg)
produced (nm) (m¥g)  (wt.%)
{mole)

Alanine 1245 20.7 38.6 2479 l.64 0.500:0.467: 60.8
1.920

Glycine 1150 20.2 327 31/2 1.53 0.500:0.471: 624
1.522

Carbohydiazide 1380 24.0 43.7 20.6 1.87 0.500:0.462:; 58.5
1.917

Urea 785 30.7 202 48.5 3.82 0.500:0.483: 57.2
1.936

Citric acid 725 262 22.7 414.1 5.75 0.500:0.490:; 55.8
1.947

Note: "I the maximum combustion temperature, measured by Pt-Pt-Rh

thermocouple.

bCrystalline size of the as-synthesized Ni-Zn ferrite powders calculated from

the line broadening of the (311) XRD peak by Sherrer formula.

“M; the saturation magnetization of the sintered Ni-Zn ferrite samples

(950 °C/2h).

Lead frec piezoelectric ceramics

Many of the piezoelectric materials used today are lead-based. The PZT family

mentioned initially is the most common one. This is the binary solid solution of

PbZrO3 an antiferroelectric (orthorhombic structure) and PbTiOs a ferroelectric

structure (tetragonal perovskite structure). PZT has the perovskite structure with the

Ti** and Ztr** ions at B site at random, The phase diagram shows that at high

temperature PZT has the cubic perovskite structure which is paraelectric and on

cooling below the curie point the structure under goes a phase change from the

- ferroelectric tetragonal-phase-to-rhombohedral -phase. PZT dominates the field of —
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piezoelectrics because of its strong piezoelectric effect, especially at the compositions
near the motphotropic phase boundary Pb(Zros»Tio4s)O3, where two ferroelectric
phases tetragonal and rhombohedral coexist at the room temperature. The
morphotropic phase boundary of PZT is almost vertical in the phase diagram, as
shown in Figure 10 which maintains the excellent piezoelectric properties across a

wide temperature range [29].
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Figure 10 The phase diagram of PZT [29]

Some newer generations of lead-based piezoelecirics that exhibit exceptional
piezoelectric properties have also been created by combining PbTiO3(PT) with some
lead-based ferroelectrics such as Pb(ZnisNbz3)Os (PZN) and Pb(Mg13Nbz;3)Os
(PMN) to form solid solutions. Also, these materials show very high diclectric
constants at room temperature owing to the broadening of the permittivity peak around
the Curie temperature. PZT ceramics with MPB composition can also be doped with
different ions and form “hard and soft” PZT is depending upon the requirements for

certain applications [29].
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The essential deficiency of Pb-based (PT, PZT and PMN) concerns its lead
content. The amount of Pb in the usual Pb-based ceramics is more than 50 wt%, and
once the Pb comes into the human body, it collects in various organs, leading
potentially to serious effects to foetus, infertility, cancer and so forth. Note that not
only the Pb in Pb-based compounds such as PT, PZT and PMN but also the PbO using
as a raw material are known to dissolve when it is exposed to an aqueous environment
However, high volatilization of PbO and its toxicity can pollute the environment and
damage to human health, and then engehder a terrible problem of environment
pollution. However, these ceramics are toxic in the environment and damage to human
health. The best way of prevention is to avoid the contact with leaded materials.
Therefore, it is necessary in the search for lead-free piezoelectric materials to replace
PZT ceramics,
Therefore, enormous efforts have been considerate in last decade for the
development of competitive lead free counterparts, for example (K, Na)NbQO3 (KNN)
and BaZrO3 (B7) based perovskite.

Potassium sodium niobate

Potassium sodium niobate (KNN) is considered as promising lead-free
materials alternative to PZT a good candidate to replace PZT family. This system has
an advantage of high Curie temperature (T~420 °C) suitable for wide temperature
range of piezoelectric application. However, pure KNN solid solution exhibits
relatively a low piezolelectric coefficient (d13~80 pC/N) and poor remnant polarization
(P~11 pClem?). Moreover, pure KNN cerami‘cs are very difficult to obtain at high
density by traditional sintering processes because of the volatility of K* and Na* and
the low phase stability at high sintering temperatures [65]. In order to improve the
densification and the electrical properties of KNN ceramics, binary and ternary
systems have been investigated by adding other elements.

Zuo, et al. synthesized the highly dense (1-x)(Nao sKo.5)NbO3-x(Big.sNag.5)Ti03
abbreviated KNN-BNT (x=0.005, 0.01, 0.02, (.03, 0.05, 0.09, 0.15, 0.2, 0.8 and 1.0}
solid solution ceramics. The KNN-BNT have been prepared consisted of the calcined

powder and sintered ceramic at 900 °C for 5 h and 1090 °C for 2 h, respectively. The
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SEM morphology of KNN-BNT ceramics was shown in Figure 11. The grain size
changes from 3 to 4 um for 0.99KNN-0.01BNT to ~0.6 um for 0.95KNN-0.05BNT.

Figure 11 SEM micrographs of (I-x)KNN-xBNT ceramics sintered at 1090 °C
with x equal to (a) 0.01, (b) 0.03 and (c) 0.05 [55]

The x-ray diffraction patterns of KNN-BNT ceramics were shown in Figure
12. All composition show pure perovskite structure. KNN was changed by adding a
small amount of BNT. (I-x)KNN-xBNT ceramics at room temperature had
orthorhombic structures similar to pure KINN, when x<0.02. It becomes tetragonal
when more BNT was added. However, the tetragonal symmetry remains in a limited
composition range within which the tetragonality decreases with increasing the BNT
content. The cubic structure starts to appear when x is greater than 0.09 until x=0.20
approximately when x continues to increase, NKN-BNT solid solutions exhibit
rhombohedral structures until pure BNT composition which was known to be
rhombohedral symmetry at room temperature.

(1=)KNN-xBNT ceramics were investigated with their phase transition
behavior and electrical characterization. A continuous phase transition was identified
by adding a certain amount of BNT into KNN compositions, bringing about a MPB
existing at 2-3 mol % BNT. Enhanced piezoelectric and electromechanical properties
dz3 =195 pC/N  and k=43% (Figure 13) were obtained in the composition near the
MPB. These compositions also have a comparable Curie temperature of 375 °C to that
of PZT ceramics. These properties indicated that this system may be an attractive lead-

free material for piezoelectric applications.
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Figure 12 XRD patterns of (1-x)KNN-xBNT ceramics with x, as indicated [55]
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Figure 13 Piezoelectric constants and electromechanical coupling factors of

(1-x)KNN-xBNT ceramics as function of the BNT content x [55]
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Saito, et al. [56] presumed MPB compositions in the binary KNN- LiTa03
(LT) system or ternary KNN-LT-LiSbO3 (LS) as shown in Figure 14. They found
that the texture ceramic of the (Ko44Nao.s2Lio.0s)(Nbo.saTao10Sboos)Os (L4FT)
synthesized by the reactive template grain growth (RTGG) technique attains excellent
piezoelectric constant ds3 of ~400 pC/N.
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Figure 14 Piezoelectric sensor performances for the lead-free piezoelectric

ceramics [56]

Jiang, et al. [57] reported the piezoelectric properties of (1-x)
(Ko.44Nao.52Li0.04)(Nbo s4Tao.10Sbo.0s)O3-xBiFeOs (x=0, 0.002, 0.004, 0.006, 0.008 and
0.01) fabricated by conventional mixed-oxide technique using a calcination
temperature of 880 °C for 6 h and a sintered temperature of 1135 °C for 3 h. The x-ray
diffraction patterns of KNN-BNT ceramics were shown in Figure 15. All samples
exhibited pure perovskite structure and no secondary phase could be found in all
samples. The (1-x)(KNLNTS)-xBF (x<0.004) ceramics are single perovskite phase
with single orthorhombic crystal system. However, the symmetry changes rapidly with

the addition of BF. The XRD patterns near at x = 0.004-0.006 show mixed phases.
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Figure 15 XRD patterns of BF doped KNN-LS-LT ceramics sintered [57]

Table 4 Density and electrical properties of KNLNTS-BF ceramics [57]

X 0 0.002 0.004 0.006 0.008 0.1
Bulk density (g/cm?) 462 471 479 480 4.79 4.78
das (pC/N) 92 205 200 246 118 88
ky 0.23 0.38 0.42 0.43 0.24 0.21
Qm 94 138 130 94 130 140
Tand (%) (at 1 kH7) 4.62 288 286 196  3.05 324
&r (at 1 kHZ) 1096 1410 1494 1871 1611 1702
Toi (°C) 115 85 70 35 <25 <25
Te (°C) 320 305 285 285 265 235
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The piezoelectric properties of (1-x)(KNLNTS)-xBF ceramics were shown in
Table 4. The best piezoelectric and electromechanical properties of d33 = 246 pC/N
and kp = 43% appear at x = 0.006.

Hagh, et al. [58] synthesized (Ko.44Nao.52Li0.04)(Nbo.g4Tao.10Sb0o.06)03 system
by two possible routes, namely perovskite and mixed oxides route and studied the
effect of humidity and oxygen flow rate during sintering. In case of perovskite route
using a sintering temperature of 1150 °C for 1 h. It was found that piezoelectric
coefficient, remnant polarization and coercive field were 300 pC/N, 18 pC/ecm? and
8.4 kV/em, respectively. The samples were prepared under the following special
conditions; (i) the raw materials were heat treated at 220 °C for 24 h, (ii) the powder
process performed in glove box with Ar gas flowing and (iii) the samples were
sintered in high O> atmosphere (360 ¢cm?/min). However, under ordinary conditions,

KLNLTS ceramics exhibited a low electric properties as shown in Table 5.

Table S Processing property relationships for KNLNTS ceramics [58]

High flow rate Oz High flow rate O:
Property/processing step Lab atmosphere  controlled atmosphere  mixed oxide w/high

perovskite rt. perovskite rt. purity precursors
Relative permittivity, 337 @ 1 kHz and RT 745 1590 ~1650
Dielectric loss, tan 8 - 1kHz @ RT (%) . 78] 1 ~2
Piezoelectric charge coefficient, ds3 (pC/N) 145 300 340-370
Planar coupling cocflicient, kp (%) 28 44 48
Remnant polarization, P (nC/em?) @ RT 14 22 28-30
Relative density (%) 92 96 >97
Coervice field, Ec (kV/em) 13.3 8 8.8

The temperature dependence of the dielectric constant (&) of KNLNTS
ceramics measured at the frequency of 1 kHz. The temperature dependence of the
dielectric constant of KNLNTS ceramics exhibited two peaks which corresponded to
the orthorhombic-tetragonal phase transition (To.) at 31 °C, and the tetragonal-cubic
phase transition (Tc) at 264 °C (Figure 16). The dielectric constants (&) at To.t and Te
were ~1175 and ~8000 , respectively.
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Figure 16 Variation of low-field 1kHz relative dielectric constant with
temperature in (Ko.44Nao.s2Lio.04)(Nbo.ssTao.1Sbo.0s)03 [58]

Barium zirconate

Barium zirconate (BaZrQ3) is one of the perovskite material with an ideal
cubic structure and has a high melting point of about 2,600 °C. Barium zirconate is a
good candidate for many applications.

AM. Azad and S. Subramaniam [59] synthesized pure cubic perovskite
BaZrO3 powder using the solid reaction method and a sintered temperature from 1200
to 1700 °C. The x-ray diffraction patterns of BaZrQz ceramics were shown in Figure
17, All samples exhibited pure perovskite structure and no secondary phase could be
found in all samples. The crystallite size ranged between 0.36 and 0.44 pm. The
microstructural development in samples soaked for 6 h at 1400 and 1500 °C was
shown in Figure 18. The microstructure reveals better intergranular connectivity,
systematic grain growth and steadily diminishing porosity. However, the bodies
sintered in the range 1200-1400°C were quite fragile and had a rather low strength.
The sintered pellets could easily be broken under slight pressure, With increase in
sintering temperature (1500-1700°C), densification improved systematically with
corresponding decrease in porosity (mainly open pores). The average size is less than

I pm in all the cases. the compacts showed increase in strength, especially those

sintered at 1600 and 1700 °C as shox;ﬁEiVFigure 19,
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Figure 17 XRD patterns of BaZrQ; sintered in the range 1200-1700 °C [59]

Figure 18 Microstructural development (clockwise) in BaZrO3; soaked for 6 h at

(a) 1400 and (b)1500 °C [59]
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Figure 19 Enhanced densification and intergranular connectivity in
BaZrOs sintered at (a) 1600°C and (b) 1600°C for 6h and 1700
°C no soak [59]

Sin, et al. [60] reported a value of 95% of theoretical density of BaZrOs
ceramics. They synthesized nano BaZrOs3 powders by the polyacrylamide method. The
sintered ceramics were obtained using a heat treatment of 1,500 °C for 10 h. Ganguli,
et al. [61] synthesized Nano BaZrOs, powders (25-30 nm) and low firing temperatures
(calcined at 800 °C, sintered at 1,000 °C) were obtained using microemulsion route.
Guillaume et al. [62] successfully prepared 99% of theoretical density of BaZrO;
ceramics by control the calcined powder size distribution. The mean particles size of
600 nm was sintered at 1,650 °C for 2 h.

AM. Azad and S. Subramaniam [63] attempted to improve the density and
dielectric properties by adding 5 mol% Sn in BaZrOs, The attempt to improve the
density was not successful but with a dielectric loss of the Ba(Zro9sSno.s) ceramics

exhibited a very small value and were stable in a wide frequency range (1-10° Hz).
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Li, et al. [64] studied the system of (BajxCax)(Tip.94Sn0.06)O03 (BCST) (x=0.01-
0.04) ceramics by the solid state reaction technique. The microstructure of BCST
ceramics at x = 0.01 is inhomogeneous and some pores exist in the grain boundary.
For the samples at x = 0.02 and 0.03, the microstructure is homogeneous and no pore
exists in the grain boundary, while the grain size is about 10 um. For the sample at x =
0.04, the microstructure is inhomogeneous and the grain size becomes small (5 um) as

shown in Figure 20. The relative density are 96%, 98%, 99% and 97% for the BCST.

Figure 20 SEM micrographs of the (Bar—xCax)(Ti0.94Sn0.06)O3 ceramics
(a) x =0.01, (b) x = 0.02, (c) x=0.03 and (d) x = 0.04 {64]

The substitution of Ca promoted the microstructure of Ba(Tio.04Sno0s)O3,
which presented a clear grain boundary and a uniformly distributed grain size. It also
resulted in increased density and better electrical properties. (Bao.97Ca0.03)(Ti0.045n0.06)
which exhibited excellent piezoelectric properties (d33=440 pC/N, kp=45%), a high

dielectric constant (e~ 6,900) and a low dielectric loss (tan §=0.015).
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CHAPTER II1

MATERIALS AND METHOD

In this chapter explains the fabrication and characterization of (1-x)BNKILLT-
XNKLNST with 0=x<0.10 solid solution. All powders fabrications were prepared by
the solid state combustion method. The characterizations of these powders were
observed using XRD, and SEM. The ceramics were characterized to find out their
properties such as physical properties, phase formation, microsiructure and electrical

properties. The details are presented in the following sections.

Preparation of (1-x)BNKLLT-xNKLNST ceramies

(I—x)BNKLLT-xNKLNST lead-free piczoclectric ceramics with an x
concentration between 0 and 0.10 were synthesized using the solid state combustion
method [19-23] and the fuel used was glycine (>98.5%, Ajax, NZ). In this process,
highly pure reagents weie used as raw materials: BizO3 (>99%, Qrée, NZ), NaNOQj3
(>99%, Ajax, NZ), KHCO; (>99%, Ajax, NZ), Li2CO3 (>99%, Merck, DE), TiO;
(>99%, Ajax, NZ), LaxO3 (>99%, Aldrich, CN), NbaOs (>99%, Ajax, NZ), Sba03
(>99% Ajax, NZ) and Ta:Os (>99%, Cerao, US). All raw materials were weighed
using the following stoichiometric ratio, Bigps(NaossKo22Lio 1)osTiOs+0.1wt% of
La;O3 (BNKLLT) [4] and (Ko44Nao s2Lio.04)(NbosaTao.108b0.0s)O3 (KNLNTS) [24].
They were then ball milled in ethanol for 24 h and then dried on a hot-plate at 80°C.
The dried BNKLLT and KNLNTS powders were mixed with glycine in a ratio of
1:0.56, and then the mixed powders were calcined at 750°C and 650°C for 2 h,
respectively [4, 24). Afterwards, the calcined powders of BNKLLT and KNLNTS
were mixed with different compositions and were again ball milled with 3 wt%
aqueous PVA in ethanol for 24 h. After that, the mixed calcined powders were pressed
into pellet discs with ~1.5 cm diameter and ~1.2-1.5 mm thickness. The green pellets

were sintered at 1100°C for all compositions using a dwell time of 2 h [4] in air with a

‘heating rate of 5°C/min and allowed to cool down naturally. The sintered samples
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were coated with silver paste (Heraeus, D11402) on both sides and were annealed at
500°C for 30 min in order to characterize their electrical properties. For piezoelectric
testing, the samples were poled in a silicon oil bath under a 4 kV/mm dc field at 70°C
for 30 min. The electric field was then decreased to zero kV/mm and the samples were

cooled down to room temperature.

Sample Characterization

The following section addresses the main characterization techniques used to
investigate the phase formation, morphology, particle size, microstructure, physical
properties and dielectric property of the samples in this study. They are described
below.

X-ray diffraction (XRD) Technique

The X-ray diffraction (XRD) was used to identify the optimum firing
temperatures, for phase identification, quantitative analysis of the mixtures of phases,
and also to determine the crystal structure of the samples at room temperature, in both
powder and ceramic forms. The X-ray diffractometer (Philips model X’Pert Pro) with
Cu Ka radiation at 20 kV was employed as shown in Figure 21. Hach sample was
scanned for a 20 range from 10°-60°. Lattice parameters of sample were determined
from X-ray powder diffraction database from ICDD. The ecrystallite size of the
calcined powder and ceramics grain size were also determined using the XRD line

broadening as derived by Scherer equation [53];

kA
Bcry.im.'n'ﬂe.'r =
Lcos@

(3)
Where B is a broadening of the diffraction line measured at half its maximum

intensity, L is the average crystallite size and k is a constant

The relative amounts of the perovskite and pyrochlore phases were calculated
from the intensities of major X-ray reflections of the pyrochlore phase as perovskite

phase using the equation proposed by Swart and Shrout [54];
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I
% Perovskite = perovste %100 (6)

peravskite + pyrachlor

Where Iperovskite refers to the intensity of the peak of the perovskite phase and

Ipyrochiore refers to the intensity of the highest peak of pyrochlore phase.

Figure 21 X-ray diffractometer [66]

Scanning electron microscopy (SEM)

Microstructural characterization of sample surface using scanning electron
microscopy (SEM) (Figure 22) was performed to determine the grain size and the
presence of porosity. Average grain size of the sintered ceramics were estimated by
using a linear intercepting method, where random linear lines (L) were drawn on each
SEM micrograph and the number of the intercepts which the grain boundary makes
with the line (N). The average grain size (D) was determined from measurements
along random lines using the equation [67];

_p=t

- S ¢) .
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Figure 22 Scanning electron microscopy {66]

Transmission clectron microscopy (TEM)

Transmission electron microscopy (TEM) (Figure 23) was employed to
investigate the morphology of the powders. Samples for TEM were prepared by
grinding, dispersing them in isopropyl alcohol and then depositing the sample by

pipette onto 3 mm holey copper grids for observation by TEM (FEI, Technai G2).
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Figure 23 Transmission elecfron microscopy [66]

Densification analysis

The method of measuring the density of a piece of ceramics material usually
described in standards is based on the Archimedes principle. This principle stated the
weight of an object in a fluid equals it’s by weight minus the buoyant force
(or the weight of the fluid displaced). However, it is usual to measure open porosity
levels at the same time by ensuring that during immersion liquid can penetrate all parts
of the specimen through the open porosity. Typical procedures are;

1. Dry specimen(s) in air at 110 °C, store in a desiccator, weigh when cold
(mass Wy

2. Boil in distilled water for a period, typically 3 hours and leave it for 1
night

3. Weigh immersed in water (#2) and then weight during immersion liquid
can penetrate all patts of the specimen through the open porosity (W53).

4. Calculate follow this equation:

wp.
po= e ®
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where, p, is the density of water at room temperature (g/cm®) and is

the density of sample at room temperature (g/em’); however the density of water is

slightly temperature depefldent

p,, =10017-0.0002315T )]

Moreover, the fired shrinkage of all sintered ceramics were measured from
the percentage diameter change with respect to the original diameter (1) before

sintering;

Shrinkage(%) = ("l;lﬂ)xl 00 (10)

0

where /1 is diameter of pellet before sintering (mm),

Iy is diameter of pellet after sintering (mm)

Dielectric measurement

The dielectric properties of the sintered ceramics were studied as functions of
both temperature and frequency with an automated dielectric measurement system.
The measurement system which measured the dielectric properties consisted of a LCR
meter (Agilent 4263B). The dielectric properties were determined over a temperature
range from room temperature to 200 °C with different frequencies (3 frequency of 1
kHz, 10 kHz and 100 kHz). ‘the dielectric constant (e;) was calculated with the

following equation,

Cd an
£, =——
T g4
where €o is the permittivity of free space,

C is the capacitance,

D is the thickness of the sample,

~ Als the area of the sample.
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P-E measurement

P-E measurement was made using high voltage amplifier (Trek), precision
High Voltage Interface (HVI, Radiant Technologies), precision LC (Radiant
Technologies) and computerized control and data acquisition. The sample is placed in
a High Voltage Test Fixture chamber (HVTF) chamber in bottom half of the fixture.
A copper clectrode fixed in the bottom of the chamber contacts the electrode on
the bottom of the sample. The bottom chamber is sealed so it may be filled with
insulating oil to protect the sample from the arcing that may occur in open air,
The system is an automated device intended for measuring the polarization of
materials induced by a single triangle wave. It can prevent the excess voltage and
current during a sample breakdown from exceeding the current canceling capability of
the virtual ground circuitry on the tester input. During the measurement, an electric
field of 30 kV/cm based on the coercive field was applied to a sample which immersed

in a silicone oil to prevent the breakdown of the sample.

Piezoelectric properties measurement

The optimum poling conditions were determined by poling the KNLNTS
ceramics with applying DC field of 3 kV/mm in a stirred oil bath at 80°C for a time
period 30 minutes. The piezoelectric constant (d33) was measured using a quasi-static
piezoelectric d33 meter. The piezoelectric constant {d33) measurements were made
directly after poling and after 24 hours. Measurements were conducted at a drive

frequency of 100 Hz.




CHAPTER 1V

FABRICATION OF NEW LEAD-FREE (1-x)BNKLLT-xNKLNST
CERAMICCS BY THE SOLID STATE COMBUSTION
TECHNIQUE

X-ray diffraction patterns of (1-x)BNKLLT-xNKLNST ceramics at various
compositions (x = 0, 0.02, 0.04, 0.06, 0.08 and 0.10) are represented in the Figure 24
(a). A structure of pure perovskite phase, without any detectable second phase, was
observed. This indicates that the NKLNST was completely disiributed into the
BNKLLT laitice and a new homogenous solid solution was produced. In order to get
insight into the phase formation of the effect of x content on structural (1-x)BNKLLT-
XNKLNST ceramics, the expanded XRD patterns with 26 around 40° and 46° are
presented in Figure 24 (b) and (c¢). For the rhombohedral phase, the characterization
exhibited the dual (003)/(021)r peaks at 20 around 40° and a single (202)r peak at 20
around 46° [4, 16]. The consideration for the tetragonal phase, it exhibited a single
peak of (111)r and dual peaks of (002)/(200)r at 26 around 40° and 46°, respectively
[4, 16]. At the concentration of x = 0, a vague splitting of (003)/(021)r dual peaks
(Figure 24 (b) I} was observed in the peak positioned at 40° and none symmetry of a
single (202)r peak was observed at the peak positioned at 46° (Figure 24 (c) I) which
assumed the coexistence between rhombohedral and tetragonal phases. This result was
similar with BNKLLT ceramics synthesized by the combustion technique [4]. When
the x concentration was increased from 0.02 to 0.06, the original doublet (003)/(021)r

peaks position merged into a single peak of (111)r (Figure 24 (b) II-IV) while a skew

- left of (202)r peakcontinuously split-into-the dual (002)/(200)t peaks (Figure 24 (c)
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[I-1V), which assumed the tetragonality in these ceramics increased, When the x
concentration was higher than 0.06, the peak position of (111) at 40° exhibited more
symmetry (Figure 24 (b) V, VI) while the dual (002)/(200)r peaks at 46° began to fuse
into single (200)c peak (Figure 24 (c) V, VI) which indicated that phase formation

change to pseudo cubic phase.
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Figure 24. XRD patterns of the (1-x)BNKLLT-xNKLNST ceramics as a function of x

concentration in 28 range of (a) 10-60°, (b) 38.5-41.5° and (c) 44.5-48°.

Typical SEM morphology images of the polished and thermally etched
sutfaces of the (1-x)BNKLLT-xNKLNST ceramics with various X concentration are
shown in Figure 25 (a)-(f). A polyhedral shape of the grain morphology was observed
in all samples (Figure 25 (a)-()). At 0<x<0.02 content, the border of polyhedral grain
shape showed rounded corners (Figure 25 (a)-(b)). When x concentration increase of
0.04, the sharpness of the corners and grain boundaries were observed from the

morphology images as shown in Figure 25 (c). When the x concentration was between

~0.06 and 0.10, the rounded corners appeared at the boundary of the polyhedral grains —
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(Figure 25 (d)-(f)). Moreover, the grain size distribution of (1-x)BNKLLT-xNKILNST
’ ceramics was narrower with increasing x concentration from 0 to 0.04 (Figure 25 (a)-
(c)) and then exhibited a wider distribution with higher x concentration (Figure 25 (d)-
(). The average grain size of (1-x)BNKLLT-xNKLNST samples with various x
content was in the same range of 1.36-1.52 pm as listed Table 6. The density of the (1-
X)BNKLLT-xNKLNST ceramics as a function of x concentration is reported in Table
6. The measured density value of these samples was about 5.59 to 5.78 g/cm? (Table
6). The relative theoretical density increased from 96.7 to 97.2% when the NKLNST
concentration was increased up to (.04 and then decreased in values as listed in Table
6. The density result of the (1-x)BNKLLT-xNKILNST samples corresponded with the

microstructure result.

Figure 25 SEM surface microstructure of (1-x)BNKLLT-xNKNLST ceramics with
different x concentration; (a) x = 0, (b) x = 0.02, (¢) x = 0.04, (d) x = 0.06, (e) x = 0.08
and (f) x = 0.10.
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The plotted temperature dependence of the relative permittivity as a function of
unpoled and poled (1-x)BNKLLT-xKNLNST ceramic at x concentration of 0.04
measured between 1 and 100 kHz is shown in Fig 3. For the unpoled sample (Figure
26(a)), the dielectric anomaly (g) consisted of two broad dielectric curves, the first
curve of a frequency dispersion occurring at a lower temperature (It will be assigned
by a subscript “FA”) and the second curve occuring at higher temperature (It will be
assigned by a subscript “SA™). The curve of dielectric Joss showed a broad peak shape
at a lower temperature (tan 8pa) and strong frequency dispersion. The temperature for
tan 6ra was less than that in the dielectric constant (era). At higher temperatures, the
dielectric loss peak (tan 0sa) presented a frequency dispersion and the magnitude of
the peak value decreased with increasing frequency. These results were similar with
the dielectric results of BNT- 6moi% BT, BNT-BKT modified with BZT and
BNKLLT-4 wi% BCTZ in previous works, which were reported by C. Kornphom et al
[5], W. Jo et al {26], and R. Dittmer et al [27], respectively. They indicated that the
changing of diclectric curve be related with a thermal evolution of relaxation time
distribution or correlation length distribution of the polar nanoregions (PNRs), which
has nothing to do with any measurable phase transition [5, 26, 27]. The poled
dielectric constant and loss of (1-x)BNKLLT-xNKLNST ceramics are presented in
Figure 26(b). A discontinuous change in dielectric constant and loss was observed at
~110 °C, which corresponded to the temperature where the electric field induced

ferroelectric order transform back to relaxer [26, 27].

The temperature dependence of the relative permittivity at 1 kHz of the (1-

x)BNKLLT-xNKLNST ceramics as a function of x concentration between 0 and 0.10

is presented in Figure 27. It was observed that the dielectric response demonstrated
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two anomaly peaks of era and esa near 123-134°C (Tra) and 323-338°C (Tsa),
respectively. In samples with x concentration between 0-0.06, both Tra and Tsa shift
to a lower temperature with increasing x concentration (Table 6). It is generally
-accepted that the dielectric constant is related to domain alignment and structure. The
reduction of Tra and Tsa could be a consequence of ferroelectric order destabilization
and the formation of a non-polar (NP) phase induced by the NKLNST addition [15,
16]. Morcover, an increment in the NKLNST concentration (x> 0.08) broadened the
dielectric anomalies at Tra and Tsa, which was similar to that proposed for the BNT-
KNN ceramics [15]. The values of the dielectric constant at room temperature (g) and
maximum dielectric constant (ssa) of these samples were observed to decrease
significantly (Table 6), this was similar to previous work of (1-x)BNT-xNKLNST
ceramics [16]. The reduced &, and esa was caused by the NKLNST introducing more
ions into A and B-sites of BNKLLT perovskite structure leading to cation disorder and
diffuseness [15, 16]. The dielectric loss (tand) at room temperature (T;) and at Tsa of

(1-x)BNKLLT-xNKILNST are listed in Table 6.
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Figure 28. P-E loops of (1-x)BNKLLT—xNKLNST ceramics at different x content,
measured at 30 kV/cm and room temperature.

Figure 28 shows the polarization hystetesis of (1-x)BNKLLT-xNKLNST
ceramics with a distinct x content, the measurement was taken under an electric field
of 30 kV/ecm. From the image it can be seen that all samples exhibited unsaturated
hysteresis loop, which was similar to results found in previous research [15, 16]. The
measurements showed a large remnant polarization (P;) and large coercive field (E¢) of
the pure BNKLLT ceramic 35.8 pC/ecm? and 22.42 kV/cm, respectively (Table 6). The
slender P-E loops were observed and the Pr and E; were greatly reduced when x
content increased > 0.02 (Table 6). This result indicates that the concentration of
NKLNST compound inhibits a field-induced FE order and is similar with the previous
observation in the BNT-KNN system [15]. Apparently, the increase of NKLNST

content >0.06, both Pr and Ec steeply decreased and showed the thin loops, indicating
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that the concentration of NKLNST compound disrupted the long-range ferroelectric
(FE) order of the BNKLLT ceramics [15, 16].

The piezoelectric properties (d3z) at room temperature of (1-x)BNKLLT-
xNKLNST system with different x content is listed in Table 6. The ds; values
increased from 210 pC/N to 266 pC/N when x content increased from 0 to 0.04. Then,
the ds;3 values reduced in turn with a further increase of NKLNST contents >(.04. The
X concentration of 0.04 achieved a maximal daz value of 266 pC/N. This was much
higher than both the BNKLLT ceramic and the binary system of BNT-NKLNST, for
example, when BNKLLT was produced from the solid state reaction method and solid
state combustion technique, d33 was about ~192 and ~210 pC/N [4, 28]. The das value
was about ~158 pC/N for binary BNT-NKLNST ceramics [16]. It is well known that a
high piezoelectric constant (¢33) can be obtained from a coexistence phase because the
direction of polarization is easily rotated by external stress or the electric field
resulting from the instability of the polarization state [S, 15, 16]. Thus, a (1-
X)BNKLLT-xNKLNST ceramics with x concentration of 0.04 is assumed to have a
morphotropic phase boundary (MPB) due to the crystal structure presenting
coexistence phases between the rhombohedral and tetragonal phase. This gives the
ceramic a large piezoelectric coefficient. Optimum amount of NKLNST was
introduced in BNKLLT ceramics, which is one of the important factors in modifying

the piezoelectric properties of the lead-free ceramics.
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CONCLUSION

In summary, a new binary (1-x)BNKLLT-xNKLNST lead free piezoelectric
ceramics was synthesized by the solid solution combustion technique using glycine as
a fuel, the x content strongly affects the phase formation and electrical response of
these ceramics. The phase structure showed R+T coexist-phase of BNKLLT sample.
By increment of x content > 0.02, (he phase structure of these ceramics exhibited
higher tetragonality. When x was increased beyond 0.04, the phase structure started to
transform into a pseudo-cubic phase. The reduction of Tea Tsa and the weak
ferroelectric behavior of these ceramics with an increase of the X contents was
observed. The resulting (1-x)BNKLLT-xNKILNST ceramics exhibited large
piezoelectric coefficient of ¢33 up to 266 pC/N and near the rhombohedral-tetragonal
MPB at x = 0.04. These results indicate that the (1-x)BNKLLT-xNKLNST ceramic is
a promising candidate material for lead-free piezoelectric ceramics and a new way to

modify piezoelectric behavior of BNT lead-free materials.
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