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ABSTRACT

Lead-zirconate-titanate (PZT) has been overwhelmingly studied and it has dominated the
last 50 years in piezoelectric applications. Although PZT has excellent piezoelectric properties
and it has nearly completed its optimization from the industrial viewpoint, PZT and lead-based
piezoelectric materials are no longer welcome in piezoelectric applications. The problem revealed
when the environmental concerns rose in the last 15 years. Lead (Pb) is a known toxic material
for human health and the environment. This fact was also stated by restriction of hazardous
substances (RoHS) recently in 2006 by the European Union (EU) and alternative lead-free
piezoelectric materials have became important. As a result, lead-free piezoelectric materials have
been extensively studied in the past decade. However, high power characteristics of the lead-free
materials under equilibrium conditions have not been looked into in the literature. This thesis
enlightens high power characteristics of a sodium-potassium-niobate (NKN) based ceramic and
its application as a candidate material for piezoelectric transformers by comparing to PZT.
(Na0.5K0.5)(Nb0.97Sb0.03)O3 was prepared with 1.5% mol CuO addition. Disk-shaped and
rectangular plate samples were sintered with conventional sintering methods. High power
characteristics were investigated with our high power piezoelectric characterization system
(HiPoCS). Distinctly different from PZTs, the disk-shaped NKN ceramics did not exhibit a
decrease in mechanical quality factor (Qm) with increasing vibration velocity (up to 0.4 m/s). The
rectangular plate NKN ceramics showed a different trend in mechanical quality factor (Qm). In
these ceramics, Qm decreased with increasing vibration velocity. This behavior is superior to the
one in PZTs because the maximum vibration velocity (vrms measured with 20°C increase of the
temperature on the nodal point) obtained in the NKN ceramics was 0.8 m/s. Ring-dot
piezoelectric transformers made from disk-shaped NKN ceramics, revealed power density as high
as 25 W/cm3 at the matching impedance point, comparable to that obtained for the conventional
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PZT transformers. In conclusion, the NKN ceramics possess better high power characteristics
compared to PZT, which qualify it to be an alternative lead-free piezoelectric material for
piezoelectric transformers.
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Chapter 1
INTRODUCTION

1.1 Lead-free Piezoelectric Materials’ Trend
Although PZT’s possess excellent piezoelectric properties and have been used for many
applications, their future usage is to be regulated due to the lead in their composition. As stated
by RoHS, which was adopted by the EU community in 2006, lead is one of the materials, which
have been deemed toxic for the environment and human health.1 This statement raises the issue of
safe disposability and recyclability of lead-based piezoelectric materials. Alternative piezoelectric
materials, non-lead bearing, to replace PZT’s are to be developed to fill in the void that will
present itself, once the regulation takes also effect for piezoelectric components. As a result, the
amount of research on lead-free piezoelectric materials has increased rapidly in the last 10 years
(Fig. 1.1.1). 2 In the past, there had been investigations on lead-free systems, especially on alkaliniobium-based lead-free systems. 3,4,5,6 These studies were subjected from a different aspect. They
were systems investigated parallel to PZT due to their high Curie temperature (TC) without any
environmental and human health concerns. The lead-free piezoelectric ceramics were not as
satisfactory as the lead-based piezoelectric ceramics.7 Therefore, they were left behind until the
RoHS was in effect and promising results were reported by Saito et al.8 These situations for leadfree systems, made a huge impact on the number of related studies. The lead-free systems
currently evaluated can be grouped into five main categories, considering both the structure and
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the materials: bismuth-layer (Bi-layer), 9,10 bismuth-perovskite (Bi-perovskite), 11,12 bariumtitanate (BT), tungsten-bronze, 13,14 and alkaline niobates (e.g. NKN *). 15,16

Figure 1.1.1: Lead-free piezoelectric system publications in the last 10 years.2
In the following sections; first, the traditional piezoelectric materials including lead-free
quartz and BaTiO3 and lead-based PZT will be introduced. After these, the lead-free piezoelectric
materials will be presented. In conclusion an overall comparison will be made between the leadbased (e.g. PZT) and lead-free piezoelectric materials.

1.1.1 Traditional piezoelectric materials
The journey has begun with the discovery of piezoelectricity in quartz (SiO2) crystals by
Jacques and Pierre Curie in 1880. Quartz is the non-polar piezoelectric material. Naturally, it does
not have a finite polarization through the crystal. The piezoelectricity of quartz comes from its
trigonal symmetry and tetrahedral (SiO44-) atomic coordination.17 Applied stress in some certain
directions (e.g. a-axis) creates a distortion in the tetrahedral structure. Due to the distortion, the

*

this thesis.

In literature both NKN and KNN abbreviations exist for the (Na,K)NbO3 system but NKN is preferred for
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total polarity in the structure is no longer zero just like materials with a similar coordination
structure as ZnO and ZnS. 18 Rochelle salt (KNaC4H4O64H2O) 19 and potassium dihydrogen
phosphate (KDP: KH2PO4), were the first discovered ferroelectric materials.
Barium-titanate (BaTiO3) was developed in the early 1940’s. 20 BaTiO3 has a perovskite
ABO3 structure, which is a very common structure amongst the materials that exhibit
ferroelectricity. When the temperature drops, BaTiO3 undergoes several phase transitions. At
temperatures above the Curie temperature (TC=130°C), BaTiO3 is cubic. When the temperature
drops to TC, cubic-teragonal phase change occurs. Between 130°C and 5°C, it remains in
tetragonal phase with a spontaneous polarization (PS) along +c direction. Between 5°C and -90°C
the structure is orthorhombic and PS is along the face diagonal. At temperatures below -90°C, the
structure is stable in a rhombohedral phase and PS is along the body diagonal.
Towards the early 1950’s, the world of piezoelectrics met with lead-zirconate-titanate
(PZT) system, which dominated the next sixty years. PZT system represents the solid solutions
between PbZrO3 and PbTiO3 (Fig. 1.1.2). PC, FR, FT and AO represent the stable paraelectriccubic, ferroelectric-rhombohedral, ferroelectric-tetragonal and antiferroelectric-orthorhombic
phases, respectively. Even though the exact composition and width of the morphotropic phase
boundary (MPB) have been subjected to many studies 21,22 one can assume that it is around
x=48%. 23 This is where the adjacent FR and FT phases have the same Gibbs free energy and they
coexist. 24 Rhombohedral phase has eight and tetragonal phase has six easy polarization
directions. 25 Around the MPB, since both rhombohedral and tetragonal phases coexist, it is easier
for the system’s polarization vectors to be aligned by the applied electric field. Therefore, this
composition region has higher piezoelectric response. 26
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Figure 1.1.2: Phase diagram of the Pb(Zr1-xTix)O3 solid solution system. 27
It is possible to configure PZT for each specific application by doping. When there is an
acceptor doping with ions such as Fe3+, oxygen vacancies are favored in the structure. Since it is
easy for oxygen vacancies to migrate to different oxygen ion positions in the structure, domain
wall motion is suppressed. 28 This mechanism creates “hard” PZT’s greater coercive field (EC) and
mechanical quality factor (Qm). Pb ion vacancy is favored when high valence-donor doping with
ions such as Nb5+ is introduced to the structure. Since, it is hard for Pb ions to migrate to other Asite vacancies, the mobility of domain walls increase. 29 So dubbed “soft” PZT characteristics are
created with decreased coercive field (EC) and mechanical quality factor (Qm). Therefore, hard
PZT’s are commonly used for resonance applications such as transformers and ultrasonic motors
and soft PZT’s are commonly used for off-resonance sensor and transducer applications. It is
possible to enhance both soft and hard characteristics at the same time with complex doping, e.g.
with rare earth materials where A-site and/or B-site is occupied. 30 Different compositions have
been introduced by various doping materials and synthesizing techniques. So far, PZT system is
the common piezoelectric ceramic system used as a lead based piezoelectric ceramic.31,32,33,34,35
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1.1.2 Lead-free piezoelectric materials
In this section current lead-free piezoelectric systems will be summarized as follows:
bismuth-layer (Bi-layer), bismuth-perovskite (Bi-perovskite) and alkaline-niobate (e.g. NKN).
Bi-layer structures can be described as (Am−1BmO3m+1) layers, which consist of (m-1)
perovskite-like layers, sandwiched between B2O2 layers. The well-known example would be the
bismuth-titanate (BIT), where m=3, and its related systems with various simple and complex
doping materials. (Bi4Ti3-xMexO12):(BITM), (Na0.5Bi0.5)1-xCaxBi4Ti4O15:(NCBT) and SrBi2Nb2xVxO9:(SBN)

can be counted as examples for BIT related systems. 36 Bi-layer structures generally

have low dielectric constant (ε) and high Curie temperature (TC ≥ 600°C). Therefore, they are
perfect for high temperature applications. They possess large anisotropy in electrical properties
(e.g. electromechanical coupling) due to their layered nature. One can also point out that the
electrical properties are directly related to the degree of the orientation.37 The anisotropy in the
Bi-layer structures can be enhanced with hot working and control of the particle shape of the raw
materials.36 Moreover, recent studies show that Bi-layer structures can also be used for high-Qm
(=9000) at high temperatures (TC=700-900°C) and high frequency (MHz) applications. 38
Materials that have perovskite structure can be re-grouped into well-known systems such as
BaTiO3 (BT), Bi-perovskite: (BixMe1-x)TiO3 (BMeT) e.g. Me=K, Na and MeNbO3 (MeN) e.g.
Me=K, Na. BT was the first synthesized ferroelectric material with its perovskite structure,
superior electrical properties and producibility compared to the existing ferroelectric materials at
that time. BT has low TC (around 130°C) and ultra-high dielectric constant (close to 10,000 at
TC). Therefore, the main limitation for BT is the low TC for the piezoelectric applications. (BixN1x)TiO3:(BNT)

and (BixK1-x)TiO3:(BKT), which are the most studied Bi-perovskite systems, have

morphotropic phase boundary (MPB) in their solid solution compositions. 39 The MPB occurrence
gives the system enhanced piezoelectric properties around the MPB just like PZT. Moreover, the
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solid solutions between BT, BNT and BKT give a ternary solid solution (Fig. 1.1.3 (a)) with a
MPB (Fig. 1.1.3 (b)). 40 These solid solutions provide stable phases at higher temperatures with
the combination of better dielectric and piezoelectric properties. The dielectric and piezoelectric
properties strongly depend on the composition.41 Despite their high coercive field, BNT-BT-BKT
compositions around MPB show soft-like behavior with lower mechanical quality factor when
compared to hard PZT. 42 Again, similar to PZT, it is possible to enhance the piezoelectric
properties by introducing dopants to the structure. The piezoelectric properties that were obtained
with Mn doped ternary BT-BNT-BKT compositions around the MPB in recent studies are close
to PZT ([Qm=700, k33=0.50] 43 and [tanδ=0.007 kt=0.41] 44).

(a)

(b)

Figure 1.1.3: (a) The ternary solid solutions between BT, BKT and BNT and (b) the solid
solutions around MPB.40
Alkaline-niobates are the other perovskite structures. Especially the solid solutions
between KNbO3 (KN) and NaNbO3 (NN) are the most investigated lead-free systems in the leadfree piezoelectric materials with their high TC (=420°C).2 The solid solutions between KN and
NN, namely (NaxK1-x)NbO3 system, are mostly ferroelectric below TC (Fig. 1.1.4).27 Below TC,
there is a polymorphic phase transition around 200°C, where tetragonal high temperature phase
becomes orthorhombic. Therefore, orthorhombic structure is stable at room temperature.
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Figure 1.1.4: Phase diagram of the KNbO3-NaNbO3 (NKN) system.27
Depending on the composition, the low temperature structure is either rhombohedral with
high potassium rate or monoclicnic with high sodium rate. NKN’s phase diagram is much more
complicated with multiple MPB’s 45,46 when compared to PZT. Similar to PZT, NKN possesses an
enhancement of piezoelectric properties around the MPB compositions. Accordingly, the most
studied composition is (Na0.5K0.5)NbO3, which is around the MPB at 52.5% NaNbO3.
There has been a densification problem during the synthesis process of NKN with the
traditional air sintering methods.47,48 However, this problem seems to be overcome by:
- controlling of the ambient atmosphere conditions or using alternative aided sintering techniques
such as hot-press (HP)4 or spark-plasma sintering (SPS). 49
- controlling powder handling, calcination and sintering processes.41
- using compositional sintering aids such as CuO15 or MnO. 50

8
NKN has typically high coercive field and high TC. Similar to PZT and other lead-free
materials, the piezoelectric properties of NKN can be enhanced by compositional arrangement
and using texturing techniques. The composition modifications to NKN can help solving
sinterability problems as well as enhancing the piezoelectric properties.15 Likewise, the use of
ternary/quaternary systems as in other lead-free systems is also helpful to obtain piezoelectric
properties comparable to PZT. Especially with the use of special texturing techniques and
complex NKN solid solution compositions, it is possible to obtain piezoelectric properties (d33=
400p C/N) comparable to PZT as recently obtained by Saito et al.8 The intriguing result has put
NKN system ahead of the present lead-free systems as an alternative to PZT.

1.1.3 PZT vs lead-free piezoeletric materials

In conclusion, the lead-free piezoelectric materials are getting closer to PZT and leadbased piezoelectric materials’ piezoelectric properties. One can be easily mislead by this progress.
Mislead is due to the fact that the progress is for each lead-free material system and for their each
specific applications. Amongst the lead-free systems, the ones that have the perovskite structure
fit more to high power and actuator applications and systems that have Bi-layer structure fit more
to ceramic filter and resonator applications. 51 So, when the application is chosen, some materials
with specific structures are already eliminated due to their limitations (e.g. high power and Bilayer (low k and ε3T/ ε0)). In this case, structure is the key point. Moreover, the working
conditions are also important (e.g. temperature). This time Curie temperature (TC) is the key point
(e.g. high temperatures and BT (low TC)). To summarize, each application and working
conditions limits itself from the materials viewpoint. For example, high power applications and to
be specific, high power piezoelectric transformers, have to have high mechanical quality factor
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(Qm), electromechanical coupling coefficient (especially, kp), which are the two main figure of
merits.52 Moreover, piezoelectric coefficient (d) is another figure of merit for the resonance
applications, which piezoelectric transformers use. 52 Higher dielectric constant also improves the
high

power

characteristics

of

the

piezoelectric

materials.52

In

Table

1.1.1

piezoelectric properties of the lead-free materials and lead-based (PZT) is compared. The recent
data shows that the most suitable lead-free material for the high power piezoelectric transformers
is the NKN system. This table also shows that why this study is concentrated on sodiumpotassium-niobate (NKN). The candidate NKN lead-free system has the highest mechanical Qm
and kp, compared to other lead-free systems. These values are also very close to the commercially
available hard-PZT (APC-841). Therefore, this material is a good candidate for high power
piezoelectric applications. Other properties of the NKN are moderate comparing to other leadfree systems. However, properties of NKN can be further enhanced for better high power
characteristics by composition arrangements.

Hard-PZT: APC-841

(NKN)15

Alkaline-niobate: (Na0.5K0.5)(Nb0.97Sb0.03)O3+CuO

Tungsten-bronze (TB): Sr1-xBaxNb2O6
(SBN)13

(Bi0.5K0.5)TiO3 (BNT-BT-BKT)40

Bi-perovskite: a (Bi0.5Na0.5)TiO3-b BaTiO3-c

(BTN)- (BBN)38

Bi-layer: (1-x) Bi3TiNbO9 x BaBi2Nb2O9

(BT)40

Barium-titanate: BaTiO3

1400

1333

-

84

9000

-

Qm

59

41

21

33

19 (kt)

35

kp (%)

290

111

130

191

-

191

d33

1250

324

880

1141

172

1420

ε3T/ ε0

Table 1.1.1: Comparison of piezoelectric properties of the lead-free systems to the hard-PZT (APC-841)

325

340

250

301

800-900

135

Tc (°C)

10

11

1.2 Background

1.2.1 Piezoelectricity
In dielectric materials, the constituent atoms are charged (ionized) in a certain orientation
and magnitude. When an electric field is applied to the material; due to the nature of electrostatic
interactions, anions and cations are attracted to different directions, to the anode and the cathode
respectively. This attraction generates electric dipoles throughout the material and leads the
structure to create an electrical polarization. Capacitors with dielectric materials can accumulate
more electric charge due to their dielectric polarization; P. Physically, the total accumulated
electric charge per unit area is called the dielectric displacement; D and it is related by the
following expression:

D = ε 0 E + P = εε 0 E

(1.1)

where ε0 is the permittivity in vacuum (ε0=8.854 x 10-12 F/m) and ε is the material’s specific
relative permittivity.
Some materials have a specific class of symmetry. Even without an external electric field
application, ions in the crystal can be located to create a natural polarization, which is referred to
the spontaneous polarization, PS below a specific temperature. This specific temperature is called
the Curie temperature (TC). It should be noted that some polar materials change phase or
dissociate before depoling and they do not possess a TC (e.g. tourmaline). When the spontaneous
polarization can be reoriented by an electric field in the dielectric material, it is called a
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ferroelectric. There are some ferroelectric materials that also do not have a TC (e.g. guanidium
aluminum sulfate hexahydrate (GASH)).

Figure 1.2.1: Relationship between materials that possess piezoelectricity, pyroelectricity and
ferroelectricity.
There are seven crystal systems based on the degree of symmetry: triclinic, monoclinic,
orthorhombic, tetragonal, trigonal (rhombohedral), hexagonal and cubic. These basic seven
crystal systems create 32 point groups as subdivisions based on their crystallographic symmetry.17
From these 32 point groups; 11 are centrosymmetric, which possess a center of symmetry and 21
are non-centrosymmetric that do not possess a center of symmetry. 20 of non-centrosymmetric
point groups possess piezoelectricity, which is a result of positive and negative charge generation
on the surface due to the applied stress. 432-point group is non-centrosymmetric but the
symmetry elements do not allow the crystal to possess piezoelectricity.25 10 out of 20 noncentrosymmetric point groups are polarized under mechanical stress and other 10 point groups
have a spontaneous polarization. Spontaneously polarized 10 point groups possess both
piezoelectric and pyroelectric effects. The temperature dependence of the spontaneous
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polarization in the crystal creates pyroelectricity. For such crystals a temperature change creates
an electric charge on the surface of the crystals as a result of the change in the spontaneous
polarization. 10 subgroups of polar point groups possess also ferroelectric effect, which have a
reorientable spontaneous polarization.35 The relationship between materials that possess
piezoelectricity, pyroelectricity and ferroelectricity can be summarized as in the Fig. 1.2.1.
Barium-titanate (BaTiO3) with a perovskite (ABO3) structure would be a good example for
observing above-mentioned properties (Fig. 1.2.2).

(a)

(b)

Figure 1.2.2: (a) BaTiO3 perovskite structure above TC (=130°C) and (b) BaTiO3 tetragonal
structure at room temperature with slightly shifted Ba2+ (+c), Ti4+ (+c) and O2- (-c) ions leading to
ferroelectric phase with a reversible spontaneous polarization (distortions are exaggerated).
Applied stress will create a change in the crystal’s polarization by moving the positive
and the negative charges in the crystal thus generating electric charge on the crystal surface. This
direct coupling between the applied stress and the polarization is called the direct piezoelectric
effect (Pi= dijkXjk where P: polarization, d: piezoelectric constant, and X: stress). The piezoelectric
effect is reversible. There is also a direct coupling between the strain and the applied electric
field, which is called converse piezoelectric effect. This effect results from the applied electric
field to the crystal leading to strain throughout the crystal (xjk= dijkEi where x: strain, E: electric
field). 53 Since the piezoelectric materials behave differently than ordinary solids in response to
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applied stress and electric field, above mentioned equations can be generalized in the reduced
matrix notation as follows:
x i = sijE X j + d mi Em

(1.2)

X
Dm = d mi Xi + ε mk
ε 0 Ek

(1.3)

Here i,j= 1,2,…,6; m,k= 1,2,3 are the tensor subscripts. It should be noted that sE, d and
εX represent elastic compliance at constant electric field, piezoelectric constant and permittivity at
constant stress respectively.

1.2.2 Hysteresis and losses
Piezoelectric applications have become more and more important with the trend of
miniaturization. Therefore more research has been done to increase the efficiency and reliability
of the piezoelectric applications. The efficiency and reliability of piezoelectric materials are
directly related with their hysteresis or loss characteristics. This is a significant problem in precise
positioning under off-resonance working conditions for piezoelectric applications. Especially, in
resonance applications loss or hysteresis generates significant amount of heat in the piezoelectric
material. There are three types of losses; mechanical loss, dielectric loss and piezoelectric loss.
Ikeda explained the basic loss mechanisms in piezoelectric ceramics by neglecting the
piezoelectric loss.54 In general formulations for piezoelectricity e.g. (1.2) and (1.3), the losses
cannot be included because of the reversible nature of thermodynamic laws. Loss mechanisms
were further explained by introduction of complex physical parameters. 55,56 Recent research by
Uchino and Hirose created a comprehensive explanation of the intensive and extensive loss
mechanisms and calculation of the intensive and extensive loss parameters in piezoelectric
ceramics. 57 Formulations with time delay (phase lag) losses can be represented as follows:

s E * = s E (1− j tan φ ')

(1.4)
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ε X * = ε X (1− j tan δ ')

(1.5)

d* = ε X (1− j tan θ ')

(1.6)

Equations (1.4), (1.5) and (1.6) represent elastic (sE*), dielectric (εX*) and piezoelectric (d*)
losses, respectively. Here, Φ’ represents the phase lag of the strain when stress is applied under a
constant electric field, which is a short-circuit condition. δ’ is the phase lag of the dielectric
displacement when electric field is applied under a constant stress, which is zero stress. θ’ is the
phase lag of the strain or dielectric displacement when electric field or stress is applied
respectively. The phase lags, which were explained above, can be observed experimentally (Fig.
1.2.3). Fig. 1.2.3 shows the experimentally observed hysteresis curves for strain (x) – stress (X)
(short-circuit condition), dielectric displacement (D) – electric field (E) (stress-free condition),
strain (x) – electric field (E) (stress-free condition) and dielectric displacement (D) – stress (X)
(open-circuit condition). These phase lags are defined as intensive losses.

(a)

(b)

(c)

(d)

Figure 1.2.3: (a) x-X (short circuit), (b) D-E (stress-free), (c) x-E (stress-free) and (d) D-X (open
circuit)
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When there is no phase lag (δ=0), all stored electric energy is recovered after a full cycle with
100% efficiency. Since the hysteresis corresponds to loss, the area inside the hysteresis loop, we
(Fig. 1.2.3 (b)) corresponds to the energy loss per cycle per unit volume and can be represented as
(1.7). The lost energy is dissipated as heat in the dielectric material. This is also why tanδ is
named as the dissipation factor. The stored electric energy, Ue can be represented by (1.8). One
can apply the same concept to the stored and loss mechanical energy (Fig. 1.2.3 (a)) and represent
as (1.9) and (1.10), respectively.

w e = πε X ε 0 E02 tan δ '

(1.7)

1
U e = ε X ε 0 E02
2

(1.8)

1
U m = s E X02
2

(1.9)

w m = πs E X02 tan φ '

(1.10)

The electromechanical stored (Uem and Ume) and loss energy (wem and wme) under an applied
electric field and stress respectively can be represented as follows:
U em =

1 d2 2
E0
2 sE

w em = π

U me =

d2 2
E0 (2tan θ ' −tan φ ' )
sE

1 d2 2
X0
2 ε 0ε X

w me = π

d2 2
X0 (2tan θ '−tan δ ')
ε 0ε X

(1.11)
(1.12)
(1.13)
(1.14)

These relationships show that electromechanical losses are not only related to the
piezoelectric loss but also with the dielectric and mechanical loss. Moreover, all three intensive
losses can be calculated by observing above-mentioned curves under specific conditions.
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Piezoelectric materials undergo a mechanical resonance when an alternating electric field
is applied at a particular frequency causing a high strain in the material. At resonance conditions
due to the non-linear response of the elastic compliance at high vibration levels and the heat
generation, piezoelectric materials face a serious degradation in piezoelectric properties.
Furthermore, the mechanical vibration amplitude is amplified by the mechanical quality factor
(Qm). The mechanical quality factor is the ratio of the energy stored to the energy loss per cycle in
the resonating system. This concept points to an inversely proportional relation with the losses
and the mechanical quality factor. Therefore, the lower the losses are, the higher the mechanical
quality factor is. Mechanical quality factor can be determined easily from the experimentally
obtained admittance – frequency spectra (1.15). The particular (resonance) frequency is
represented with the term ω. Δω corresponds to the frequency at a bandwidth of 3dB obtained at
resonance admittance (f3dB bandwidth @ Ymax/√2). Therefore, one can also estimate the mechanical
quality factor from the sharpness of the spectra at resonance. The sharper the resonance is, the
greater the mechanical quality factor is. Moreover, the mechanical quality factor is inversely
proportional to the intensive elastic loss ( tan φ ' ).23

Qm =

ω
= (tan φ ') −1
2∆ω

(1.15)

This relationship comes from the motional admittance (Ym) (1.16). At ΔΩ=0 ( Ω = ωl /2v and
max
∆Ω = Ω − π /2(<< 1) ) Ym (1.16) reaches to its maximum value Ym (1.17) and Ym is at its half-

power point (Ymax/√2) when (4 / π )∆Ω = tan φ ' .
1+ j [(3/2) tan φ '−2tan θ ]
Ym = j(8 / π 2 )ω0Cd Γ31

 −(4 / π )∆Ω+ j tan φ ' 

(1.16)

Ymmax = (8 / π 2 )ω0Cd Γ31 (tan φ ') −1

(1.17)

Since Qm = Ω0 /2∆Ω at the half-power point, where Ω0=π/2, one can write the mechanical
quality factor is inversely proportional to the intensive mechanical loss ( tan φ ' );
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Qm =

( π /2)
= (tan φ ' ) −1
2( π / 4) tan φ '

(1.18)

1.2.3 Piezoelectric transformers
The trend of miniaturization in the electronic industry forces components of the devices
to shrink without sacrificing from their efficiencies. Due to this trend smaller and even higher
efficiency components are needed. This means the components must perform the same or more
with less energy consumption. A component that fails to catch up with this trend is the traditional
electromagnetic transformers. The reason is behind their structure (Fig. 1.2.4 (a)).
Electromagnetic transformers are made of copper coils, which make them bulky. Losses on the
coil increase due to the decreased wire diameter when the electromagnetic transformers get
smaller. This relation leads to a significant decrease in the efficiency once the size gets smaller.
On the other hand, transformer components manufactured from piezoelectric ceramics follow this
trend with ease. Piezoelectric components e.g. transformers (Fig. 1.2.4 (b)), in miniature scales,
show much higher power density compared to their electromagnetic counterparts. 58 While
electromagnetic transformers have an energy conversion between electric-magnetic-electric with
the use of coils, piezoelectric transformers use an energy conversion between electricmechanical-electric as a solid-state device. This difference gives piezoelectric transformers the
capability of converting electric directly to mechanical and directly to electric even in micro
scales without sacrificing from efficiency. Moreover, piezoelectric transformers are also more
advantageous due to some other aspects. They have broader frequency range of usage, they are
nonflammable, they have simpler fabrication and they do not create any electromagnetic noise.59
Rosen et al. introduced the first piezoelectric transformer (the Rosen-Type transformer) in 1958
(Fig. 1.2.4 (c)). 60
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(a)

(b)
Figure

1.2.4:

(a)

Electromagnetic

transformers (Mouser Electronics), (b)
piezoelectric transformers in various
sizes (Fuji & Co.) and (c) schematic of a
multilayer
(c)

Rosen-Type

piezoelectric

transformer.

About 40 years after Rosen’s invention, when the miniaturization became an important issue in
electronic industry, numerous piezoelectric transformers have been introduced with various
piezoelectric material compositions.61,62,63,64
Piezoelectric transformers can be summarized into two groups, voltage and current
transformers. The voltage transformer, Rosen-Type transformer as mentioned earlier, yields very
high voltage and low currents. This type of transformer is referred to the step-up piezoelectric
transformer and frequently used in laptops as backlight inverters (Fig. 1.2.5 (a)) for liquid crystal
displays (LCD’s). The latter group is referred to the current transformer, which produces high
currents and relatively low voltages and typically dubbed to the step-down transformer. Different
designs e.g. multilayer, single layer and shapes for step-down transformers including disk, ring
(Fig. 1.2.5 (b)), ring-dot and rectangular shapes are available for the piezoelectric transformers
depending on the needs of the application targeted. Depending on each design, vibration mode
used for the conversion varies too such as thickness, radial, longitudinal and contour modes. 65 So
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far, in piezoelectric transformer applications, high power densities as high as 40W/cm3 have been
reported. 66,67

(a)

(b)

Figure 1.2.5: (a) Step-up piezoelectric transformer for backlight inverter application65 and (b)
Step-down piezoelectric transformer for AC-DC adaptor application. 68

1.2.4 Electrical characterization
In

piezoelectric

studies, materials

characterization

is

followed

by

electrical

characterization. The basic electrical characterization means testing the piezoelectric materials at
low driving conditions such as low applied electric fields and low vibration amplitudes. These
testing techniques are preferred because they are quick and allow easy observation of desired
electrical properties of the material. As such, commercially available analyzers or meters e.g.
impedance analyzers, d33 and LCR meters are limited to low driving condition tests (low power).
However, in reality, piezoelectric devices face higher driving conditions (high power) at their
service conditions. Particularly, piezoelectric materials driven under resonance dissipate more and
undistributed heat compared to the ones driven under off-resonance. Furthermore, when high
driving conditions meet with resonance drive, substantial amount of heat is generated on the
nodal point in the materials due to the increased losses. Materials’ properties change when they
are driven under high power levels. For example when the material is under high driving levels

21
(e.g. vibration level (v)), hysteresis loss tends to increase and the mechanical quality factor (Qm)
degrades accompanied by the temperature increase (ΔT). 69 The temperature increase is
proportional to the driving level and above a certain level, temperature starts to increase
exponentially. 70 These relations lead the vibration amplitude to be the main figure of merit when
high power materials are studied. The less effected (less Qm degradation, less ΔT increase) by the
higher vibration amplitudes the material is, the better the high power performance will be.
Consequently, solely the low power characterization is not sufficient to examine the piezoelectric
materials’ properties because we cannot observe the change in the piezoelectric properties as in
the real working conditions. Therefore, a characterization method was needed to be developed in
order to examine the high power characteristics of the piezoelectric materials. One might come up
with an idea of just a simple characterization similar to low power characterization. This is not
ideal because when we deal with the increased power levels (e.g. increased electric field), the
piezoelectric materials tend to give less linear response to the applied electric field. The
relationship between the strain (x) and electric field (E) namely, piezoelectric coefficient (d)
deviates from its linear behavior.71 The problem is that during the frequency sweep there is a
jump phenomenon on current and strain around the resonance. This jump phenomenon is due to
the increased elastic non-linearity of piezoelectric material as the driving level (e.g. electric field)
increases. The jump phenomenon is directly related with the high order harmonics (2nd and 3rd
harmonics) and proportional to the current density (J: J2 and J3 for 2nd and 3rd harmonics
respectively). 72 This problem can be overcome by making measurements under constant vibration
velocity rather than constant voltage with an improved equivalent circuit by adopting the
equivalent constants for each vibration level. 73 This method also revealed the anti-resonance
region in the frequency spectra. Eventually, constant current was also used to avoid the jump
phenomenon but then it was not possible to reveal the anti-resonance region. The change in the
piezoelectric properties in the piezoelectric materials has been studied with constant voltage,
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current and vibration velocity methods at high power levels under equilibrium (continuous drive).
These approaches clearly show that at high power levels; the mechanical quality factor (Qm)
degrades and the material’s temperature increases due to the hysteresis losses. 74,75,76 Compared to
soft piezoelectric compositions, harder piezoelectric compositions are less affected by the
increased power levels.70 Another possibility for investigating the high power characteristics is to
use the transient (burst) mode. This mode uses a finite number of cycles to excite the
piezoelectric ceramic. Then the ringing is characterized. Since there are a finite number of cycles,
the piezoelectric ceramic does not generate significant amount of heat.77 This gives an advantage
of characterizing the high power behavior by avoiding the effect of heat and temperature rise.
The majority of the piezoelectric materials used in high power applications are PZT’s and
lead-based compositions. They have been overwhelmingly studied over the last 20 years from the
high power performance viewpoint. The environmental concerns created the need for lead-free
piezoelectric materials. Therefore, in last 10 years, the lead-free piezoelectric materials have been
studied to replace PZT. Most of the recent reports include only the low power characteristics of
the lead-free materials. There are few studies that subject lead-free materials’ high power
characteristics; by T. Tou et al. on BNT-BT-BNMN solid solutions,44 by T. Wanatabe et al. and
by Y. Himura et al. on BNT-BLT-BKT 78,79 solid solutions. In these studies, transient
characterization technique was used to obtain the high power characteristics of the candidate
lead-free materials. The mechanical quality factor (Qm) showed negligible degradation up to 1.6
m/s vibration velocity (v0-p) while PZT degraded much earlier than the candidate lead-free
material (Fig. 1.2.6 (a)).44 This lead-free material was also used in an ultrasonic cleaner
application. It showed a better performance compared to hard-PZT by the means of erosion and
ultrasound intensity.44 The effect of Mn doping was studied by the same group in both Figs. 1.2.6
(b)78 and 1.2.6 (c).79 0.6 wt% Mn doped BNLKT lead-free material showed the best performance
amongst the BNLKT materials with different doping amounts.78,79 This performance was also
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better than a hard-PZT (PZT-5H). This BNLKT4-8Mn0.6 material kept its Qm nearly constant up
to 0.8 m/s vibration velocity, while hard-PZT degraded immediately. These studies show that at
high power levels lead-free BNT based solid solutions are promising candidates to replace PZT.
High power characteristics of the NKN based lead-free materials seem unrevealed with the
exception of a recent study by Lin et al.80 This study was concentrated on the candidate NKNMn-KCT material’s performance in a square-plate contour-vibration-mode piezoelectric
transformer application. A maximum output of 8 W was achieved with a power density of 10
W/cm3 (Fig. 1.2.6 (d)). These findings showed that the candidate lead-free piezoelectric material
has comparable performance to PZT in a piezoelectric transformer application.
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(a)

(b)

(c)

(d)

Figure 1.2.6: Dependence of Qm on vibration velocity (v0-p) for (a)BNT-BT-BNMN44, (b) and (c)
BNT-BLT-BKT78,79 lead-free piezoelectric materials. (d) Dependence of maximum output power
and sample temperature on the input voltage (Vpp).80

1.3 Objective

This study is interested in recent advances in lead-free systems due to the lead bearing
PZT’s environmental concerns. Especially, a recent NKN lead-free system was chosen due to its
promising low power results for being a candidate to replace PZT. This study was based on
(Na0.5K0.5) (Nb0.97Sb0.03)O3 with 2 mol % CuO addition.15 In the low power characterization,
promising piezoelectric properties of kp=0.41, Qm=1333, d33=111pC/N, and ετ3 / ε 0 = 324 were
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obtained. These properties, especially Qm and kp, are overall higher than comparing to the other
lead-free systems and are essential properties from the high power viewpoint. However, there are
very few studies in the literature about the high power capabilities of lead-free materials.
Although, there is limited literature on BNT based solid solutions under transient mode, no
studies were present under a continuous drive mode (under equilibrium). Studies on high power
characteristics of NKN are currently lacking. Therefore, the high power capabilities of the NKN
system were investigated under equilibrium conditions by preparing rectangular plate and disk
piezoelectric ceramics. The high power behavior of the selected NKN system was also
investigated from the application viewpoint by preparing a step-down ring-dot piezoelectric
transformer. In conclusion, the high power characteristics of the proposed candidate NKN system
were compared to PZT.
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Chapter 2
EXPERIMENTAL PROCEDURE

2.1 Sample Preparation
A mixed oxides (MO) method was used for the (Na0.5K0.5)(Nb0.97Sb0.03)O3 (NKN) powder
synthesis. The oxide compounds K2CO3 (High Purity Chemicals, 99%), Na2CO3 (High Purity
Chemicals, 99%), Nb2O5 (High Purity Chemicals, 99.9%) and Sb2O5 (High Purity Chemicals,
99.9%, Saitama, Japan) were weighed depending on the formula percentage. They were mixed in
a plastic jar with zirconia balls in anhydrous ethanol for 24h and then dried. The dried NKN
powder was calcined at 950oC for 10h in air. The NKN powder was milled with 1.5 mol % CuO
additive and anhydrous ethanol for 72h and then dried. Thereafter additional milling was done for
a smaller particle size. The additional milling carried out in a plastic jar with zirconia balls in
anhydrous ethanol for 72h.
0.8 g of NKN-1.5 mol % CuO (NKN-C) powder was cold pressed at 130 MPa with a
12.7 mm diameter disk die. The pressed NKN-C samples were placed in an alumina crucible and
sintered at 1020°C for 4 h in air. The densities of the sintered samples were measured with the
Archimedes method in xylene. The average relative density of the sintered samples was around
93.3% (ρtheo= 4.50 g/cm3). Samples were ground/lapped to 1.5 mm thickness. After cleaning,
silver electrodes were applied and samples were fired at 800°C for 10 min. The poling process
was done in a silicon oil bath at 120°C for 10 min under an electric field of 4 kV/mm. After the
high power characterization of the disks, some disks were cut into rectangular plate for high
power measurement of the plate shaped specimens. The remaining disks were pattern printed with
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electrode for the high power measurement of ring-dot transformers. The same poling procedures
were followed for both rectangular plate and the ring-dot transformers.

2.2 Low Power Characterization
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10000

1000

100

10
305

310

315

320
325
Frequency (kHz)

330

335

340

Figure 2.2.1: Impedance analysis of NKN disk (10.6 mm diameter x 1.5 mm thickness).
Conducted at 0.5 vrms.
The low power characterization was performed 24 h after poling. First, d33 value was
measured with a d33 meter at 100Hz. Afterwards, capacitance and dielectric loss (tanδ) values
were measured with a HP-4272A LCR meter at 1 kHz and 1V (Table 2.2.1). Impedance spectra
were obtained with an Agilent-4294A impedance analyzer (Fig. 2.2.1). The resonance and antiresonance for the radial mode was obtained at 318 kHz and 327 kHz, respectively. The dielectric
loss (tan δ) is not small, and the Qm is not attractively high, compared to the already reported
results (Qm: 100015). The difference is probably due to relatively smaller relative density of the
sintered ceramics. Higher densification is still a remaining problem for sintering of NKN in
ambient atmosphere with traditional sintering methods.
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Table 2.2.1: Piezoelectric properties of NKN-C
d33 (pC/N)

tanδ (%)

Qm (3 dB method)

80

1.1

640

2.3 High Power Characterization System

Figure 2.3.1: The high power characterization system (HiPoCS).75
High power characteristics of the disks, rectangular plates and transformers were
measured by a high power characterization system (HiPoCS), which was developed by our group
(Fig. 2.3.1).75 An amplitude controlled sinusoidal signal was produced by a function generator
(HP 33120A) and amplified (NF 4010). The sample current was detected by a clamp-on AC
current sensor (Tektronix TCP 305). The voltage, current and displacement waveforms of the
piezoelectric disks/transformers were monitored by two digitizing oscilloscopes (Tektronix TDS
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3014B) and logged by a personal computer using a software interference (LabVIEW®). The
temperature on the sample’s nodal point was measured by an infrared spot thermometer (Hioki
3445). Thermal images of the whole sample were taken with a thermal camera (ThermaCAM S40
Flir Systems outfitted with 200 µm lens). Vibration amplitudes on the edge of the piezoelectric
disks/rectangular plates/transformers were measured with laser interferometer (Polytec OFV
511). The HiPoCS is capable of measuring high power characteristics of the materials under
constant current, voltage and vibration velocity modes. However, to avoid the jump phenomenon
during the frequency sweep, we characterized the behavior of the mechanical quality factor under
various constant vibration velocities. The high power characterization was performed on 10.6 mm
diameter x 1.5 mm thick disks and 10 x 3 x 0.5 mm3 (l x w x t) rectangular plates under constant
vibration velocity. The ring-dot transformers were also characterized by our high power
characterization. The difference between the disks, rectangular plates and transformer was the
terminal connections. Disks and rectangular plates were connected to HiPoCS as in the Fig. 2.3.1.
Due to transformers’ higher number of terminals, ring dot transformers were connected as in the
Fig. 2.3.2. The bottom electrode was grounded. The outer electrode on the top was used as the
input (Vin) terminal and the center electrode was used as the output terminal (Vout). Another
difference was the addition of a resistor in series (R), which were used for matching the internal
impedance of the ring-dot transformers.
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Figure 2.3.2: The ring-dot transformer terminals for input (Vin), output (Vout), ground and resistor
series (R).

Chapter 3
HIGH POWER CHARACTERIZATION

3.1 High Power Characterization of Disks

Impedance (Ω)

10000

1000

0.1 m/s

100

0.25 m/s
0.3 m/s
0.35 m/s
0.4 m/s

10
316

318

320
Frequency (kHz)

322

324

Figure 3.1.1: The impedance curves for the disk at certain constant vibration velocities
The impedance curves for the disks under various vibration velocities between 0.1 m/s
and 0.4 m/s are recorded in Fig. 3.1.1. The resonance frequency for the radial mode appears to
shift from higher to lower frequencies as the vibration velocity increases. This trend is usual in
high power characteristics of the piezoelectric materials. As the vibration velocity increases, the
material tends to soften and this softening causes the resonance frequency to drop. On the other
hand, there is an unusual behavior in the impedance at resonance (Zr) trend. Even though the
vibration velocity increases, Zr remains constant (Fig. 3.1.3), which is significantly different from
the hard-PZT’s case (Fig. 3.1.2 (a)). Moreover, the sharpness of the curves remains constant
while the vibration velocity increases. In hard-PZT case the curves tend to broaden when the
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vibration velocity increased (Fig. 3.2.2 (a)). This difference shows a distinctive difference of the
mechanical quality factor (Qm) trend for NKN-C and hard-PZT. The difference is seen on Fig.
3.1.4 with the calculated Qm values for NKN-C.

Disk

Rec-plate
Disk

(a)

Rec-plate

(b)

Figure 3.1.2: (a) Zr and (b) Qm as a function of vibration velocity for a disk and rectangular plate
(rec-plate) hard-PZT (APC-841) piezoelectric ceramics. 76
The novel characteristic of the sample is a result of its mechanical quality factor (Qm). As
shown in Fig. 3.1.4, NKN-C’s Qm (800~900) does not drop with increased vibration velocity. For
high power applications the vibration velocity dependence of Qm is very important; as it
represents the degradation of piezoelectric properties as power demand is increased. Note that
even at a temperature change of about 20°C, the NKN-C does not show a significant Qm drop,
while hard-PZT degrades immediately after 0.1 m/s (Fig. 3.1.2 (b)). The measured maximum
vibration velocity (vrms value defined at 20°C temperature rise) for the disk-shape NKN-C sample
is 0.4 m/s. In order to estimate the maximum vibration velocity for a rectangular-shape sample,
the disk-shape sample’s vibration velocity should be multiplied by about 1.2~1.576. Since the
maximum vibration velocity for a hard-PZT rectangular-shape sample is 0.3 m/s typically and 0.6
m/s for the best, we can conclude that the NKN-C ceramics are better than the hard-PZT ceramics
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from the vibration velocity viewpoint. Additionally, this behavior makes NKN-C a more reliable
material at high power levels. The mechanical quality factor (Qm) is a figure of merit of high
power performance (i.e., inverse of loss). So, a stable Qm means that the candidate material,
NKN-C, can keep its high efficient transduction constant even at higher power levels.
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Figure 3.1.3: Impedance and resonance frequency change with vibration velocity (vrms) for disk.
The unusual behavior and an almost steady high quality factor (Qm~900) at extreme
vibration velocities, which exceeds current hard-PZT’s high power performances, make the
evaluated NKN-C composition a perfect candidate for high power applications. Similar results
were obtained on BNT based lead-free systems and reported.44,78,79 In these studies, transient
(burst) mode was used for the high power characterization. These studies were focused in the
section 1.2.4.

34
10000

20
18
16

Qm

12
10
8
100

ΔT(°C)

14

1000

6
4
Qm
ΔT

2

10

0
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Vibration Velocity (m/s)

Figure 3.1.4: Qm and ΔT (°C) as a function of vibration velocity for disk.

3.2 High Power Characterization of Rectangular Plates
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Figure 3.2.1: Impedance curves for the rectangular plate at certain constant vibration velocities.
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d31 type rectangular plates in size of 10 x 3 x 0.5 mm3 (l x w x t) were driven under
constant vibration velocities varied from 0.2 m/s to 0.9 m/s (Fig. 3.2.1). The resonance frequency
for the longitudinal mode (d31) shifted to lower frequencies as the vibration velocity increased. As
mentioned earlier, at higher vibration velocities piezoelectric materials tend to soften and
resonance frequency shifts to lower frequencies (Fig. 3.2.3).

(a)

(b)

Figure 3.2.2: (a) Impedance-frequency sweep and (b) Qm (for resonance and anti-resonance) as a
function of vibration velocity for rectangular plate hard-PZT (APC-841) piezoelectric ceramics.75
76
At higher vibration velocities due to the increased losses, the impedance at resonance (Zr)
increases (Fig. 3.2.3). This behavior differs from the disk shaped samples (Fig. 3.1.3). The
difference can be both related to the shape and microstructural difference (e.g. pores) between the
disk and rectangular plate samples because the rectangular plates were made of disk samples. As
recently reported by Ural et al., disk shaped hard PZT showed lower and more stable Zr compared
to rectangular plates (Fig. 3.1.2 (a)).76 Therefore, here the shape effect is the reason for the
difference between disk shaped samples and rectangular plates. So we can assume that the
microstructural difference (e.g. pores) is less likely to be the reason for the increased impedance
at resonance. The sharpness of the curves was maintained (Fig. 3.2.1) in the NKN-C ceramics

36
while it decreased (broadened) for the hard-PZT ceramics (Fig. 3.2.2 (a)). The mechanical quality
factor (Qm) tends to decrease by the increasing vibration velocity (Fig. 3.2.4). The maximum
vibration velocity (vmax) was observed at 0.8 m/s, which is better than hard-PZTs because hardPZT showed vmax around 0.3 m/s (Fig. 3.2.2 (b)). Moreover, it is hard to achieve to vibration
velocity levels at 0.9 m/s in hard-PZT but this NKN-C material reached to 0.9 m/s even the Qm
was low. This difference was foreseen from the broadening behavior difference of the impedancefrequency sweep curves of NKN-C and hard-PZT (Figs. 3.2.1 and 3.2.2 (a)).
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Figure 3.2.3: Impedance and resonance frequency change with vibration velocity (vrms) for the
rectangular plate.
However, there is a difference between the Qm trends (Figs. 3.1.4 and 3.2.4). By increasing
vibration velocity, while disks keep their Qm nearly constant, the rectangular plates tend to
decrease their Qm for the same case. This behavior difference directly points out that disks have a
better high power performance. In Fig. 3.1.2 (b), there is no significant difference between the Qm
degradation trends. Therefore, this time the difference can be more related to the microstructural
differences (e.g. pores) between the samples, which will directly affect the piezoelectric
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properties. After all, this behavior difference is expected for rectangular plates due to the
increasing Zr, thus the losses, at higher vibration velocities similar to hard-PZT (Fig. 3.2.2 (a)).
The increased losses yield temperature on the nodal point to increase by the increasing vibration
velocity. Moreover, as an observation, the temperature increase seems to have more effect on the
Qm degradation in rectangular plates but this possible difference can be studied separately.
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Figure 3.2.4: Qm and ΔT (°C) as a function of vibration velocity for the rectangular plate.
In conclusion, under equilibrium conditions, rectangular plate NKN-C samples possess
much better high power characteristics (vmax=0.8 m/s) when compared to hard-PZTs (Fig. 3.2.2).

3.3 High Power Characterization of Transformers
Ring-dot high power piezoelectric transformers with the dimensions of 10.6 x 0.5 mm2 (d
x t) were designed by using FEA software (ATILA®) (Fig. 3.3.1 (a)). Thereafter, they were
manufactured (Fig. 3.3.1 (b)) and characterized in terms of equivalent impedance, gain and power
density. For the radial mode, the input and output terminals are at the outer (Vin) and center (Vout)
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electrode, respectively (Fig. 3.3.1 (a)). The bottom electrode (not seen in the pictures) was
grounded.

10.6 mm

(a)

(b)

Figure 3.3.1: Top views of the high power NKN-based lead free piezoelectric transformer: (a)
FEM (ATILA®) simulation showing the radial vibration mode and induced voltage, and (b)
picture of a sample.
The matching impedance was calculated using eq. (3.1) and low power impedance
spectra obtained at 0.5 V with an impedance analyzer. In eq. (3.1), fr is the resonance frequency
and Cb is the damped capacitance of the piezoelectric transformer.
, input short circuited. (3.1)

The calculated matching impedance for the NKN-C piezoelectric transformer was 1.6 kΩ
(fr: 319 kHz, Cb: 3.05x10-10 F). High power characterization was performed under various
resistive loads (0.5, 1.6, 2, and 10 kΩ) until, as a rule of thumb, sample temperature reached 20°C
above the ambient temperature (i.e., under the maximum vibration velocity drive). The
performance of the transformer is shown in Fig. 3.2.2 with the gain as a function of frequency for
each resistive load. The stiffening of the transformer was observed as the transformer driven
under higher external loads (Fig. 3.3.2). Therefore, the resonance frequency for higher external
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loads shifted to higher frequencies. The maximum gain was observed at the highest impedance
point (Z=10 kΩ) as the load increased.
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Figure 3.3.2: Gain as a function of frequency for the ring-dot piezoelectric transformer under
different external loads.

Figure 3.3.3: Output power and output voltage as a function of resistive load for a hard-PZT ringdot piezoelectric transformer.52
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The output power was calculated from the output voltage and the output current drawn
from the transformer. Then, the output power and volume were used for calculating the power
density. Power density and gain for the radial mode showed dependence on external loads (Fig.
3.3.4). It is easier for piezoelectric transformer to work at its impedance matching point. This
phenomenon can be explained by the concept of “pushing a wall or pushing a Japanese curtain”.
Pushing a wall will not create any displacement and for pushing a Japanese curtain no force is
needed. The matching point at 1 kΩ for a hard-PZT is shown in Fig. 3.3.3. Therefore, the
maximum power density was obtained at the matching impedance (Zm=1.6 kΩ) as 25 W/cm3. By
changing the external load, power density dropped to 0.25, 20, and 5 W/cm3 for 10, 2, and 0.5
kΩ, respectively. One would have expected a much better power density due to the intriguing
results (unchanged Qm in Fig. 3.1.4) in disk samples. The reason why the results were not as high
as expected might be the slightly lower efficiency of the NKN-C transformers.
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Figure 3.3.4: Maximum power density and gain for the frequency sweeps at different external
loads.
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Another way to increase the efficiency is to optimize the sintering conditions. This fact was
observed in the early stages of this study. Further optimization of sintering can directly bring
much higher and more homogeneous densification throughout the NKN-C piezoelectric ceramics.
In conclusion, since the PZT based ring-dot transformers can exhibit power densities up
to 30-40 W/cm3, our NKN-C based piezoelectric transformer is in the same order with the PZT
based piezoelectric transformers. Therefore, the lead-free NKN-C piezoelectric materials are
promising candidates to replace PZT in high power piezoelectric transformer applications.
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Chapter 4
CONCLUSIONS AND FUTURE WORK

4.1 Conclusion
(Na0.5K0.5)(Nb0.97Sb0.03)O3 was prepared with 1.5 mol % CuO addition, shaped into disks
and sintered with conventional air sintering methods. High power characteristics were
investigated with HiPoCS. Our lead-free NKN-C ceramic showed even better high power
characteristics than PZT. In disk NKN samples, instead of dropping mechanical quality factor
(Qm) with increasing vibration velocity, Qm remained constant up to 0.4 m/s. This behavior
indicates that under high power levels, the candidate lead-free system has better characteristics
than PZT. Rectangular plate NKN samples were also evaluated and maximum vibration velocity
(vmax) was found around 0.8 m/s. This characteristic also shows that under high power excitation
levels, NKN is superior than PZT. To evaluate these unique high power properties, ring-dot
piezo-transformers were designed and manufactured. Very high power densities (25 W/cm3) were
obtained, which is comparable to PZT piezo-transformers. In conclusion, the candidate lead-free
NKN system, (Na0.5K0.5)(Nb0.97Sb0.03)O3 with 1.5 mol % CuO addition, had proven to be
applicable to high power applications. We believe that further densification of sintered NKN
ceramics will further improve the power density and the piezoelectric properties.
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4.2 Future work
The lead-free piezoelectric materials are the future due to the increasing pressure on leadbased materials due to environmental concerns. Amongst the lead-free studies there is a trend of
improvement of the piezoelectric, dielectric and mechanical properties. For now, lead-free
materials possess comparable results to PZT. From the applications viewpoint, lead-free materials
are already adapted to multilayer actuators (NKN-based nickel co-fired) 81 and multilayer
transformers (BNT-smth) 82 but they still need to be studied more. They need to be suitable for
mass production and uniformly possess comparable or even better performance than PZT to
completely replace it.
Under high power conditions, both in transient and continuous modes, there is a
difference between the lead-free materials and the lead-based (PZT). Lead-free piezoelectric
materials seem to be more stable at high power levels. This difference can be more enlightened
by investigating the loss mechanisms and domain wall motion differences in both lead-free and
PZT piezoelectric materials from microscopic viewpoint. The effect of the temperature on the
high power performance can be also investigated by using the transient mode at different
temperatures. These possible advances would create a better understanding of high power
characteristics of the lead-free materials. Therefore, extra modifications can be done in the
existing lead-free piezoelectric material systems to enhance high power characteristics.
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