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Kurzfassung

Experimentelle Untersuchung von Dehnungsverteilungen und Polarisation in bleihaltgen und
bleifreien Ferroelektrika

Die experimentelle Untersuchung von Dehnungen und Polarisationszustinden in bleibasierten und
bleifreien Ferroelektrika induziert durch einachsige Belastungen wurde in dieser Arbeit durchgefiihrt. In
dieser Studie wurden kommerziell erhiltliches, weiches PZT (PIC 151), sowie (Na;,Bi;;) TiO;- basierte
bleifreie Piezokeramiken untersucht. Die bleifreien Proben umfassen die reinen 0.93(Na;;,Bi;;)TiO;-
0.07BaTiO; (NBT-7BT) und 0.91(Na;;Bi;;)Ti0;-0.06BaTiO5-0.03K, sNaysNbO; (NBT-6BT-3KNN)
Keramiken, sowie aus beiden bleifreien Keramiken bestehende Doppelschicht- und Dreischicht-
»Sandwich”-Verbundwerkstoffe. Die elektromechanischen Eigenschaften dieser Materialien wurden an
zwei Versuchsstinden gemessen. Einer wurde zur Untersuchung der durch das elektrische Feld
induzierten Dehnungen und Polarisationen verwendet, der andere zur Beobachtung der Verformung der
Piezokeramiken unter einachsigem Druck entwickelt.

Fiir die PZT-Proben wurden die Deformationen, die entweder durch ein bipolares elektrisches Feld oder
durch eine reine Druckspannung verursacht wurden, getrennt voneinander untersucht. Gleichzeitig
konnten die Polarisationen, die durch die elektrischen Felder und die mechanischen Belastungen
hervorgerufen werden, gemessen werden. Die digitale Bildkorrelationsmethode (DIC) wurde angewandt,
um die Verformung der Proben unter stirkeren elektrischen Feldern und Spannungen nachzuverfolgen.
Longitudinale und transversale Dehnungen wurden mithilfe von Aufnahmen der Proben unter einem
elektrischen Feld von +£2 kV/mm berechnet. Durch Vergleich mit den Daten eines linearen
Wegaufnehmers (LVDT) wurden die Ergebnisse der DIC-Methode validiert. Die Untersuchung der
Dehnungsverteilung an der Probenoberfliche zeigt, dass die durch elektrisches Feld induzierte
Verformung von Keramiken auf der makroskopischen Beobachtungsskala homogen ist.

Die mechanischen Druckversuche wurden an PZT-Proben mit einem Aspektverhdltnis von 3:1
durchgefiihrt. Aufgrund der Reibung an der Ober- und Unteroberflache der PZT-Keramikproben ist die
Verformungsverteilung unter grofen, uniaxialen Druckspannungen iiblicherweise tonnenférmig, welche
mittels der Ergebnisse der Dehnungsverteilungen nachgewiesen wurde. Dieser mechanische
Druckversuch rechtfertigt experimentell die Auswahl eines Aspektverhiltnisses von 3: 1 fiir die Proben,
da lediglich deren zentraler, quadratischer Bereich den gewiinschten Zustand einer rein einachsigen
Belastung représentiert.

Die NBT-7BT- und die NBT-6BT-3KNN-Keramiken wurden sowohl mittels zyklischer, als auch
konstanter elektrischer Felder belastet. Aufgrund der Eigenschaften des nicht-ergodischen und
ergodischen Relaxors in NBT-7BT und NBT-6BT-3KNN zeigen die gemessenen Polarisation-
Spannungsfeld (P-E)- und Dehnungs-Spannungsfeld (S-E)-Zyklen erkennbare Unterschiede fiir beide
Keramiken. Um ein besseres Verstéindnis des ergodischen und nicht-ergodischen Verhaltens der beiden
Relaxoren zu erhalten, wurde das Kriechverhalten beider Keramiken in einem konstanten elektrischen
Feld gemessen. Ein sogenanntes ,,zweistufiges* Kaskade-Phdnomen kann bei einer ungepolten NBT-7BT
Probe beobachtet werden, wenn das elektrische Feld fiir langere Zeit iiber einem bestimmten Schwellwert
gehalten wird. Dagegen kann dieser Effekt bei den NBT-6BT-3KNN-Proben nicht beobachtet werden.
Das zeitabhiingige elektromechanische Verhalten zeigt, dass das Kriechen schrittweise abnimmt und
schlieBlich eine Sattigung erreicht.



Kurzfassung

Die DIC-Methode wurde auch zur Untersuchung der durch das elektrische Feld induzierten Verformung
auf die NBT-6BT-3KNN/NBT-7BT-Doppelschicht- und NBT-6BT-3KNN/NBT-7BT/NBT-6BT-3KNN-
Dreischichtverbundmaterialien angewandt. Durch die Auswahl eines geeigneten Untersuchungsbereichs
(ROIs) in jeder Schicht und der Berechnung der lokalen Dehnungen kann die Dehnungsverteilung
bestimmt werden. Alle diese Ergebnisse wurden durch Vergleich der reinen-, der Doppelschicht- und der
Dreischicht-Proben anhand der bipolaren longitudinalen Dehnungen und der Polarisationszyklen
aufgelistet. Obwohl die internen Spannungen, die durch die Variation der Sintergeschwindigkeiten
zwischen den beiden Schichten verursacht wurden, fehlen, wurden die Spannungen ungefahr mittels der
Dehnungen ermittelt. Diese Datensétze der Dehnungsverteilungen schlagen eine Briicke zum Aufbau
eines Modells, welches die Kopplung der Polarisation und der Dehnung beriicksichtigt, um schlieBlich zu
einem besseren Verstindnis des elektromechanischen Verhaltens zu gelangen.
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Abstract

Experimental Investigation of Strain Distributions and Polarization in Lead-based and Lead-free
Ferroelectrics

Experimental investigation of strain and polarization induced by uniaxial loads in lead-based and lead-
free ferroelectrics was performed in this work. The commercial soft PZT (PIC 151) and (Na,;,Bi;»)TiO;-
based lead-free piezoceramics are the main objects of this study. The lead-free specimens include pure
0.93(Na;;Bi;)Ti05-0.07BaTiO; (NBT-7BT) ceramics, pure 0.91(Na;,Bij;)Ti03-0.06BaTiO;-
0.03K sNay sNbO3; (NBT-6BT-3KNN) ceramics, bilayer composites and trilayer “sandwich” composites
based on these two pure lead-free materials. The electromechanical properties of these materials were
measured by using two setups. One is designed for checking the electric field-induced strain and polariza-
tion, the other is assembled for monitoring the deformation of piezoceramics under uniaxial compression.

For the PZT samples, the deformation induced by a pure bipolar electric field and a pure compressive
stress were monitored, respectively. Simultaneously, the polarization can be obtained during the electric
field and compressive loadings. The digital image correlation (DIC) method was employed to monitor the
deformation under larger signal electric field and stress. Both the longitudinal and transverse strains were
calculated from imaging a bulk sample under a +2 kV/mm electric field. Compared with linear variable
displacement transducer (LVDT) data, the results from this correlation method were validated. The
checking of strain distribution on the surface of the sample reveals that electric field-induced deformation
of bulk ceramic without any mechanical constraints is highly homogenous at the macroscopic scale.

A mechanical compressive was loaded at the PZT bulk specimens with an aspect ratio of 3:1. Because of
the friction at both the top and bottom surfaces of the PZT ceramic specimen, the deformation of the
sample under a large uniaxial compressive stress usually shows a barrel shape which was proved by the
results of the strain distribution. This mechanical compressive loading test provides the experimental
justifications for the selection of an aspect ratio of 3:1 for the specimen, where only the central cubic
region of a specimen represents the desired purely uniaxial stress state.

Both the NBT-7BT and NBT-6BT-3KNN ceramics were loaded by the cyclic electric fields and constant
electric fields. Due to the properties of nonergodic relaxor and ergodic relaxor in NBT-7BT and NBT-
6BT-3KNN, respectively, the polarization-electric field (P-E) loop and strain-electric field (S-E) loop
measured from the two ceramics show obvious differences. With the purpose of obtaining a better under-
standing of the nonergodic and ergodic behaviors in the two relaxors, the creep in these two ceramics
induced by a constant electric field was measured. A so-called “two-stage” cascade phenomenon can be
obtained from an unpoled NBT-7BT specimen when the electric field is higher than a certain value and
held there for a long time. However, this effect cannot be observed on the NBT-6BT-3KNN specimens.
The time-dependent electromechanical behavior shows that creep reduces gradually and reaches satura-
tion eventually.

The DIC method was also used for monitoring the electric field-induced deformations of NBT-6BT-
3KNN/NBT-7BT bilayer and NBT-6BT-3KNN/NBT-7BT/NBT-6BT-3KNN trilayer composites. By
means of selecting the regions of interest (ROIs) located on each layer and calculating the strains there,
the strain distribution can be achieved. All these results were listed in a comparison of bipolar longitudi-
nal strain and polarization loops among the two pure components, bilayer composites and trilayer compo-
sites. Although the internal stresses induced by the variation in sintering rates between the layers are
missing, the stress states in each layer were estimated roughly by using the strain data. Especially, these
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data of strain distributions provide a bridge to build a model considering both the polarization coupling
and strain coupling to obtain a better understanding of this electromechanical behavior.
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1 Introduction and motivation

With the developing of the society and economy, more concerning is focused on the energy and environ-
mental issues. In order to solve those problems, innovative and high-performance materials are required.
Efforts to develop new environmentally friendly materials with capabilities of transforming energy have
not ever been stopped. Piezoelectric materials offering excellent performances of instantaneous conver-
sion between mechanical and electrical energy have attracted lots of interests. Owing to this feature, these
materials can be used for some parts, such as in high-pressure injection of fuel to improve the fuel effi-
ciency of an engine, energy harvest applications and stepper motors [1-3]. Besides, smart structures are
another group of applications. Actuators and sensors are the main products in the those smart structures
which are manufactured mostly from PbZrTi( O3 (PZT). However, due to the lead content, the envi-
ronmental concerns are raising. Lead-free materials with some properties closely matching those of PZT
were fabricated to be good candidates for replacing PZT in some fields [4-7], but it is still a challenge to
find a single material or a class of materials to be the alternate of the PZT completely [8]. Therefore, it is
still necessary to perform investigations on both the PZT and newly developed lead-free ferroelectrics.
For the actuator applications, the deformation along with polarization in ferroelectrics is needed to get a
better understanding of the electromechanical behavior on these materials.

piezoelectrics

pyroelectrics

ferroelectrics

Figure 1.1:  Classification of dielectrics.

In this work, soft-PZT, 0.93(Na;;Bi;;)Ti05-0.07BaTiO; (NBT-7BT) and 0.91(Na;;,Bi;;)TiO;-
0.06BaTi05-0.03K, sNay sNbO; (NBT-6BT-3KNN or NBT-BT-3KNN) are used as the research objects.
Digital image correlation (DIC) is the primary method used to monitor the deformations in these ceramics
caused by electric fields and stresses. The introduction on the DIC method can be found in the following
chapter. This chapter here focuses on the piezoelectric materials exhibit both the piezoelectricity and
ferroelectricity (illustrated by Figure 1.1).
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Symmetry point group
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Noncentrosymmetric Centrosymmetric

(21) (11)

Piezoelectric
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Pyroelectric
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Figure 1.2: Interrelationship of piezoelectrics and subgroups on the basis of symmetry (after Ref. [9]).

1.1 Ferroelectric materials

The ferroelectric it was firstly discovered in 1921 with a single crystal structure [10]. Subsequently,
polycrystalline ceramics with similar properties were reported around two decades later [11, 12]. Since
then, a continuous succession of new materials and related technology has been developed. Ferroelectric
materials here denote the materials possessing ferroelectricity.

1.1.1 Ferroelectricity in ceramics

Ferroelectrics are polar materials that possess at least two equilibrium orientations of the spontaneous
polarization vector in the absence of an external electric, and in which the spontaneous polarization vector
may be switched between those orientations by an electric field. According to that, the spontaneous
dipoles in this type of materials are reversible by an external electric field loading with some magnitude
below the breakdown field of the material. To label a material as a ferroelectric, two conditions are
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necessary: (1) the existence of spontaneous polarization and (2) a demonstrated reorienting of the polari-
zation [9].

spon

Figure 1.3: Crystal structure of BaTiOs. Left: Unit cell of BaTiOs in the paraelectric phase. The symmetry of cubic shape does not
allow for a spontaneous polarization. Right: Unit cell of BaTiOs in the ferroelectric phase. The vector of spontaneous
polarization Py, is oriented in the direction of the displaced titanium ion (after Ref. [13]).

Figure 1.2 shows the interrelationship of piezoelectric and subgroups on the basis of symmetry. It is can
be seen that all the ferroelectrics can present piezoelectricity, but not vice versa. Namely, not all the
piezoelectrics belong to the group of ferroelectrics. By investigating on BaTiO; (BT) ceramics since
1940s [11, 12, 14], the understanding of the nature of ferroelectrics has made huge progresses. The BT
ceramic is a prototype ferroelectric material with ABO; perovskite structure which provides a good
example to explain the spontaneous polarization caused by polar structure.

BaTiO; ceramic is cubic when the temperature is higher than a certain degree (which is called Curie
temperature, T, ). In this state, the Ba”" are on the A-sites, the Ti*" is on the B-site, and O* are located at
the face centers which are shown by Figure 1.3 [13]. Since the center of both positive and negative
charges coincide, BaTiO; is paraelectric at temperatures beyond the transition temperature T .=128 °C
[15]. The unit cell is deformed at a temperature below T.. An electric dipole is formed due to the separa-
tion of positive and negative charge centers, and the dipole moment per unit volume is the spontaneous
polarization (Pgy,n) [16].

Homogenous areas with the same P, orientation are presented as domains. Domain walls separate these
regions with different orientations of Pg,,,. There are two types of domain wall in a tetragonal phase
ferroelectrics, 180° and 90° domain walls, according to six possible Pg,,, vectors (shown in Figure 1.4).
For a ferroelectric state with other symmetry structures of the unit cells, there are additional possible
orientations of Pg,,,. Such as in the thombohedral phase, eight possible orientations of Py, could form
180°, 71° and 109° domain walls [9].
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Figure 1.4: At the paraelectric ferroelectric phase transition, six different directions for the central titanium ion to be displaced in a
tetragonal structure, resulting in six different spontaneous polarization vectors (after Ref. [13]).

D.C. filed E
-—
\ ]
Remanent polarization P,

(@ J ®) } ©

Strain caused by the field Remanent strain

Figure 1.5: Evolution of domain orientation under a poling process (after Ref. [16]).

With the temperature cooling from a sintering temperature (higher than T.) to the room temperature
(below T.), BaTiO; ceramic is a polycrystal with grains and grain boundaries. These grains are split into
numerous domains with randomly distributed Py, directions spread in the ceramic material. Therefore,
no macroscopic residual polarization is present in this state, unless a poling process is applied under a
certain electric field. The Figure 1.5 shows the schematic illustration of the domain orientation and poling
process. In the initial state (illustrated in Figure 1.5 (a)), each grain contains domains with randomly
distributed Pg,,,. When a sufficient electric field is applied, the initial state can be transformed into a polar
state with the domain orientation almost parallel with the external electric field. The polar state is demon-
strated in Figure 1.5 (b) where the electric field-induced strain can be observed. The external electric field
should be higher than a critical field which is the coercive field (E.) so that both the 180° and non-180°
domain walls can be reoriented. Remnant polarization (P,) can be evaluated after removal of the external
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electric field which is illuminated in Figure 1.5 (c). Owing to the internal stresses between the grains,
some domains turn back to the initial state partly [17]. Therefore, the value of P; is usually lower than the
polarization measured at the maximum electric field used for poling.

Poling process could orient the domains within the grains producing a ceramic material with optimum
alignment possessing both ferroelectric and piezoelectric properties. It is identified as the key feature for
turning an inert ceramic into an electromechanically active material with a multitude uses [9].

1.1.2 Piezoelectricity in ferroelectric ceramics

As mentioned at the beginning of this chapter, ferroelectric materials are a subgroup of piezoelectric
materials. The lead-based and lead-free ceramics used in this work possess both the properties of piezoe-
lectricity and ferroelectricity. Therefore, only piezoelectricity in ferroelectric ceramics is introduced here.

Piezoelectricity is the electric responses under a mechanical pressure. It is defined as electric polarization
produced by mechanical load in crystals belonging to certain classes, the polarization being proportional
to the load and changing sign with it [18]. This is known as the direct piezoelectric effect. In addition, the
converse piezoelectric effect is another side of piezoelectric effect associated with the deformation caused
by an external electric field. The direct effect can be understood as a generator which generates electrical
changes under a mechanical stress. The converse effect can be compared to a motor to transform the
electric stimulation into mechanical movement.

These two effects are described by two basic equations [19, 20]:
D, =d;T; +giJT E, (Equation 1.1)
S; = SinEkITkI +d, E, (Equation 1.2)

where D is the dielectric displacement, d is the piezoelectric coefficient, ¢ is the dielectric constant. E
means electric field, S the strain, S the materials compliance, and T is the mechanical stress. The super-
scripts indicate a constant state. For the &', the mechanical stress is a constant. For the case of s, electric
field is held constant.

In this thesis, all the experiments were conducted under uniaxial loadings (both the electric field and
compressive loadings). Therefore, the external loads are defined in the 3-axis, and the dielectric dis-
placement and strain are measured as:

D, =d,T, +&3,E, (Equation 1.3)
S, =s5,T, +d,,E, (Equation 1.4)

For most of the piezoceramics, poling is necessary to be able to use their piezoelectric effect which was
mentioned previously. However, the non-linear phenomena during this process were not considered. To
introduce both the direct and converse piezoelectric effects into the true applications, the non-linear
behavior of the dielectric displacement (or polarization when ¢'E is neglected) or strain caused by domain
switching under a large signal stimulation (large electric field or mechanical compressive loadings)
should be examined.
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1.1.2.1 Ferroelectric domain switching

Electric field induced domain switching is a ferroelectric behavior. A large signal bipolar electric field
loading could give rise to a ferroelectric hysteresis loop which is taken as a validation of a ferroelectric
material. The typical polarization-electric field (P-E) loops induced by cyclic electric field are illustrated
in Figure 1.6 with the number from (1) to (7) to indicate the domain states. In addition, Figure 1.7 shows
the longitudinal strain-electric field (S-E) curves which correspond the domain states shown in Figure 1.6
and Figure 1.7.
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Figure 1.6: Polarization-electric field (P-E) loops of PIC 151 commercial PZT ceramics. (Dto (7)indicate domain states schemati-
cally (after Ref. [13]).
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Figure 1.7: Strain-electric field (S-E) butterfly curves of PIC 151 commercial PZT ceramics. (1) to (7) indicate domain states
schematically (after Ref. [13]).

Number (1) indicates the initial state of PIC 151 ceramic with domains in this thermally depoled state
being randomly distributed in the ceramic. With an increment of the electric field to the coercive field E.,
domains are gradually aligned to the external electric field. When the electric field loading is higher than
E,, the domain switching process is completed with the states indicated by (2). With the electric field
unloaded from the maximum value to zero (from state (2) to (3)), some domains turn back to the initial
state partly which was mentioned previously. However, most of the poled domain structures are pre-
served. The following half cycle of the electric field is controlled at the negative direction. At state (4),
the electric field reaches negative coercive field (-E;) with the zero polarization and lowest degree of
domain orders during the electric loadings. While the electric field increases from state (4) to (5), do-
mains switch to the direction parallel to the negative electric field. The unloading process from (5) to (6)
is similar to the state (2) to (3) but the preserved domain structures are paralleled with the direction of the
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negative electric field. This is the first cycle of loading on the ceramic, while the following loading will
not repeat the path from (1) to (2) but follow the path of (6)-(7)-(2) which shows the symmetry of nega-
tive electric loading. The details of domain switching processes under cyclic electric field can be found in
some other reports [13, 21, 22].

1.1.2.2 Ferroelastic domain switching

In addition to the external electric fields, a mechanical stress loading can also induce domain switching
which is called ferroelastic domain switching. Figure 1.8 shows the schematic demonstration of ferroelas-
tic domain switching where tensile or compressive stress can only induce non-180° domain switching.
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Figure 1.8: A mechanical stress o of sufficient magnitude induced domain switching (after Ref. [13]).

Figure 1.9 illustrates the depolarization and longitudinal strain curves under a compressive stress for pre-
poled PIC 151 PZT ceramics. The discussion on these experimental results can be found in the thesis
from D. Zhou [22]. The detailed description of stress-induced domain switching was reported by a review
paper from M. Kamlah [13]. The poled state with domains aligned with the direction of the poling electric
field is indicated by number (1). Therefore, remnant polarization and longitudinal strain can be read there.
At a small value of compressive stress load, the stress-strain curve is nearly linear elastic. Once the
mechanical load is higher than a certain value, which is the coercive stress, domain switching is initiated.
The polarization vectors in the ceramic distribute randomly in a plane which is perpendicular to the
direction of stress loading gradually. This gradually domain switching follows the increment of compres-
sive stress load, so that the non-linearly climbing curve appears. Most of the domains under a sufficient
stress can be orientated during this mechanical depolarization process understood by a mechanical stress-
induced disarranging of dipoles. It is believed that the ferroelastic domain switching is completed at the
state (2) due to the sufficiently high stress. During the unloading stage from state (2) to state (3), the
polarization response does not change much which indicates the electric state relies on the stress state
little after the depolarization process. Therefore, the changes of strain state from (2) to state (3) is mainly
caused by the elastic response.
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Figure 1.9: Compressive stress induced: (a) depolarization curve and (b) longitudinal strain (after Ref. [22, 23]).

1.2 Lead-based piezoceramics

As mentioned previously, BaTiO; (BT) is the first piezoceramic developed for transducer uses in 1940s.
After the birth of ABO; type of piezoceramics, they are widely used for transducer and actuator applica-
tions. However, the application of BaTiOj; in recent years has shifted away from transducers to an almost
exclusive use as high-dielectric-constant capacitors [9].

Compared with the BT ceramic, lead-based piezomaterials were found to be more suitable for transducer
and actuator applications. They are the dominant materials in the market for the recent decades owing to
their large electromechanical coupling coefficient, high Curie temperature and etc. Various types of
piezoceramics focusing on different usages were developed, such as lead lanthanum zirconate titanate
(PLZT), lead magnesium niobate (PMN), lead titanate (PT), lead zinc niobate (PZN), lead stannate
zirconate titanate (PSZT), lead zirconate (PZ), and so on. Among these lead-based materials, lead zir-
conate titanate (PZT) solid solution family is the most widely used for a long time. In addition to the
properties of large electromechanical coupling coefficient and high T. mentioned above, PZT also (1)
possesses a wide range of dielectric constants; (2) can be poled easily; (3) is relatively easy to sinter at
low temperatures; and (4) form solid solutions with many different constituents to tailor a wide range of
properties [9].

1.2.1 Ferroelectric and relaxor ferroelectric in lead-based
piezoceramics

Relaxor (RE) ferroelectric material is an important subgroup of ferroelectric (FE) materials. They are also
dielectrics, crystallizing ABO; perovskite structure usually. Although several newly developed lead-free
RE ceramic families were reported [8, 24], RE ceramics used in the practical applications successfully are
still lead-based materials.

Single crystal Pb(Mgy,Nb:,)O; (PMN) was the first studied RE material in the early 1960s [26], then the
PZ-PT-PMN ternary system was investigated [27]. Further work on preparing PMN-based RE ceramics
with high strain response (0.1%) were reported in the early 1980s [28, 29]. Since then, many types of
lead-based relaxors have been developed and improved for transducer and capacitor applications due to
the excellent piezoelectric and dielectric properties [30].
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Figure 1.10: Comparison of ferroelectrics and relaxor ferroelectrics in terms of polarization (left), and relative permittivity (right)
(after Ref. [25]).

Figure 1.10 illustrates the comparison between ferroelectrics and relaxor ferroelectrics in terms of polari-
zation and relative permittivity. In contrast to the typical P-E hysteresis loop measured from conventional
FE, the P-E loop of RE may remain slim with little remnant polarization and a small “coercive field”
[31]. In the right side of Figure 1.10, the normal FE shows a sharp, well defined para-to-ferroelectric
phase transition at the Curie temperature T.. In contrast, RE possesses a broad and frequency (f) disper-
sive maximum of the dielectric permittivity (¢) as a function of temperature. T, is indicated as the tem-
perature of the maximum dielectric permittivity which is frequency dependent. This diffusive characteris-
tic of the dielectric permittivity is one of the features of RE behavior.

The transition of microstructure of RE induced by temperature has been investigated to understand the
mechanism of the RE behavior, which is summarized by some review articles [25, 32-34]. From a
paraelectrics (PE) state at a relatively high temperature, RE undergoes a sequence of structural transfor-
mations on cooling. Burns temperature (Tp) is well above the T,, where the maximum dielectric permit-
tivity can be obtained. At Ty, dynamic polar clusters nucleate [35]. At the intermediate temperature T ,
polar nanoregions (PNRs) with slower dynamics are formed from these polar clusters [36, 37]. As the
temperature cools below T, the PNRs can evolve into normal ferroelectric domains with a very weak
ferroic distortion of the unit cell or the PNRs can become static at the Vogel-Fulcher freezing temperature
(Ty) [32, 38]. Although the existence of PNRs has been validated by experimental methods [39-41], the
reason for the existence of PNRs in RE is still under discussion.

1.2.2 Lead zirconate titanate (PZT) applied on actuators

RE ferroelectrics such as PMN-based single crystals with excellent dielectric and piezoelectric properties
are ideal materials for actuator application [42]. However, both PMN-based single crystals and ceramics
are somewhat difficult to prepare compared with the conventional PZT ceramics which are widely used
despite the fact that REs show about four to ten times larger the ds; coefficients. In addition, there are still
some disadvantages on these REs, such as relatively low T, and low E. which cause a loss of piezoelectric
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performance easily compared with PZT [30]. For the PZT material, it has been the dominant piezoceram-
ic for decades and used widely in the areas of piezoelectric fuel injection, motors, printing machines,
piezoelectrically controlled thread guides, micro-positioning systems, displacement sensor and many
others [43-45]. In this section, only one of these applications, namely, PZT used for piezoelectric actua-
tors will be focused on.

1.2.2.1 Properties required for piezoceramic actuators

Piezoceramic actuators require high strain output with high force generally. The details in this application
are given in the following. These requirements of system properties on the PZT material are listed here
because it is still the most widely used material in this application. In fact, most of these required proper-
ties are also applicable to other materials, such as lead-free piezoelectric ceramics.

(1) ds3 value. There are two types of ds;;. The value of ds;; under a small signal exhibits the degree of
intrinsic piezoresponse, which is used to evaluate the capability for non-resonace sensing and energy
harvesting application. For actuator application, the large signal piezoelectric coefficient (d33, Smax/Emax)
is a more important factor to quantity the obtainable strain because actuators are designed for maximum
strain under maximum coaxial electric field usually. (2) Low hysteresis under unipolar electric field.
Owing to the existence of extrinsic response, the strain response under large signal cyclic electric fields
shows nonlinear behavior. For the actuator used in a high-precision positioning system, strong hysteresis
should be avoided. (3) Capability of against the external compressive stress. This capability should be
considered because strain needs to be provided against a certain mechanical load in many actuator appli-
cations. For instance, a small compressive stress of 10-20 MPa is always required to minimize the ten-
dency to cracking at electrode edges. Therefore, the blocking force is used to assess this mechanical
capability of an actuator. This force is defined as the uniaxial force on an actuator, which can be applied
to exactly compensate for the electric field-induced extension [8]. (4) Temperature dependence. Piezoe-
lectric actuators are required to keep the operational capability in a range of temperature with less tem-
perature dependence. Therefore, investigations on temperature dependence of the properties are im-
portant. (5) Cycle dependence, which includes electrical cycles, thermal cycles and mechanical load
cycles. The actuators long-term stability is of paramount importance to ensure reliable device operation
[46]. Consequently, all these factors influencing the properties of the actuators should be taken into
account.

1.2.2.2 PZT ceramics

PZT is the abbreviation for the solid solution of lead zirconate titanate xPbZrO;-(1-x)PbTiO; (0<x<1)
binary system. Its chemical formula is Pb(Zr;Ti,)O3;. Commonly, this material is prepared with a com-
position close to the morphotropic phase boundary (MPB; a phase boundary, where a change of composi-
tion only changes the phase) around x=0.48 [8], where properties such as dielectric permittivity, coupling
factor and piezoelectric coefficient reach the maximums [19, 44]. It should be noticed that, in addition to
PZT, many useful piezoelectric materials display a similar transition region in their composition phase
diagrams, as known MPB [47]. As a result, modern piezoelectric materials for technological applications
are usually complex, engineered, solid solutions, which are designed to keep composition close to “MPB”
to obtain the high-performances. This idea is not limited to enhance the piezoelectricity of lead-based
materials but also has been extended to lead-free piezoelectric ceramics [48].

Some attractive features of PZT ceramics to achieve the application of actuators were summarized by
Rodel et al. [8] as following. (1) It possesses a proper coercive field of about 1 kV/mm and a remnant
polarization of about 35 pC/cm’. Therefore, the poling field is a much lower than the dielectric break-
down strength. (2) Relatively high strain responses (0.1%-0.2%) at a unipolar electric field range from 0
to 2-3 kV/mm. To generate such high fields on a typical stack actuator with layer thickness of 80 um, a
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1.2 Lead-based piezoceramics

potential of about 200 V is sufficient. (3) A large signal piezoelectric coefficient as large as 779 pm/V has
been reported for doped PZT [50]. (4) High Curie temperature of 300-400 °C. A in situ hot-stage experi-
ment shows that some nanodomains in PZT can still be observed even at 300 °C [51]. Besides, PZT with
high T, can also provide reliable strain response up to 175 °C with little temperature dependence [52]. (5)
Various properties can be achieved by doping additives. The effects of additives on properties of PZT are
listed in Table 1.1, where three types of additives are summarized.

Table 1.1: Effects of typical additives on properties PZT. Ionic radii in nanometer are given in parentheses [16, 22, 49]

Additives Effects

Isovalent additives:
Lower Curie point
Ba®" (0.134) or Sr** (0.112) for Pb*" (0.132)
Higher permittivity
Sn*" (0.071) for Zr** (0.079) or Ti** (0.068)

Make the material “soft”:

Soft dopants (donors):
La® (0.122), Nd* (0.115), Sb™ (0.090), Bi*" (0.114) or Th** Higher permittivity
(0.110) for Pb*" (0.132) Higher K,
Nb>* (0.069), Ta>* (0.068), Sb>* (0.063) or W (0.065) for Much lower Q,,

4+ 4+
Ti™ (0.068) or Zr™ (0.079) Resistivity about 10° higher

Make the material “hard”:

Hard dopants (acceptors): L -
ower permittivity

K" (0.133) or Na™ (0.094) for Pb* (0.132)
Lower dielectric loss

Fe* (0.067), AI’* (0.057), Sc** (0.083), In** (0.092) or Cr**

4 " Lower K,
(0.064) for Ti™" (0.068) or Zr™" (0.079)

Much higher Q,,

1.3 Lead-free piezoceramics

In this section, information is based on several review papers by Rodel et al. [8, 53], Jo et al. [54], Aksel
and Jones [55], and Shrout and Zhang [56].

The lead-based piezoceramics have been successfully used in various applications. However, typical lead-
based piezoceramic such as PZT ceramic contains more than 60 weight percent lead, which has been used
in lots of electronic devices with attendant problems of recycling and waste disposal after their usage.
Environmental concerns over their lead content could disappear with the advent of a new ceramic that is
lead-free [57]. Lead-free ceramics have been reported to offer comparable properties to that of PZT in
some fields, making them viable candidates for various applications [56]. To date, finding a single lead-
free material or a family of lead-free solid solutions to replace PZT ceramics completely is still a hard
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1 Introduction and motivation

work. The following introduction in this section is focused on the lead-free piezoceramics related the
experimental work in this thesis. These lead-free ceramics can be categorized into three groups according
to the compositions: one component system, binary solid solution and ternary solid solution.

1.3.1 Three base-systems: Barium Titanate (BT), Potassium Sodium
Niobate (KNN) and Sodium Bismuth Titanate (NBT)

In spite of the majority of choices in the periodic table of elements, not many systems other than three
base-systems, i.e., BaTiO3(BT), Na;;,;Bi;,TiO; (NBT) and (K, sNajs)NbO; (KNN) have been deemed
competitive [8, 54].

S (%)

E (kV/mm)

Figure 1.11: Electric field-induced strains (black curves, longitudinal strains; red curves, transverse strains) at room temperature of
(a) pure BT, (b) pure KNN, and (c) pure NBT with the associated volume change (blue curves), measured during bipo-
lar poling cycle at 50 mHz (after Ref. [54]).

Barium Titanate - BaTiO; (BT) is one of the representative lead-free materials. It serves as a model
system for more fundamental investigations [58, 59]. In Figure 1.11(a), BT shows a large strain with a
relatively small hysteresis. The large signal d3; or normalized strain S;,x/Emax (the ratio of maximum
strain S, to maximum external electric field E,.,) is as large as 594 pm/V when an electric field of 2.6
kV/mm is applied, indicating why enhanced piezoelectric properties can be obtained in its derivative
compositions [6]. Its relatively low T, limits the practical application. However, it has been used in other
solid solutions to form an MPB where the electric properties get enhanced.

Sodium Potassium Niobate - K, sNay SNbO; (KNN) is a composition (50:50) of a complete solid solu-
tion of NaNbO; and KNbO;. It exhibits a composition with two orthorhombic phases around MPB where
NaNbQs is antiferroelectric (AFE) and KNbO; is ferroelectric (FE) [60, 61]. Sintering is one of the most
challenging steps in processing KNN ceramics owing to the high volatility of the alkaline at the tempera-
ture around solidus line [62]. The KNN ceramic prepared by conventional methods only exhibits a dj;
around 90 pC/N [63], which is lower than the dense ceramic with d;; of 148 pC/N processed by spark
plasma sintering (SPS) method [64]. In Figure 1.11(b), the KNN ceramic shows a relatively small poling
strain of ~0.19% at 4 kV/mm. For the normalized strain S,,,,/E..x under unipolar loading, the value of that
reaches only 150 pm/V which limits the applications of pure KNN ceramic.

Sodium Bismuth Titanate - Na,,Bi;,TiO; (NBT) was first reported by Smolenskii et al. in 1960s [65].
It is also written as Bi;,Na;,TiO3; (BNT) by many reports [4, 48, 66]. In this thesis, NBT rather than BNT
is used to follow the order of electronegativity of the elements.
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1.3 Lead-free piezoceramics

Similar to the pure KNN, NBT was not received many attention until recent decades when lead-free
piezomaterials are considered to be a replacement of PZT. In 1990s, some initial properties were provided
by some measurements [67-69]. Jones and Thomas reported that NBT possesses the rhombohedral R3c
space group at room temperature and changes to tetragonal and subsequently cubic during heating [70]. A
systematic investigation on NBT ceramic was given by Hiruma et al. [71] where its electrical properties
and thermal depoling process were reported. However, some main drawbacks were also found which are
high coercive field and high conductivity. In addition, the depolarization temperature of 187 °C is much
lower than the T, of 325 °C [71]. Figure 1.11(c) demonstrates the S-E curve where the strain is ~0.4% at 8
kV/mm. Eliminating the large remnant strain of ~0.23%, the value of S,,.«/En.x in the unipolar electric
field loading is only ~213 pm/V. The coercive field in Figure 1.11(c) of about 4 kV/mm indicates that this
material needs a large driving field if it would be used as an actuator.

1.3.2 NBT-BT binary solid solution

BT was added into NBT to form a new solid solution (1-x)(Na;;,Bi,;)TiO3;-xBaTiO; (NBT-BT) which
was reported first in 1991 [48]. In that paper, an MPB was found at 6-7% BT between NBT (rthombohe-
dral) and BT (tetragonal) phases. The MPB is known to be one of the key features in enhancing electro-
mechanical properties of piezoelectrics. Therefore, the 0.94(Na,;,Bi,,;)TiO05-0.06BaTiO; (NBT-6BT) and
0.93(Na,;,Bi;)Ti05-0.07BaTiO; (NBT-7BT) in the NBT-BT system raised lots of attention [72-74].
NBT-6BT exhibits enhanced properties compared topure NBT, such as a higher dj; (125 pC/N), electro-
mechanical coupling factor (ks; > 50%), along with a high bending strength (~200 MPa) [48]. The
Smax/Emax reaches ~700 pm/V at the electric field of 6 kV/mm [75] (observed in the first half cycle of
bipolar electric field loadings). Dittmer et al. [76] reported the blocking stress of NBT-6BT is -39 MPa
and -102 MPa measured at room temperature and 125 °C, respectively. All those properties make the
NBT-BT a promising candidate for lead-free actuation applications.
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Figure 1.12: Temperature dependent P-E loops of NBT-6BT ceramic (after Ref. [77]).

In order to figure out the correlation between the structure and the electrical properties, efforts have been
focused on the structural evolution. The structure of the NBT-BT system depending on composition and
temperature was shown by several phase diagrams [78-80]. In the virgin state at room temperature, (1-
x)NBT-xBT is in the tetragonal P4mm ferroelectric phase (FE) when x > 0.1. As x decreases, NBT-BT is
in the tetragonal P4bm relaxor phase (RE) for 0.05 < x <0.11, and in the thombohedral R3¢ FE phase for
x < 0.06. However, the most noticeable drawback of this system at the MPB (x=0.06~0.07) is the relative-
ly low T, around 120 °C. In addition, depolarization happens at ~100 °C which is much lower than T,

13



1 Introduction and motivation

(~300 °C) [81-83]. This thermal depolarization could limit this material to be used at a higher working
temperature. Zhang et al. investigated the temperature-dependent electrical properties of NBT-6BT [77].
As shown in Figure 1.12 and Figure 1.13, typical P-E loops and butterfly bipolar S-E curves can be
observed below 100 °C. These were attributed to the rhombohedral-tetragonal MPB composition showing
dominant ferroelectric order. When the temperature reaches 100 °C or even higher, pinched P-E loops and
sprout-shaped S-E curves were found. It was interpreted as a temperature-induced transition from ferroe-
lectric (FE) state to antiferroelectric (AFE) state [77], which is understood as the FE state was trans-
formed to relaxor (RE) state recently [84].
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Figure 1.13: Temperature dependent S-E loops of NBT-6BT ceramic (after Ref. [77]).

1.3.3 NBT-BT-KNN ternary solid solution
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Figure 1.14: Bipolar strain hysteresis of NBT-BT-KNN system near the composition 0.94NBT-0.06BT (after Ref. [54]).

As the NBT-BT binary system described above still has some drawbacks, a more complex lead-free solid
solution family has been developed through modifying NBT-BT by KNN. (0.94-x)(Na;;,Bi;;)TiO;-
0.06BaTiO3-xK, sNay sNbO; exhibiting giant electric field-induced strain was reported by Zhang et al.
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1.3 Lead-free piezoceramics

[85]. In that report, 0.92NBT-0.06BT-0.02KNN (NBT-6BT-2KNN) showed a very large S,,.x/Eax of 560
pm/V (~0.45% at 8 kV/mm), which was the largest electric field-induced strain ever reported for poly-
crystalline lead-free ceramics [85]. The subsequent investigations indicated that the electromechanical
behavior of the (1-x-y)Na,;,Bi;,TiO3-xBaTiO3-yK sNag sNbO; (0.05<x<0.07 and 0.01<y<0.03) system at
room temperature depends both on composition [75] and temperature [86]. Taking into account these
experimental data, a phase diagram can be obtained [87]. In Figure 1.14, the maximum electric field-
induced strain was observed at x=0.06 and y=0.02 (BNT-6BT-2KNN) where butterfly-shaped S-E loops
indicative of dominant ferroelectric order change to sprout-shaped curves. Dittmer et al. reported that by
varying the KNN-content in NBT-6BT from 0 to 18 mol.% the macroscopic large-field properties are
drastically altered from a ferroelectric characteristic to a relaxor behavior [4]. As shown in Figure 1.14
(left and right figures), the temperature-dependent hysteresis loops of the selected compositions also
demonstrate that the phase transition can be induced by changing temperatures in a given composition.

1.3.4 Electric field-induced ergodic and nonergodic behavior in NBT-
based ceramics

Phase transitions depending on composition and temperature were introduced briefly in the previous two
sections. Furthermore, external electric field is another factor to induce a phase transition in the NBT-BT
and NBT-BT-KNN systems.

NBT-6BT-2KNN

0.0 . . . It

8 4 0 4 8-8 -4 0 4 8
Electric field (kV/mm)

Figure 1.15: The nature of the electric field-induced phase transition observed in NBT-6BT (left) and NBT-6BT-2KNN (right). FE,
NR and ER denote ferroelectric, non-ergodic relaxor and ergodic relaxor phase, respectively (after Ref. [54]).

Figure 1.15 demonstrates the nature of the electric field-induced phase transition in two representative
ceramics: NBT-6BT and NBT-6BT-2KNN. W. Jo et al. summarized that both the two materials had been
conventionally considered as normal ferroelectric phases, but actually they are both relaxors as long as no
external electric field is applied [54]. This argument was supported by a series of experiments under
varying temperatures [88-91]. Several review articles provide the contemporary understanding of relaxor
ferroelectrics [25, 32, 33, 92]. According to the current contributions, there are two different states of
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1 Introduction and motivation

relaxors: one transforms from RE into FE irreversibly (non-ergodic relaxor, NR) and the other one does
reversibly (ergodic relaxor, ER). In Figure 1.15, NBT-6BT transforms from NR into FE irreversibly upon
a sufficiently large loading of electric field [93]. This transition cannot be reversed by removing the
external electric field easily unless by temperature high enough (higher than depolarization temperature)
to break the long-range ferroelectric phase. Both T4 (depolarization temperature) and Tr.r (ferroelectric-
to-relaxor transition temperature) can be reduced by adding KNN into the NBT-BT system. Therefore,
the electric field-induced phase transition is a reversible behavior at room temperature when the Try is
slightly below room temperature [91]. NBT-6BT-2KNN transformed from ER into FE reversibly under a
sufficient electric field as shown in the right figure of Figure 1.15.

This electric field-induced phase transition influences the electromechanical properties of a lead-free
ceramic strongly, resulting in much attention on the investigation of the structural changes. For the NBT-
BT binary system, the conventional phase diagrams cannot provide the information of electric field-
induced structural changes, so in situ techniques were employed to monitor the phase evolution under an
electric field load recently. High energy X-ray scattering experiments indicate that, the electric field-
induced strain of 0.93(Na,,Bi,,)Ti0;3-0.07BaTiO; (NBT-7BT) polycrystalline ceramic is the result of the
phase transformation from a pseudocubic to a tetragonal symmetry [94]. However, the X-ray diffraction
experiment did not provide enough resolution to explore the structure around the MPB composition
(x=0.06~0.07). An in situ synchrotron diffraction experiment was conducted by W. Jo et al. [72]. The
MPB between a rhombohedral and a tetragonal phase evolved into a morphotropic phase region under an
electric field. In this region, the phase composition in NBT-BT changes from the unpoled to the poled
state. In the unpoled state, the transition happens from the space group R3c to R3m (x=0.05) and from
R3m to P4Amm (x=0.11). The maximum permittivity is obtained in the single-phase R3m compositions
between NBT-5BT and NBT-11BT. While in the poled material (at 6 kV/mm), a clear maximum in the
piezoelectric coefficient occurs at BNT-7BT. Unlike X-ray or neutron diffraction which obtains average
structural information on materials, in Situ transmission electron microscopy (TEM) can provide precise
resolution to visualize the real-time domain morphology changes under an electric field [80]. By using
this method, C. Ma et al. [95] proposed an electric field vs. composition phase diagram for the NBT-BT
system. For unpoled NBT-7BT, P4bm RE nanodomains irreversibly transform partially to P4mm FE
lamellar domains as the electric field is loaded from 0 to 2.5 kV/mm. With further increasing of the
electric field, the RE phase vanishes but the new P4mm-to-R3c (FE to FE) transition can be observed. M.
Hinterstein et al. [96] reported that NBT-7BT has a pseudocubic structure with almost no observable
lattice distortion in the unpoled state. Under the influence of an applied electric field (4 kV/mm), the
initial pseudocubic structure transforms to a phase coexistence of a weak rhombohedral distortion and a
strong tetragonal distortion.

For the NBT-BT-KNN ternary solid solutions, the large strain is understood to be due to a reversible
electric field-induced transformation between a macroscopic non-polar state (ER phase) and a macroscop-
ic polar state (FE) [97]. In the non-polar state at room temperature, NBT-6BT-3KNN is lacking a long-
range ferroelectric order. High resolution transmission electron microscopy (HRTEM) studies have
shown a lack of ferroelectric domains in this state, marked by a “grainy contrast” [98-100]. Following the
application of an external electric field there is the development of domains, understood to be a long-
range ferroelectric order. In-situ high energy synchrotron diffraction studies have revealed a correspond-
ing transition from a pseudo-cubic phase to tetragonal, rhombohedral, or mixed tetragonal/rhombohedral
phase depending on composition [101, 102]. Piezoresponse force microscopy (PFM) was used to provide
nanoscale electromechanical behavior of NBT-BT-KNN ceramics [4]. This investigation reveals that the
addition of KNN (from 0 to 18 mol.%) increases the threshold field required to induce long range order
and decreases the stability thereof. For NBT-6BT-3KNN, the field-induced domains relax completely,
which is also reflected in zero macroscopic remanence. Eventually, no long range order can be induced
for the content of KNN being higher than 3 mol.%.
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1.3 Lead-free piezoceramics

1.3.5 Improvements on lead-free ceramics for actuator applications

As mentioned at the beginning of this thesis, lead-free piezoceramics have appeared adequate in specific
but narrow applications. They are not yet suited to replace PZT on a broader basis [8]. To enhance the
electromechanical response, two main strategies are adopted commonly: composition engineering and
structure engineering [103]. The former includes: searching for morphotropic phase boundary (MPB),
polymorphic phase boundary (PPB, a boundary occurring as a consequence of a change in thermodynam-
ic variables and at constant chemical composition [103]), tricritical point and doping. Structure engineer-
ing can be achieved by grain engineering, domain engineering, texturing and designing heterogeneous
materials. In this section, the introduction focuses on developing new solid solutions and ceramic/ceramic
composites for actuator uses briefly (especially on NBT-based materials), instead of following the details
of those two strategies listed above.

1.3.5.1 Developing new solid solutions
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Figure 1.16: The large signal piezoelectric coefficient as a function of depolarization temperature for KNN-based [7, 56, 104-106],
BCZT [6, 107-110], NBT-based [56, 77, 88, 111, 112], NBT-based Incipient piezoelectrics [75, 86, 113-117] and PZT
[56, 118, 119]. It is should be noticed that the maximum electric field is not always the same level for each data point
(after Ref. [53]).

For the actuator application, the large signal piezoelectric coefficient (d33) under various temperatures is
particularly useful in characterizing the actuating performance of piezoelectric ceramics. Therefore,
numerous efforts have been made in developing new lead-free solid solutions with high values of d35.
Figure 1.16 demonstrates the large signal piezoelectric coefficient of several representative ceramics as a
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function of Curie temperature or depolarization temperature: KNN-based, (Ba,Ca)(Ti,Zr)O; (BCZT),
NBT-based, NBT-based incipient piezoelectrics and PZT. Jo et al. [54] and Dittmer et al. [120] explained
the term “incipient piezoelectrics” which is the class of materials with initially small piezoelectricity
beginning to develop under the application of external electric field.

The passion of developing KNN-based lead-free ceramics was fueled by a publication by Saito et al. in
2004 [7]. This work found a mixture of morphotropic and polymorphic phase transition region in KNN-
based family with ds; values close to PZT in the textured ceramics. Following this work, the KNN-based
system was widely investigated by other works [63, 104-106] (also see KNN-based piezoelectrics in
Figure 1.16). This system is not only featured by its relatively large ds;, but also its thermal stability [121,
122]. In Figure 1.16, the KNN-based piezoelectrics show the highest T4 among these five systems, mak-
ing this family of materials be adapted for high temperature applications.

Ba(Zry,Tiyg)O5-x(Bagy ,Cag3)TiO; (BZT-xBCT or BCZT) piezoceramics were reported by Liu and Ren
firstly [6]. At the optimal composition around the MPB, this ceramic shows a surprisingly large d;; (~620
pC/N) at room temperature. The d3; values of BCZT solid solutions are provided by Figure 1.16 [6, 107-
110]. This system exhibits excellent electromechanical properties which can be used for actuators with
usage temperature below 100 °C [53].

In addition to the pure NBT and NBT-BT introduced previously, different dopants were added on the A
site of the ABOj structure to form various solid solutions. Li" and K" can be co-doped on the Na" site
[123, 124]. La®*" [125, 126] and Mn** [127] were also doped to increase the value of dj;. By adding ZnO
particles into NBT-6BT to from new NBT-6BT: xZnO composites, the thermal stability of these ceramics
can be improved significantly [128]. The large signal piezoelectric coefficients as a function of depolari-
zation temperature for both NBT-based [56, 77, 88, 111, 112] and NBT-based incipient piezoelectrics
[75, 86, 113-117] are plotted in Figure 1.16.

Beside the materials plotted in Figure 1.16, a non-textured NBT-based lead-free ceramic system
((Bi;2(Nag 84K0.16)1/2)0.96570.04)(T1;—xNby)O3 with complicated compositions was reported by Liu and Tan
[129]. When x=0.025 (abbreviated as BNT-2.5Nb), this ceramic exhibits giant electric field-induced
strain (0.70%) and d3; (1400 pm/V). The highly textured 0.2(KysBiysTi03;-BaTiO;)-0.8Nag sBigsTiO3
(KBT-BT-NBT) ceramic exhibits both low hysteresis and high temperature stability was reported by D.
Maurya et al. [130]. It was not marked in Figure 1.16, neither.

1.3.5.2 Designing composite structures

The NBT-based ternary and ternary incipient piezoelectrics have been found to exhibit large electric
field-induced strains which were mentioned above. However, these large strains are usually accompanied
by a requirement of high poling fields and large strain hysteresis [131]. The design of a relax-
or/ferroelectric (RE/FE) composite provides a highly effective way to resolve both the challenges [5].

Shrout et al. prepared a PZT-based antiferroelectric/ferroelectric (AFE/FE) composite structure starting
this approach to enhancing the electromechanical properties of piezoelectrics [132]. In subsequent works,
RE was used to replace the AFE layer obtaining a ceramic-ceramic composite which combined both the
advantages of each layer: a large coupling factor from FE and a good thermal stability from RE. The
existence of FE in the AFE/FE composite reduced the electric field required to drive the phase transition
from the AFE to the FE [133] which can be attributed to internal electric fields simulated by a series
capacitor model [134]. This approach is not limited to lead-based piezoelectrics. It can be transferred to
other materials to obtain some desired properties, such as dielectric permittivity [135], piezoelectric and
pyroelectric properties [136], dielectric tunability [137], etc.. These properties can be achieved by adjust-
ing composition, dopant concentration, and volume fraction of each layer [138].
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1.3 Lead-free piezoceramics

Owing to their unique core (FE or ergodic RE phase)-shell (non-ergodic RE or paraelectric phase) struc-
ture, some KNN-based [139] and NBT-based [140] ceramics exhibit giant strain responses under an
electric field loading. These ceramics with core-shell micro structure provided an understanding of the
electromechanical behavior in the ceramic/ceramic composite. In this core-shell structure, the FE core
facilitates transition of the paraelectric shell into a FE under an external electric field resulting in a reduc-
tion of required poling field. Combining the concepts of ceramic/ceramic composite and core-shell
structure, Lee et al [141] designed a nonergodic RE/FE composite system validating these concepts. Groh
et al. investigated the NBT-BT-KNN/NBT bilayer composite systematically [5, 84, 142]. In these works,
temperature and frequency-dependent properties of this bilayer structure were checked. Besides, an
optimized volume fraction of each layer each was found where the electric field-induced strain gets
enhanced and reaches the maximum value. The interface of the NBT-7BT and 0.75(Na;,Bi,;)TiO3-
0.25SrTiO; (NBT-25ST) bilayer was investigated by using scanning electron microscope (SEM) and
energy dispersive X-ray spectroscopy (EDX) [138]. In this work, the interface region between the two
layers was found approximately 10 um in width. Zhang et al. extended the concept of bilayer composites
to multilayer structures [143]. Two types of composites with alternating RE and FE layers were prepared,
one with the layers parallel and the other with the layers perpendicular to the electrode surfaces. It is
found that in addition to polarization coupling, the strain coupling effect also plays a critical role in the
reduction of the RE-FE phase transition field.
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2 Digital image correlation (DIC)
method

Deformation behavior is one of the key issues needs to understand before the materials are used for
manufacturing any piezoelectric actuators. In order to investigate the deformation behavior, the powerful
technique of digital image correlation (DIC) is introduced here for measuring the strains induced by both
electric field and mechanical loading.

2.1 Motivation

DIC method was developed by M. A. Sutton et al. in the 1980s [144], when it was called two-
dimensional DIC (2D-DIC). It is a non-contact and non-destructive method, was designed to monitor
surface deformation of materials [145]. This method is built on comparing two digital images, which are
captured from the states before and after the deformation, respectively. The images can be obtained from
an optical microscope (OM) [146, 147], a scanning electron microscope (SEM) [148, 149], and even from
atomic force microscopy (AFM) [150]. This leads to a wide range of the measurement sensitivity and
resolution of DIC depending on the magnification of the observing tools. In particular, it can be used to
realize microscale to nanoscale deformation measurement. Compared with other non-contact optical
techniques such as the interferometric optical method [151], DIC method does not require any laser source
or other expensive devices. Only a digital camera with a suitable lens is needed in order to image an object.
A white light source or natural light is required for illumination in both laboratory and field applications,
respectively.

Compared with the DIC method, strain gauge is a typical measurement device which touches the surfaces
of samples directly [152]. Upon deformation, the gauge bonded on a surface will record the strain of the
sample. But the information collected from the area of a surface where the strain gauge is bonded only
contains strain in a single direction, may it be either longitudinal or transverse. To measure both, another
gauge is needed [153]. This method, on the one hand, gives an average value of the area the strain gauge is
attached to, but, on the other hand, only of this area. Besides that, strain gauges have to be glued solidly on
the surfaces of the samples. This procedure needs to be repeated for each specimen, raising issues with
respect to the reproducibility of the gluing. Another direct measurement device for deformation is a linear
variable displacement transducer (LVDT) [52, 154]. When it is in contact with a surface of the sample, the
motion of the LVDT sensor tip will be recorded while the deformation happens. For one thing, in many
cases surfaces of interest are not accessible for placing a LVDT on them. For another, only the deformation
in direction of the axis of the LVDT is recorded which, in addition, will be affected by a possible rigid
body motion of the sample. Finally, the displacement of a surface cannot tell us any information about the
homogeneity of the strains in a sample.

Due to the disadvantages of the traditional paths mentioned above, DIC method has attracted many atten-
tions since it was developed. This method is not just designed for measuring longitudinal and transverse
strains, but also can be applied for measuring shear strain [155]. Furthermore, full-field strain distribution
can be obtained by using this providing more information about the deformation. Therefore, it has been
used extensively for different types of loading: compression [156], tensile loading [157], bending [158],
thermal shock [159, 160], etc., and various materials: metals [148], plastics [161], ceramics [158] and so
on.
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2.1 Motivation

However, strain measurement by the DIC method in piezoceramics under a large electric field loading is
still hard to be performed because the extra insulating protection from arcing increases the difficulty for
capturing a group of digital images with high quality. To work with strain gauges, kapton thin films were
chosen for preventing arcing [162], but this is not suitable for the DIC method. The reason is that such a
film also interferes with the observation between the camera and surface of sample. A liquid bath can also
be used [153], however, the container should be designed to enable for illumination by the light source and
observation by the camera. Malakooti and Sodano introduced the DIC method into measuring longitudinal
and transverse strain coefficients of PZT-5H wafers with a thinkness of 0.267 mm [147], and their testing
was carried out under a 1.2 kV where there was no need for extra protection against arcing. Because of the
danger of arcing, the presented set up cannot be used for larger sample sizes where higher voltages have to
be applied to arrive at the same electric field strengths. It also has to be mentioned that the strain field on
the surface of the specimen was missing in that work. For some lead-free ceramic/ceramic composites or
complicated structures [138, 143], the full-field strain distribution is great helpful to understand the me-
chanical behavior in each component which can be used to develop new structures.

2.2 Fundamentals

The 2D-DIC technique compares two digital images captured from the same surface. Such an image
provides the gray level of each pixel. This method is based on the principle of gray level conservation of
square matrices of pixels between images. It means before and after deformation, the pixels of a certain
square matrix keep their value of gray level. The reason why square matrices of pixels, rather than an
individual pixel are selected for matching is that square matrices of pixels comprise a wider variation in
gray level and, thus, will distinguish themselves more clearly from other matrices. Therefore, they can be
identified in the subsequent images with more certainty [163].

Here, a “subset” is a square matrix of pixels where the gray level is obtained and its conserved gray level
defines its feature for tracing its position between two images. The images of the surface are meshed into
subsets, each of them including (2N+1) by (2N+1) pixels, where N is an integer. The specified position (X,
y) of the center pixel of a subset is the initial condition to find the corresponding location (x’, y’) in the
image of the deformed state. Consequently, the displacements u and v can be obtained from u=x-x" and
v=y-y’, respectively. To differentiate the subsets from each other, the surface should contain enough
randomly distributed speckle patterns to provide sufficient random values of gray level for tracking the
subset. The pattern can be provided by artificial speckles or natural texture. In this work, two types of
specimens were employed. The natural texture on the surface of lead-based sample provides sufficient
identification marks to be traced directly, but the artificial speckles are required on the surfaces of the lead-
free samples. The method to create artificial speckles will be given in the next chapter. A correlation
function is used to find the corresponding subset with a maximum correlation coefficient in the image of
the deformed state. Commonly, the correlation function is the zero-normalized cross-correlation (ZNCC)
[164], which can be written as

N N
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In this function, C(x’, y’) covers the range [0, 1], and f(x, y) and g(x’, y’) is the gray level of the subset in
the reference image and the image of deformed state, respectively. Furthermore, f and g are given as:

21



2 Digital image correlation (DIC) method
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The correlation work is defined in a search region instead of the whole digital image to reduce the work-
load. The search region is the area of the surface which is evaluated in order to identify the center position
of the subset after deformation. After computing the values of C(x’, y’) in the whole search region, the
center position of the subset with the maximum value of C(x’, y’) will be treated as the corresponding
location (x’, y’). It should be mentioned that the ZNCC function used here is one of many correlation
criteria which is chosen depending on the illumination conditions or sensitivity to noise [164-166]. As can
be seen from the three equations above, the precision is limited to full pixel size. Sub-pixel interpolation
schemes have been developed to increase accuracy of displacements, and the detailed algorithms of these
interpolation schemes can be found in other reports [167, 168]. Among those algorithms, a curve-fitting
method was adopted in this thesis. The position (x’, y’) with a maximum correlation coefficient (CC)
(obtained by calculating the integer pixels) and its nearest eight positions (presented in integer pixels too)
are interpolated using a second order polynomial to find the new position (x”, y ) with the new maximum
CC’. Then the new displacements u” and v’ in sub-pixels can be obtained from u’=x-x" and v'=y-y”,
respectively [169].
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3 Specimens, experimental setups
and methods

3.1 PIC151 soft PZT, NBT-7BT and NBT-6BT-3KNN

In this work, three groups of solid solutions and two types of ceramic/ceramic composites were chosen
for the investigations.

The soft PZT material with easy domain motion is a great candidate to demonstrate the polarization and
strain responses under stimulations. In addition, the properties of soft PZT materials are available
owing to many reports that have been focused on this material. These published experimental data can
be used to compare and validate the results measured from the work in this thesis. Therefore, the first
experiments of this work (both the electric field and mechanical compressive loadings) were applied on
the commercial soft PZT (PIC151, PI Ceramic, Lederhose, Germany). Samples were cut to rectangular
blocks of 5x5x15mm by the manufacturer, with silver electrodes burned into the upper and bottom
5x5mm surfaces. The large aspect ratio of 3:1 was selected not only to mechanical loading also to
analyze the deformation in various portions on the surface of a sample.

The reasons why this commercial material was selected are listed here. First, the properties of this
material are available. Many reports based on this material have been published so that there are
enough references can be used to validate the results measured from this work. Second, commercial
material keeps the same properties for all the samples compared with the properties of “lab-made”
material may show a variation among different samples. Therefore, the results measured from commer-
cial PZT are expected to show a good repeatability if the experimental conditions are identical. At last,
the soft PZT specimens provide natural speckle patterns with a good contrast. There is no need to paint
any artificial patterns on the surface which could induce arcing during the extremely high electric
potential (£30 kV).

0.93Na;,Bi;; Ti03-0.07BaTiO; (NBT-7BT) is a lead-free solid solution with the content of 93 mol.%
NBT and 7 mol.% BT. 0.91Na,;,Bi;,Ti03-0.06BaTiO;-0.03K, sNay sNbO3; (NBT-6BT-3KNN or NBT-
BT-3KNN) was prepared by adding 3 mol.% of KNN into NBT-6BT. These two types of powder were
prepared through the solid oxide synthesis, separately. The raw materials of Bi,O; (99.975% purity),
BaCO; (99.8% purity), K,CO; (99.0% purity), Na,CO;3 (99.5% purity), TiO, (99.6% purity), and
Nb,O5 (99.9% purity) (all Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany) were mixed according to
their stoichiometric formula and ball-milled in ethanol for 24 h. The dried slurries were calcined for 2 h
at 700°C, followed by 3 h at 800°C. Then the calcined powder was ball-milled for 24 h [138].

These two groups of powder were used to prepare four types of specimens: (1) pure NBT-7BT ceramic
[72], (2) pure NBT-6BT-3KNN ceramic [75], (3) NBT-7BT/NBT-6BT-3KNN bilayer composites [84]
and (4) NBT-7BT/NBT-6BT-3KNN/NBT-7BT trilayer composites. The bilayer was a 50/50 composite
by weight of equal amounts of the two end members. The trilayer was 33% NBT-7BT in the center,
with NBT-6BT-3KNN in equal amounts on the top and bottom of the composite. NBT-7BT and NBT-
6BT-3KNN samples were cut to rectangular blocks of 4.7x4.7x6.3 mm and 4.25%4.25%x2.7 mm, re-
spectively. Bilayers and trilayers were prepared to the same size of 4.25%4.25%x4.45 mm with silver
electrodes brushed onto the upper and bottom 4.25x4.25 mm surfaces. All these lead-free specimens
were provided by Mrs A. Ayrikyan who is pursuing her PhD in the group of Prof. K.G. Webber at the
university of Erlangen-Niirnberg.
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3 Specimens, experimental setups and methods

Before the strain measurement by using the DIC method, the quality of speckles on an observation
surface was checked first. The average value of correlation coefficient (CC) is required to be larger
than 0.95 (based on the experience in this work) to ensure a good tracing during the experiments. Once
this value is less than 0.95, artificial speckles are needed to be sprayed onto the observation surface in
addition to the natural texture on the same surface. An air brush (AT-Airbrush Pistole Kit, AT-AK-02,
Agora-Tec, Germany) was employed to do the painting. The size of a droplet of the paint (Model Air,
Black, Acrylicos Vallejo, Spain) can be controlled by the air brush to create patterns suitable for the
DIC tracking. After that, the CC value was checked once more to determine whether painting was
required again or not. The loop of painting and CC value checking could be repeated several times until
the quality of patterns meets the requirement.

3.2 Experimental setups for the investigations

Figure 3.1 shows a sketch of the setup, which was developed for measuring the strain and polarization
under high-voltage conditions. A modified Sawyer-Tower circuit combined with an electrometer
(6514, Keithley Instruments, Cleveland, USA) was used to monitor the voltage variation of a capacitor
that was connected in series with the specimen in order to measure the polarization of the ceramic. The
electric-field-induced strains are measured by means of a LVDT sensor (Type W1T3, HBM, Darm-
stadt, Germany) as well as a digital camera.

LVDT
Connecting with Sensor
Sawyer-Tower Circuit
R |
Rubber Cover T r Glass Window
Ceramic .
Specimen Digital Camera
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Liquid L T
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Figure 3.1: Experimental setup for measuring electric field-induced strains.

The silicone oil bath (AB118663, abcr GmbH, Karlsruhe, Germany) container provides excellent
protection from arcing which may be caused by the electric potential with the maximum values of +30
kV. The loading of electric fields was generated by a bipolar high-voltage power supply (HCB 15-
30000, F.u.G., Rosenheim, Germany).

In addition to a digital camera mentioned above, the whole DIC system was equipped by a glass
window, a light source (Halogen optic lamp, Osram, Augsburg, Germany), a digital camera with the
maximum resolution of 2208x3000 pixels (PL-B782F, Pixelink, Ottawa, Canada), and two lens with
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3.2 Experimental setups for the investigations

fixed magnifications (1x and 2%, MVO-TML telecentric measuring lens, Edmund Optics Inc., Germa-
ny). The glass window provides a direct view at the specimen for the camera to capture images, and the
telecentric lens is helpful to ignore the slight out-of-plane motion. For these two lenses, the 2x lens
provides a higher resolution (1.75 pm/pixel) while the 1x lens (3.5 pm/pixel) is suitable for observing a
larger surface on a sample.

Figure 3.2 shows the setup for measuring the deformation and polarization under a compressive load. A
special alignment fixture was designed. Using this fixture, the compressive force acts in line with the
axis of the specimen and consequently, superposed bending is avoided. The compressive stress was
applied using a servohydraulic load frame (Model 1361, Instron, Canton, USA). During the loading
and unloading, a Sawyer—Tower circuit combined with an electrometer (6517A, Keithley Instruments,
Cleveland, USA) was employed to monitor polarization charges. The strains were obtained from the
DIC system using the observation of 1x lens.

During both the electric field and mechanical compressive loadings, two digital images were captured
per second to monitor the deformation of a specimen. All the experimental setups were controlled and
the data were acquired by a computer running LABVIEW 2009. After completing the experiment, the
MATLAB R2011b software [169, 170] were used to analyze the images captured during the loadings.
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Figure 3.2: Experimental setup used for compression test.

3.3 Implementation of DIC method in this work

A series of digital images captured during the experiments are the raw data which contain the whole
information of the deformation. Therefore, suitable software is required to deal with those as-captured
images and extract the useful information from there.

In the digital images the origin of the coordinate system for locating pixels will always be the upper left
corner, as indicated in Figure 3.3. From the origin, the transverse orientation is pointing in X-direction,
and the longitudinal orientation is in y-direction. Using these coordinates, every single pixel is assigned
a precise position. The red crosses represent the targets for tracing, i.e. the centers of the subsets to be
traced. Consequently the area of the images covered by the red crosses will be the corresponding region
of interest (ROI) for evaluating the strains. The number of red crosses is decided by the step size
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3 Specimens, experimental setups and methods

(determining the density of tracing targets). For example, the step size in Figure 3.3 is 50x50 pixels
which means that the distance between a red cross and its nearest neighbor is 50 pixels in both width
and length directions. The basic principle of using DIC to realize image comparing and subset correlat-
ing were introduced in section 2.2. After the procedures of comparing images and matching the sub-
sets, the new position in the images of the deformed state and the displacement of each center pixel of
the traced subsets can be obtained.
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Figure 3.3: Two ROIs marked by selected the red crosses ready for DIC tracing.

In a selected ROI, the longitudinal displacement Vv of all subsets versus corresponding vertical position
y can be plotted so that a linear fitting operation can be applied afterwards. The value of longitudinal
strain in y-direction of the corresponding region equals the slope of that fitting line. The accuracy of
strain obtained by using this algorithm is influenced by the fitting range strongly. This influence will be
discussed in the following section. With the same operation, but using the values of U and X instead of v
and Y, the strain in X-direction (transverse strain) can be obtained, too. This method for calculating
strains gives an average or a general strain corresponding to the selected ROI. If, for example, one
wants to examine the homogeneity of deformation, several appropriate ROIs where the strains can be
obtained independently are needed. These ROIs locating on the surface of a specimen work similarly to
employing couples of strain gauges at the corresponding areas simultaneously. More details can be
found at the website of the freely available code for this method programmed by C. Eberl and his
colleagues [170]. Here, it is named code 1.

In many tasks of experimental solid mechanics, the spatial distribution of the strain components of the
whole surface is of interest. In this case, the strain distributions are calculated from finite element shape
functions used to interpolate the displacements. This method can provide more “local” strain infor-
mation by drawing a contour plot of strains. An open source code to achieve this was developed by E.
Jones (in this paper it is named code II) [169]. Commercial software is also available to obtain the
distribution of strain [171], but in this work, only the two open source codes using Matlab as calculat-
ing engine mentioned before were adopted. Further details on the 2D-DIC method can be found in
several review articles [163, 172].
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3.4 Error analysis on the strain measured from DIC method

3.4 Error analysis on the strain measured from DIC
method

3.4.1 Errors from the DIC codes and the setup

In order to evaluate both the two DIC codes used in this work, the example images named ‘2D Test
Image Sets, Sample 3” were downloaded from the website of “Digital Image Correlation Challenge” in
the Society for Experimental Mechanics [173]. “2D Test Image Sets, Sample 3” is a group of 12
images provides rigid translation by 0.1 pixel increment up to 1 pixel. A subset size of 20 pixels was
selected to do these evaluations. Loading these standard images into the calculating engines (code I and
II), the errors can be estimated by comparing the calculated results and the specified values provided by
the authors of the standard images.

For the code I from C. Eberl et al., the error in displacement is about 0.007 pixel. In this code, the slope
of linear fit of the displacement versus position allows to get the value of longitudinal or transverse
strain, so the error of strain depends on the range of fitting area. For instance, to calculate longitudinal
strain, the fitting range covers 400 pixels (from y-position 50 to y-position 450). Then the magnitude of
the error in longitudinal strain of this ROI will be ~10°°, which means ~10* %. When the ROI is a tiny
region covering only 50 pixels in y-direction, the magnitude of the error in average strain could reach
~107%. Using the fitting method on displacement U and x-position, the error in transverse strain can be
estimated too.

The accuracy of the code II from E. Jones was evaluated by taking the same standard images. Fortu-
nately, the author who programed this code also gave a report on the error analysis. The results in details
can be found in a file named “DIC Challenge — Summary of Results”’[169]. With the step size of 5
pixels, this report lists the errors in displacement and strain which are 0.005 pixel and 0.015%, respec-
tively. In this code, before calculating the strain, a Gaussian distribution of weights with 11 control
points and 3 smoothing passes are used to smooth the displacement. Then, the method of displacement
interpolation over 16 nodes, bi-cubic finite elements were taken to calculate the strains.

The noise coming from the setup is another part that influences the accuracy of the measurement. Such
as the cleanliness of the glass window, illumination condition, the focusing accuracy of the lenses, etc.
To simplify the work of analyzing, those influence factors will not be discussed each by each. Only a
group of images captured from a PZT sample standing in the setup (Figure 3.1) plays the role of the
analysis object. Similar to the standard images provided by the “DIC Challenge”, the surface of PZT
provides good speckles with enough contrast. The average value of the correlation coefficient was
checked to make sure this value was larger than 0.98, which means the correlation work was completed
well to meet the requirement. Owing to no loads or operation, the displacement and strain were supposed
to be 0, but the calculated displacement shows the magnitude of the noise to be in average of ~107 pixel.
Table 3.1 and Table 3.2 list the summary of the error results.

Table 3.1: Magnitude of errors in displacement and strain estimated from standard images (downloaded from Society for
Experimental Mechanics).

Magnitude of error in

M it f in strain (9
displacement (pixels) agnitude of error in strain (%)

~10" (fitting range: 400 by 400 pixels)

Code I 7.0x107 o _
~107 (fitting range: 50 by 50 pixels)

Code 11 5.0x10° 1.5x107
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3 Specimens, experimental setups and methods

Table 3.2: Magnitude of errors in displacement and strain estimated from a PZT specimen (a sample used in this work at static

state).
Magnitude of i
‘agm udeo er.ror N Magnitude of error in longitudinal strain (%)
displacement (pixels)
~107* (fitting range: 1800 pixels in y-position
Code I 6.5x107 3( _g g p_ , P N )
~107 (fitting range: 500 pixels in y-position)
Code IT 6.0x107 7.0x107

3.4.2 Noise caused by the motion of insulating liquid
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Figure 3.4: Three ROIs selected for calculating the corresponded strains.

In the experiments of electric field loadings, the electric field causes a motion of insulating liquid
which influences the accuracy of the strain measurement strongly. Therefore, the discussion on a PZT
specimen with zero loading in last section is not enough.

Figure 3.4 shows three ROIs selected for calculating strains and the results are plotted in Figure 3.5. In
those three ROIs, each covers 500 pixels along y-direction. Based on the result in Table 3.2, the error in
strain is ~10~ %. However, Figure 3.5(a) presents lots of noise in the results larger than ~107% obvi-
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3.4 Error analysis on the strain measured from DIC method

ously. Although the insulating liquid is kept as clean as possible, a high voltage still leads to some
degree of motion. Consequently, the interface between the air and liquid is not kept still, but reflection
and refraction happen there which change the illumination conditions on the PZT surface during the
quasi-static loading at high voltages. The evidence is shown in Figure 3.5(a) where the result from the
top region (close to the interface between the air and liquid) contains more noise than the result from
the bottom region (the illumination condition is more stable). It is expected that, more liquid lifting the
liquid level far away from the top region of the specimen is helpful.

In addition to filling more liquid into the container, some other solutions can be used in order to mini-
mize this liquid motion-induced noise. In Figure 3.1, a piece of black rubber is placed between the air
and the liquid to cut off the light path. Meanwhile, the specimen is placed as close as possible to the
glass window instead of the center of the container which also can be seen in Figure 3.1. After taking
those modifications, the experiment was repeated again and the results are revealed in Figure 3.5(b).
Compared with the results in Figure 3.5(a), the three curves measured after taking the three solutions
demonstrate a high agreement with each other and most importantly, the noise is minimized.
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Figure 3.5: Longitudinal strains calculated from three ROIs on one surface: (a) results containing obvious noises; (b) results
obrained from the same setup after some modifications.
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4 Deformation behavior on PZT
samples

4.1 Experiments under electric field loadings

The work in this chapter was aimed in the first place to determine the feasibility of using the DIC
system to measure the electric field-induced strain rather than finding new knowledge on the PZT
material. So there are not many discussions on the properties of the material but the introductions on
this setup to achieve the measurement are provided [174]. The commercial soft PZT (shown in Figure
4.1) was picked to perform this investigation. The introduction of this sample and the reason why this
material was chosen haven been given in section 3.1.

1% lens watching window

physical size

Figure 4.1:  The physical size of the sample and the selected watching window under the lens.

4.1.1 Experimental procedures

The setup for this work has been shown in Figure 3.1 and the introduction of the measurement has been
given by Chapter 3, too. In section 4.1, all the tests were completed by using triangle waveform cyclic
electric field loadings with amplitude of +£2 kV/mm and a loading rate of 0.08 kV/mm per second
(0.01Hz). The camera with the 1x lens captured 2 images per second to record the deformation of the
object when the loading was applied.
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4.1 Experiments under mechanical compressive stress loadings

4.1.2 Validation of the DIC method
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Figure 4.2: Polarization hysteresis loops induced by cyclic electric field loadings.
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Figure 4.3: Reference images and regions of interest for DIC tracing (unit in coordinates is pixel).

Figure 4.2 shows the typical polarization hysteresis curves. Before the electric field loading, the PZT
specimens are in an unpoled state. Therefore, the domains are randomly distributed in the ceramic and,
thus, spontaneous polarization and strain of all domains result in vanishing macroscopic remnant
polarization and strain, initially. As the magnitude of the electric field is increased beyond a certain
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4 Deformation behavior on PZT samples

threshold value, usually characterized by the so-called coercive field strength, the domains are gradual-
ly aligned to the loading direction. The initial random domain state is never attained again during the
loading history. This explains the difference between the first half cycle of loading and subsequent
loading cycles and this hysteresis behavior has been reported in other publications [21, 175].
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Figure 4.4:  Strain-electric field curves measured by DIC method and LVDT.

Figure 4.3 shows two different selected ROIs from the same surface on one sample. The subset size of
15%15 pixels was selected for all the DIC evaluations and the step size is 50 pixels and 25 pixels for
Figure 4.3(a) and Figure 4.3(b), respectively. The ROI marked in Figure 4.3(a) contains hundreds of
centers of tracing targets (red crosses) covering the whole observed surface. The ROI in Figure 4.3(b)
is covered by dozens of red crosses only. It is still a complete ROI aiming to check the general strain
along the longitudinal direction although these centers of tracing targets were placed around the top and
bottom regions. The results calculated from these two ROIs will be demonstrated in the following
discussion.

32



4.1 Experiments under mechanical compressive stress loadings

To validate the DIC method, a ROI was selected as shown in Figure 4.3(a), and both, longitudinal and
transverse strains were calculated. Simultaneously, the LVDT sensor was used to measure the longitu-
dinal strain. The comparison of the S-E butterfly curves measured by employing the two methods is
plotted in Figure 4.4. The butterfly loop obtained from the LVDT data shows a good agreement with
the longitudinal strain measured by using DIC method. Although there are tiny differences between the
results from the two methods, the accuracy of the DIC measurement still can be confirmed. Due to the
working principle of DIC, the displacement along both, y and X, directions can be obtained at the same
time, and the transverse strains are also plotted in Figure 4.4. Using the same ROI in a single experi-
ment, diverse types of strains can be calculated.

4.1.3 Strain measured from DIC displacement gauge
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Figure 4.5: Longitudinal strains measured from diverse ROls.

Unlike the LVDT or a strain gauge, the DIC method cannot get the displacement or the strain infor-
mation immediately. They must be calculated from a series of images in a post processing step. The
processing of the images takes time depending on the workload. Thus, optimization by selecting ROIs
to relieve processing demands is necessary. In order to simulate a LVDT-measurement by means of the
DIC method, only the regions close to the top and the bottom of the sample are included in one ROI.
The bottom region plays a role of a reference, and the top region catches the longitudinal displacement
of the upper surface. As shown in Figure 4.3(b), only 32 targets compose the ROI which covers two
small parts on the viewed surface and, consequently, the computation time was much shorter compared
to the selection in Figure 4.3(a). This quick checking method is known as DIC displacement gauge
checking.

200 images were captured to describe one loading loop. The processing time of the ROIs in Figure
4.3(a) and Figure 4.3(b) were about 50 min and 5 min, respectively. Figure 4.5 reveals the longitudinal
strain curves from the measurements corresponding to Figure 4.3, which match each other perfectly.
From these results it can be seen that by selection of the ROI optimized for the purposes of a certain
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4 Deformation behavior on PZT samples

measurement, the computation time for tracing markers can be reduced significantly without loss of
accuracy.

4.1.4 Spatial distribution of the strain components

Figure 4.6: Distributions of transverse and longitudinal strains: (a) contour plot of transverse strain measured at 0.87 kV/mm;
(b) contour plot of transverse strain measured at 2 kV/mm,; (c) contour plot of longitudinal strain measured at 0.87
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4.1 Experiments under mechanical compressive stress loadings

The spatial distribution of the strain components of the whole surface was obtained. It has a great
potential on monitoring the deformation of piezoceramics under electric field loads, especially for
understanding the mechanical behavior of some complex composites or multilayer structures [138,
143]. Here, a specimen of the pure component of PZT was used to discuss the homogeneity of defor-
mation. The same group of images to calculate the overall strain to obtain Figure 4.4 was taken again to
compute the distribution of the strain.

Figure 4.6 shows the distributions of transverse and longitudinal strains under an electric field of 0.87
kV/mm around the coercive field and at the maximum loading of 2 kV/mm, respectively. It should be
mentioned that, the resolution of the lens is limited to 3.5 pm/pixel, and the step size was set to 25 by
25 pixels in this experiment. Under this observation and calculating scale, Figure 4.6 provides a macro-
scopic strain field on a surface of the specimen in fact, rather than a microscopic strain which depend-
ents on the micro structure of the material. Although the word “distribution of strain” is used here and
in the following discussion, the scale of obtaining the strain should be noticed.

Owing to using a pure component of PZT, it is expected that the strain is homogeneously distributed
under the electric field loadings. The evidence is provided by Figure 4.6, although the measured strain
distributions show some random noise causing tiny differences in various parts. In general, force on the
sample may induce a constraint, but in Figure 4.6 there is no inhomogeneity of strains visible in either
transverse or longitudinal directions even at the bottom. Result from that, the strain is not affected by
any mechanical constraints.
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Figure 4.7: Transverse strain measured from diverse ROIs of Figure 3.4.

The strain distributions in Figure 4.6 only provide two states of the whole electric field loading history.
To further investigate the entire loading, one watching window was separated into three sub-regions as
shown in Figure 3.4 and the longitudinal and transverse strains calculated by code I were plotted in
Figure 3.5(b) and Figure 4.7, respectively. In these figures, one can find that the values of strain from
the correspondingly selected ROIs match each other very well. So, together with the results in Figure
4.6, it can be concluded that the ceramic sample experiences a highly homogeneous deformation on a
macro scale during the entire electric field loading.
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4.2 Experiments under mechanical compressive
stress loadings

The PZT material is not only often subject to electric loadings but also to large compressive forces
which should be considered for device design. In order to assess the reliability of a piezoceramic
component, it is important to estimate its mechanical stress-strain relationship quantitatively. Simula-
tion and modelling methods were developed to describe the nonlinearity caused by domain switching
processes under strong compressive stress [176, 177]. Reliable stress-strain experimental data are
needed to build and verify those models, which makes the measurement of strains play a significant
part in developing them. Therefore, experiments under pure compressive stresses were performed
[178]. Following the previous section, the DIC method was employed to investigate the homogeneity
of the deformation in a slender bulk specimen under mechanical compression here.
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Figure 4.8:  Observation window of DIC and the reference image with the assigned coordination system.

4.2.1 Experimental procedures

The same type of PZT material was chosen in this investigation. The sample with a size of 5 by 5 by 15
mm was not necessary in the previous section 4.1 to conduct the bipolar electric field loadings. The
large height of 15 mm requires an extremely high potential of 30 kV to create a suitable electric field of
2 kV/mm. It demands highly careful operation during the experiments to avoid any accident. However,
a sufficiently large surface with the size of 5 by 15 mm is provided due to the large aspect ratio of 3:1.
This aspect ratio brings advantages into this compression investigation. It is convenient to analyze the
deformation from three portions of the sample (top, center and bottom regions) and figure out from
which region the true stress-strain experimental data can be obtained.

The setup used to perform this investigation has been introduced in Chapter 3 (Figure 3.2). Before the
compressive loading, the sample was poled under triangle waveform cyclic electric field loadings for
10 cycles, with the amplitude of +2 kV/mm and a loading rate of 0.08 kV/mm per second (0.01 Hz).
Then the compressive loading and unloading rate was controlled at 5 MPa/s with the loading range
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4.2 Experiments under mechanical compressive stress loadings

from 0 to -400 MPa (0.625 mHz), and 3 cycles were applied. During the compression test, 2 digital
images were captured per second to monitor the deformation of the specimen.
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Figure 4.9: Three cycles of responses of compressive stress: (a) mechanical depolarization curve; (b) longitudinal and trans-
verse strain versus stress.

4.2.2 Strain measurement on single region of interest

In Figure 4.8, it can be seen that the observation window covers two thirds of the whole 5x15 mm
surface area at its central and bottom portion. Due to symmetry of the specimen, the upper part beyond
the observation window is not considered here. As an advantage of the DIC method, both the longitu-
dinal and transverse strains can be gained from evaluating correspondingly selected ROIs easily. It was
mentioned in the former chapters that the red crosses represent markers chosen for tracing which are
the center pixels of target subsets, and the parts of the images covered by those red markers will play
the role of the ROI.
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4 Deformation behavior on PZT samples

Figure 4.9 shows the results of depolarization and strain curves under cyclic compressive loadings.
Before the compressive loading, the pre-poled state was selected as the reference, thus the starting
value of the depolarization and strain curves was set as zero. These curves are very close to other
published results on PZT ceramics [179, 180], and the nonlinear behavior of pre-poled PZT can be
attributed to stress induced ferroelastic domain switching mechanisms [23]. As a special feature, the
DIC method can be used to calculate both the longitudinal and transverse strains from the same ROI. In
Figure 4.9(b), these two stress-strain curves come from the same ROI selected as shown in Figure 4.8
where both the central and bottom portions are contained. These curves present the general or average
strain results, which cannot provide further details on the distribution of strain within the corresponding
ROL.

4.2.3 Strain measurement on multi-regions of interest

The uniaxial compression testing of brittle materials is difficult given the requirement that the loading
be applied symmetrically such that no superposed bending occurs. The ROI regions 1 (R1) and 2 (R2)
marked in Figure 4.10 were selected to examine whether there was any superposed bending effect. It
can be seen that R1 and R2 are located close to the left and right edges of the specimen. In Figure 4.11,
the longitudinal stress-strain curves of R1 and R2 can be found. Although there are slight differences of
the longitudinal strain curves between the left and right edges, the capability of the setup to avoid
superposed bending was still confirmed to a sufficient degree. Because only bending along one axis is
checked in Figure 4.10, to make sure no bending happened along the other axis, the same operation
was repeated several times by capturing other surfaces and the results matched those in Figure 4.11
very well.
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Figure 4.10: Selected ROIs on the surface of sample for calculating longitudinal strains.
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4.2 Experiments under mechanical compressive stress loadings
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Figure 4.12: Selected ROIs on the surface of sample for calculating transverse strains.
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Figure 4.13: Stress-strain curves obtained from various ROIs.
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4.2 Experiments under mechanical compressive stress loadings

Figure 4.12 demonstrates regions R3 through R9 chosen to monitor the extension and shrinkage along
the transverse, i.e. x-direction. R4 is situated in the central part of the whole ceramic body (Figure 4.12
and Figure 4.8). R3 and RS are placed symmetrically about R4, and they three are still in the central
cubic region of the whole sample, approximately. From R6 to R9, the positions get closer to the bottom
edge, gradually, so the transverse strains can be obtained at different positions along the y-direction.
The comparisons of the strain results calculated from the various ROIs are shown in Figure 4.13.

Figure 4.13(a) demonstrates the transverse strains from the bottom part (R9) and central part (R4) of
the ceramic sample. A large difference can be found between the two curves. Due to friction between
the ceramic specimen and metal platform, the bottom part of the sample is clamped in the horizontal
direction during the loading so that the transverse strain response at the bottom of the sample is much
smaller than in the part far away from the bottom. To further investigate this effect caused by the
friction constraint, more ROIs were selected on the same surface. It is obvious that, in Figure 4.13(b),
the farther the ROI is away from the bottom edge, the larger transverse strain response can be meas-
ured. In other words, the deformation from R6 to R9 corresponding to the bottom third of the sample
shows an inhomogeneity under the compression testing. However, the inhomogeneity of the defor-
mation does not spread over the entire sample. In Figure 4.13(c), the stress-strain curves for R3, R4 and
R5 match each other very well, with little difference among them. The ROIs of R3 to R5 are located
around the central cubic region of the sample. Therefore, this region underwent homogenous defor-
mation, and the uniaxial stress-strain results from this part of the specimen are the desired data to
develop constitutive models. Due to the symmetry of the uniaxial stress and the geometric shape of the
sample, the deformation behavior of the region close to the top edge would be similar to the bottom
part.

4.2.4 Spatial distribution of the strain components

Checking the strains in various ROIs by using code I to obtain a strain field on a surface is not the most
efficient way. In this section, the strains are calculated by interpolating displacements using finite
element shape function [179] which was introduced in section 3.3 on the code II. Although a large
subset size (150 by 150 pixels) and step size (50 by 50 pixels) are used here, the spatial distributions of
the strain components of the whole surface are still more local than computing an average strain in the
ROIs marked in Figure 4.12. The distributions of both the transverse and shear strains are depicted in
Figure 4.14, Figure 4.15 and Figure 4.16. Meanwhile, the time instants during the external compressive
loading are marked to show at which stress state the strains are obtained.

Figure 4.14 shows the contour plots of transverse and shear strains at 0 MPa (initial state). Despite of
the noise in the plots, both show 0% of strain. By comparing the results from Figure 4.14 and Figure
4.16, it can be found that the values of shear strain are almost zero up to an error of ~102%, while a
remnant transverse strain on the order of 0.2% (~102% error) can be observed after the first cycle of
loading and unloading. Owing to the mechanical restriction by friction, it is obvious to see in Figure
4.15 that the transverse strain at the bottom is much smaller than that in the upper part of the image
which shows the central part of the specimen. This matches the results in Figure 4.13 well. The shear
strain presents positive and negative values. However, in view of the error magnitude of ~107%, the
values measured here are suitable for a qualitative discussion, only. The existence of both the positive
and negative shear strains in the left and right bottom corners, respectively, in Figure 4.15 is fully
consistent with the former discussion on the transverse strains in the context of Figure 4.13. These
shear strains occur in the transition zone between the area of constrained transverse strains at the
bottom and fully unconstrained transverse strains in the center of the specimen. The absence of shear
strains in the center of the specimen confirms the presence of perfectly uniaxial stress and strain state
there. It is also interesting to note that, up to measurement accuracy, no shear strains are observed in
Figure 4.16 even at the bottom of the specimen. This leads to the conclusion that the remnant strain
state shows almost no barreling, while the barreling effect is constituted by elastic strains, in the first
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4 Deformation behavior on PZT samples

place. This can also be confirmed by comparing in Figure 4.13(a) the transverse strain values at maxi-
mum stress to those in the unloaded state, where the difference between R4 and R9 is much larger in
the former case than in the latter.
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Figure 4.14: Contour plots of transverse and shear strains at 0 MPa. The plot in the upper shows the prescribed stress loading
history. The red point denotes at which state of the loading history the corresponding image was taken.

Figure 4.17 demonstrates the schematic representation of the deformation states. Three as-deformed
states are plotted, only the last state in Figure 4.17(d) matches the former discussions. However, this
figure doesn’t represent the exact as-deformed shape but provides a simplified view. The inhomogenei-
ty phenomenon is common in mechanical compressive testing owing to the existing of friction at the
interfaces. By using the DIC method, the experiment shows direct evidence for the so-called barreling
behavior of PZT ceramics under uniaxial compressive load. The inhomogeneity of deformation close to
mechanically loaded surfaces should not be neglected. There are two standards for conducting com-
pression tests on ceramic specimens: C1424-15 from ASTM (American Society for Testing and Mate-
rials) [180] and BS (British Standards) EN 658-2:2002 [181]. Both of them provide recommendations
on the geometry of specimens for compressive tests. Bone-shaped specimens are recommended be-
cause a sample with this shape ensures that the center part represents a purely uniaxial stress state. In
these standards, the ratio between the “calibrated length” (the part of the test specimen which has
uniform and minimum cross-section area) and “square section side length” (width of calibrated length)
is around 2:1, but the ratio between the total length and square section side length is close to 3:1. In
addition, the locations for gluing strain gauges are given, too. However, it is not always possible to
process the specimens into the bone shape, especially for laboratory-made specimens. For brick shaped
samples, the aspect ratio of the specimen and the area where the strains are measured should carefully
be considered in order to obtain a true uniaxial stress-strain curve.
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Figure 4.15: Contour plots of transverse and shear strains at -400 MPa.
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Figure 4.16: Contour plots of transverse and shear strains with the stress unloaded at 0 MPa.
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Figure 4.17: Schematic representations of the deformation states: (a) initial state without any compressive load; (b), (d) and (d)
three hypotheses of as-deformed states.

4.3 Summary

In the chapter, the DIC method was employed to monitor the deformation of PZT specimen.

In section 4.1, both the longitudinal and transverse strains can be obtained from the same correlation
calculation under a uniaxial electric field. LVDT data were used to compare to the longitudinal strain
obtained from the DIC method. The results matched well and, thus, the DIC method was validated. The
accuracy of the measurement was estimated by calculating the reference images and the accuracy was
confirmed again by DIC displacement gauge checking.

The distribution of strain at two particular electric field values were plotted to describe the deformation
behavior. This investigation proved that the deformation of PZT ceramic under uniaxial electric field
loading without any mechanical constraints is homogeneous under the observing scale in this experi-
ment. This finding was also confirmed by focusing on correspondingly selected ROIs and calculating
the values of strain components there.

In section 4.2, the DIC method was used to study the deformation of PZT under uniaxial compressive
loads. By using a Sawyer-Tower circuit, the depolarization under compressive loadings was obtained
as well. The average strain components can be gained by focusing on correspondingly selected ROIs
which can be located anywhere on the observation surface. In addition, the distribution of strains is
obtained by contour plots. Based on this technique, barreling behavior under a uniaxial compressive
load was proved. This barreling behavior is due to elastic strains, in the first place, while the remnant
strains are less affected by this phenomenon. This finding is the experimental justification for the
selection of an aspect ratio of 3:1 for our specimens, where only the region close to central cube of the
specimen represents the purely uniaxial stress state. To get a desired stress-strain curve, the area on
which the measurement is focused should be carefully considered.
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5 Experiments on NBT-7BT under
electric field loadings

As introduced in Chapter 1, (1-x)NBT-xBT is a family of lead-free piezoceramics with appealing
replacement for lead-based materials in actuator applications due to its typically large piezoelectric
coefficient and normalized strain S,,,,/E .« [8]. This NBT-BT solid solution has been shown to exhibit
useful piezoelectric properties of compositions that are formulated near the morphotropic phase bound-
ary (MPB) between the rhombohedral NBT and the tetragonal BT phase where x=0.06~0.07 [72-74].
Therefore, many investigations have been focused on NBT-6BT and NBT-7BT. In this chapter, exper-
iments of electric field loadings on NBT-7BT are reported to extend the knowledge of the electrome-
chanical properties of this material [182].

5.1 Polarization and strain responses under bipolar

loadings
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Figure 5.1: Loading history for one cycle of electric field loading.

Figure 5.1 illustrates the loading history for one cycle of the electric field loading. The subsequent
loadings repeat this history for several times to reach the designed number of cycles. The loading and
unloading rate was controlled at 0.01Hz for both the first loading cycle and the followings with the
maximum electric fields of £4 kV/mm. The polarization was measured by a Sawyer—Tower circuit
combined with an electrometer, while the longitudinal strain was recorded by a LVDT and a digital
camera, simultaneously.
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Figure 5.2: Polarization and strain hysteresis loops induced by cyclic electric field loading: (a) polarization hysteresis loops; (b)
longitudinal strain curves.

The P-E loops and S-E curves are shown in Figure 5.2. Both the P-E and S-E curves demonstrate large
remnant values after the first half cycle of electric field loading. Following additional cyclic electric
field loading, the large remnant strain in Figure 5.2(b) remains unchanged. This behavior has been
described as an irreversible transition from the non-ergodic RE state to the long-range FE state [54].
Furthermore, while a sufficient electric field is necessary to drive this phase transition it is irreversible
even if the electric field is removed totally. Compared with the strains measured by using the LVDT
and DIC methods, the results match each other well validating the DIC method once again.

46



5.2 Electromechanical responses under a constant
electric field

In section 1.3.4, electric field-induced phase transition in NBT-BT has been reviewed. However, all
those investigations were performed under varying electric field loadings. Not many experiments under
a long-term constant electric loading on the lead-free piezomaterials were reported. Unlike the electric
field-induced electromechanical responses in PZT materials which were attributed to ferroelectric
domain switching processes [153, 183], the lead-free NBT-BT system exhibits a phase transition from
RE to FE corresponding to the change from an unpoled to a poled state. This change influences the
macroscopic performance strongly. Whether this phase transition can be induced by a static electric
loading is still unknown. Therefore, the electromechanical behavior of virgin polycrystalline NBT-7BT
induced by a constant electric field was investigated to explore the time-dependent RE-FE transition
behavior.

5.2.1 Experimental procedures
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Figure 5.3: Two loading histories applied to the NBT-7BT specimens.

NBT-7BT specimens in an initially unpoled state were selected to perform the experiments. The time-
dependent electromechanical response was recorded during unipolar constant electric fields. The
loading history was applied on the specimens, as shown in Figure 5.3. Both, loading and unloading
were controlled at a rate of 0.16 kV/mm s™' (0.01 Hz). In the first loading scenario, E, was applied to an
unpoled sample and held constant for 1200 s for selected maximum electric fields between 0.8 kV/mm
and 2.0 kV/mm (shown by the blue solid line in Figure 5.3). Following the holding time and electrical
unloading, the piezoelectric coefficient d;; was estimated by means of averaging the strains induced by
a triangular electric field between 0.0 and 0.2 kV/mm with a frequency of 0.5 Hz for 5 cycles. In the
second loading scenario, the unpoled specimen was initially electrically poled at 4.0 kV/mm for 30 s.
Following this, the samples were loaded to E, with values of 1.3, 1.6, 1.9 and 2.2 kV/mm, respectively.
The hold time was also 1200 s (red dashed line in Figure 5.3). The longitudinal strain and polarization
were recorded during the complete loading history for both scenarios.
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5.2.2 Results and discussions
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Figure 5.4: Longitudinal strain and polarization as a function of time: (a) measured strains; (b) measured charge per specimen
surface area including charges from leakage; (c) polarization under various static electric fields.
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5.2 Electromechanical responses under a constant electric field

Longitudinal strain and polarization as a function of time were measured under various constant elec-
tric field magnitudes, shown in Figure 5.4. Unlike the strain curves in Figure 5.4(a) where eventual
saturation occurs, the measured charge per surface area in Figure 5.4(b) does not show saturation
during the 1200 s hold time. Instead, this curve merges into a straight line with a none-zero slope. It is
believed that in addition to the polarization charges, charges also caused by a leakage current accumu-
lated in the capacitor of the Sawyer-Tower circuit. Thus, in obtaining Figure 5.4(b) charges caused by
leakage current together with the polarization charges contributed to the voltage measured by the
electrometer. To exclude this effect and determine the polarization charge response, only, a linear
fitting was performed on the linearly increasing section of the measured charge per surface area to-
wards the end of the hold time. The corresponding strain in Figure 5.4(a) is saturated after a sufficiently
long time of electric field loading (except for the curve at 1.1 kV/mm), indicating that creep processes
must have come to an end, such that the linear increase in the charge measurement can be ascribed
solely to leakage currents. Figure 5.4(b) depicts only four charge responses, among which the measured
charge per specimen surface area held at 2 kV/mm is taken as an example to show the range of linear
fitting. The data obtained in the last 300s of the hold time where the charge shows almost linear in-
crease were selected as the fitting range to calculate the value of the slope. In fact, this fitting was
performed on each measurement except for the electric field held at 1.1 kV/mm, because in this case
neither the strain nor charge curve presents a saturation stage.

Time-dependent changes in polarization during the application of a bias electric field can be obtained
by

P=P,-PR (Equation
5 . 1 )
B =mt (Equation 5.2)

In Equation 5.1, P is polarization without the influence of leakage current, which is shown in Figure
5.4(c), and Py, is the measured charge per specimen surface area, while P, is the charge per specimen
surface area caused by leakage current. P, can be obtained by using Equation 5.2, which is the slope of
the linear fit multiplied by time t. Figure 5.4(c) depicts polarization as a function of time under various
static electric fields. It shows saturation behavior comparable to the strain curves.

From Figure 5.4(a) and (c), it can be clearly seen that the electric field-induced electromechanical
behavior is time-dependent at electric fields below the poling field (~1.8 kV/mm). In addition, the
magnitude of the constant electric field significantly influences the electromechanical response. Strain
and polarization display two regimes: (i) an instantaneous strain response during the initial dynamic
electrical loading, followed by (ii) gradually increasing creep strain during the subsequent holding
time, which corresponds the periods of initial electric loading and holding time illustrated in Figure 5.3.
When the electric field is not sufficient, i.e., 0.8 and 1 kV/mm, both the strain and polarization do not
show large responses that eventually saturate during the holding time. With increasing electric field
from 1.2 to 1.6 kV/mm, a two-stage cascade behavior is observed. This phenomenon, however, cannot
be observed when the electric field is higher than 1.6 kV/mm. The cascade behavior occurs rapidly
under a large electric field, so that the measurement cannot distinguish between the two stages of the
response.

These phenomena indicate that the electric field-induced RE-FE transition plays a key role in the time-
dependent response. Low electric fields are able to induce only a small amount of material to undergo a
RE-FE transformation, resulting in a low polarization and strain value, despite long holding times.
Therefore, the time-dependent RE-FE transition requires an external electric field higher than a certain
threshold value. In Figure 5.4(a) it can be observed that in the strain response at 1.1 kV/mm includes a
gradual creep without saturation, up to 100 s. Between 100 and 1000 s, there is a clear increase in the
strain rate, which doesn’t saturate. In contrast, the strain curve at 1.2 kV/mm shows a complete electric
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5 Experiments on NBT-7BT under electric field loadings

field-induced strain evolution towards saturation as a function of time. The instantaneous strain re-
sponse during the initial electrical loading contains electrostriction as well as strains arising from a
field-induced RE-FE transition. When the electric field reaches 1.2 kV/mm (Figure 5.4(a)) and is held,
the strain curve exhibits a two-step behavior consistent with measurements at 1.1 kV/mm. The first
step, due to rapid electric field loading resulted in a strain and polarization of 0.021% and 0.09 C/m?,
respectively, similar to the values observed in bipolar hysteresis behavior during initial loading at 1.2
kV/mm (Figure 5.2). During the subsequent hold time both the strain and polarization were found to
gradually increase with time. The second step occurred after a hold time of approximately 300 s, which
is marked by a sharp increase in strain and polarization. Saturation of this second step was found after
approximately 600 s with strain and polarization values of approximately 0.18% and 0.26 C/m?, respec-
tively. With an increasing constant electric field level there is a subsequent decrease in the hold time
required to observe the second step.

The rapid increase in strain and polarization after a particular holding time can be explained by the
nucleation and growth of the FE long-range order state. The newly formed regions with FE order act as
polar seeds that can induce more surrounding regions to undergo a RE-FE transition in a cascading
manner. To use an analogy, this “self-catalyzed” transition is accumulated into a very fast creep rate on
the measured strain. Nevertheless, the total amount of RE that can be induced with this electric field
(1.2 kV/mm) is limited. Therefore, the creep rate slows down again gradually with the exhaustion of
transformable RE. The inflection point around 400 s appears to confirm this hypothesis. The evolution
of the RE-FE transition is not only time-dependent but also electric field-dependent. With an increasing
constant electric field, the time to the second step becomes gradually shorter. The cascade effect was
not observed when the applied electric field was higher than 1.6 kV/mm, as the field was high enough
to induce a complete RE-FE transition during the initial electrical loading. This gradually disappear-
ance of the cascade reveals that the “self-catalyzed” state transition can be accelerated by applying a
higher electric field until the poling and cascade behaviors cannot be distinguished.

Figure 5.5 illustrates an example of the strain as a function of time including both the initial and creep
portions measured at 1.8 kV/mm. In this figure, the data defined as the instantaneous response and the
range of creep response can be observed clearly.
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Figure 5.5:  Two portions of the strain response measured at 1.8 kV/mm.
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5.2 Electromechanical responses under a constant electric field

These instantaneous responses during the initial dynamic electrical field increase were subtracted from
Figure 5.4(a) and (c) to obtain the pure strain and polarization evolution during the hold time at the
various constant electric fields. The comparison of these magnitudes of creep strain and creep polariza-
tion are plotted in Figure 5.6. It can be seen that the magnitudes of creep strain with saturation states
are not directly proportional to the constant external electric field. As previously mentioned, the
amount of material able to undergo the RE-FE transformation is limited by the volume fraction of
available RE and the magnitude of electric field applied. When large constant electric fields are ap-
plied, much of the material undergoes a RE-FE transition during the initial poling process (illustrated
by the curve for 2 kV/mm in Figure 5.4(a)), consuming most of the available RE and resulting in a
reduced creep strain (see the corresponding value for 2 kV/mm in Figure 5.6). On the other hand, a
relatively low electric loading is not sufficient to activate the RE-FE transition; therefore, the creep
responses are also small for 0.8 and 1.0 kV/mm. The creep responses at moderate fields between these
two levels is larger because the external load is sufficient to induce the RE-FE transition but the ex-
haustion of the available RE is not reached before the maximum electric field is applied. Although
some differences between the creep strain and polarization can be observed, both the two groups of
values in Figure 5.6 follow roughly the same tendency. It implies that the time-dependent effects of
strain and polarization arise from the same mechanism as has been observed in PZT materials [153].

0.20 | Al -4 0.20
& \A;:‘\, E?
~015F 40158
B\ 1 “.‘ b e
E / Yo 1 S
2 ,"‘,c"“l‘ ‘I‘ \ E
o 010 - AN 10105
g 5
S 0.05 | W loos®
0.05 A; L‘_\\A 0.05 E
AT S NS S —e— Creep Strain . | ® | ~
.. ---A--- Creep Polarization
0.00 - - 0.00
1 I I " 1 i 1

1 I | i 1 L
0.8 1.0 1.2 1.4 1.6 1.8 2.0
Electric Field (kV/mm)

Figure 5.6: Comparison of the magnitudes of creep responses under various constant electric fields.

In order to find the threshold of electric field to activate this phase transition, two more experiments
with the static loadings at 1.1 kV/mm were executed. In addition, the magnitude of 1.15 kV/mm
between 1.1 and 1.2 kV/mm was selected to further explore this threshold. These results were plotted in
Figure 5.7 with the duration of the hold time marked by arrows. In Figure 5.7, the three curves marked
as 1.1 kV/mm-01, -02 and -03 show very different time-dependent strain evolution. The curve of 1.1
kV/mm-01 shows an uncompleted cascade phenomenon without eventual saturation which has been
mentioned in the discussion of Figure 5.4(a). Interestingly, 1.1 kV/mm-02 does not show a clear
increase in strain when held for 1200 s. This experiment was repeated at 1.1 kV/mm (1.1 kV/mm-03)
but with a holding time of 1800 s. With an increase in the holding time there is eventually, at approxi-
mately 1500 s, the onset of the creep behavior, which even at 1800 s does not saturate. The differences
in these results under identical conditions suggest that the electric field-induced strain at 1.1 kV/mm is
close to the threshold. Therefore, an experiment at 1.15 kV/mm with a 3600 s holding time was con-
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5 Experiments on NBT-7BT under electric field loadings

ducted to determine the threshold. This curve is in agreement with the former discussions on the two-
stage cascade attributed to the “self-catalyzed” RE-FE transition.
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Figure 5.7: Longitudinal strains under three times of the constant electric field loadings of 1.1 kV/mm and under a constant
electric field of 1.15 kV/mm with 3600 s holding time.
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Figure 5.8: Measured dj; after various constant electric field loadings.

Following the hold time the d;; values were determined by application of an electric field of 0.2
kV/mm (Figure 5.8). These is a clear increase in dj; for constant electric field levels at 1.1 kV/mm from
approximately 50 pm/V to 128 pm/V. This phenomenon reveals that the structure change induced by
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5.2 Electromechanical responses under a constant electric field

the phase transition not only influences the macroscopic strain and polarization response, but also the
piezoelectric properties. Above this electric field level there is a continual increase in dj; to approxi-
mately 150 pm/V for 2 kV/mm. It is suggested that this ds; behavior is related to the RE-FE transition
generated during the creep process at a constant electric field loading. Therefore, the d;; values can be
used to roughly check the completeness of the transition. The saturation state indicates the exhaustion
of the available RE phases and the completion of the transition under this electric field. Therefore, no
further significant change can be observed for the values of ds;.
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Figure 5.9: Longitudinal strain (a) and polarization (b) as a function of time measured on poled specimens.

Figure 5.9 shows strain and polarization (after subtracting leakage) as a function of time measured on
poled specimens (poling field was 4 kV/mm, shown by red the dashed curve in Figure 5.3). Unlike the
unpoled specimens, the RE has been transformed into FE irreversibly in these poled specimens at room
temperature. As a result, the two-stage cascade phenomenon cannot be found. This time-dependent
macroscopic behavior of the poled samples is similar to PZT materials which are dominated by gradual
FE domain switching processes, only [153, 183].
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5 Experiments on NBT-7BT under electric field loadings

5.3 Summary

In this chapter, experiments of electric field loadings on polycrystalline NBT-7BT specimens are
reported. Especially, the time-dependent electromechanical response of these specimens induced by a
constant electric field was investigated. For the specimen with an initially unpoled state, the evolution
of the electric field-induced strain and polarization depend on both the hold time duration and the
magnitude of the constant electric field. A relatively low electric field is not sufficient to activate a RE-
FE transformation. The electric field required to induce a macroscopic response was determined to be
at approximately 1.1 — 1.15 kV/mm. Externally applied electric field of 1.1 kV/mm or higher were
found to induce a so-called “two-stage” cascade phenomenon for sufficient holding times. This cascade
behavior under a proper constant electric field provides evidence that the electric field-induced RE-FE
transition is a “self-catalyzed” behavior, namely, newly formed FE induces more RE to transform. The
rate of this cascade development depends on the magnitude of the applied electric field. Owing to the
irreversible nature of this transition, the cascade phenomenon cannot be observed on poled specimens.
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6.1 Polarization and strain responses under bipolar loadings

6 Experiments on NBT-6BT-3KNN
under electric field loadings

The NBT-BT-KNN ceramic system is a promising lead-free material for actuator applications owing to
its giant electric field-induced strain [85, 115]. The previous introduction in section 1.3.4 has men-
tioned that its giant strain at room temperature is understood to be due to a reversible phase transition
between RE and FE induced by a sufficient electric field [97]. To understand the electromechanical
behavior of NBT-6BT-3KNN ceramic, electric field-induced strains are investigated in this chapter.
Especially, the creep behavior of NBT-6BT-3KNN induced by a constant electric field is discussed.
Approximate values of volume resistivity were obtained to eliminate the influence of leakage currents
on the polarization measurement. Both of polarization and strain exhibit time-dependent effects upon
the application of a constant electric field consistent with a time-dependent transformation from the RE
state to a long-range ferroelectric order. These results are helpful to understand the creep phenomena,
which in turn provide a basis for improving the performance and reliability of lead-free piezoactuators.
Following the experiments in section 5.1, this work was also conducted in the same setup under the
same loading history. Therefore the experimental procedures are not introduced in details here.

6.1 Polarization and strain responses under bipolar
loadings

Figure 6.1 demonstrates the P-E hysteresis loops and S-E “sprout”-shaped curves of NBT-6BT-3KNN
induced by cyclic bipolar electric fields. Unlike the P-E and S-E curves measured from NBT-7BT
shown in Figure 5.1, these two measurements in NBT-BT-3KNN exhibit little remanence explained by
its ergodic RE property. This ergodic RE behavior was reviewed in section 1.3.4, where the function of
adding KNN into NBT-BT was introduced. Both the depolarization temperature (T4) and the ferroelec-
tric-to-relaxor transition temperature (Tg.r) of the NBT-BT solid solution system can be adjusted by
adding KNN. By means of controlling the composition of NBT-BT-KNN, the Tr.r of the ceramic can
be reduced slightly below room temperature [91]. Therefore, NBT-6BT-2KNN is transformed from RE
into FE reversibly under a sufficient electric field at room temperature. This concept is also suitable for
NBT-6BT-3KNN. Compared to NBT-6BT-2KNN, the NBT-6BT-3KNN specimens used in this work
contain more KNN leading to an ergodic RE behavior, too [75]. The slim and pinched P-E loops in
Figure 6.1(a) indicate this ergodic RE behavior featured by little remanence. The electric field-induced
strain reaches 0.18% when the electric field is applied to 4 kV/mm. The P-E and S-E curves do not
show saturation backing the discussion in section 1.3.5.2 that the NBT- based ceramic requires a high
poling field usually higher than 4 kV/mm.
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Figure 6.1: Polarization and strain hysteresis loops of NBT-6BT-3KNN induced by cyclic electric field loading: (a) polarization
hysteresis loops; (b) longitudinal strain curves.

6.2 Electromechanical responses under a constant
electric field

Most investigations to date have been performed under varying electric field loading to determine the
macroscopic strain response. The creeping of strain and polarization, however, under a constant electric
field remains largely uninvestigated in lead-free materials. For lead-based materials, Zhou and Kamlah
[153] investigated the creeping of PZT under bipolar quasi-static electric fields with various hold times.
The observed creeping was ascribed to gradual ferroelectric domain switching processes. Liu and
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6.2 Electromechanical responses under a constant electric field

Huber measured the creep behavior under unipolar constant electric fields and provided a model to
describe the creep [183]. For the NBT-BT-KNN family, piezoresponse force microscopy (PFM) was
used to conduct time-dependent relaxation measurements to reveal the reversibility of the field-induced
FE phase as a function of KNN content [4]. However, macroscopic measurements on the time-
dependence of strain and polarization for NBT-BT-KNN have not been reported. To investigate the
influence of creeping on the electromechanical behavior of ergodic RE, the strain and polarization
creep behavior of NBT-6BT-3KNN specimens is characterized during a constant electric field loading.

6.2.1 Experimental procedures
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Figure 6.2: Two loading histories applied to the specimens of NBT-BT-3KNN.

Following the experiments of a constant electric field applied to NBT-7BT samples, the similar proce-
dure are taken here. During measurement, NBT-BT-3KNN specimens were subjected to unipolar bias
electric fields. Two different loading histories were applied, shown schematically in Figure 6.2. In
these experiments, both the loading and unloading rate was 0.16 kV/mm s™. In the first loading scenar-
io, E; was 1, 2, 3, or 4 kV/mm and held constant for 1200 s, denoted by line AB. Following this hold
time, the sample was electrically unloaded to 0 kV/mm. In the second loading scenario, E, was either 1,
2 or 3 kV/mm and held for 900 s, as denoted by line DE. Following this hold time, the sample was
electrically loaded to 4 kV/mm, followed by an immediate unload back to the original bias electric
field, where it was held for another 900 s, denoted by line GH. Finally, after the second hold time, the
sample was unloaded to 0 kV/mm. The longitudinal strain and polarization were characterized during
the complete loading for both scenarios.

6.2.2 Results and discussion
Figure 6.3 demonstrates the changes of both longitudinal strain and polarization as a function of time

for the first loading scenario. Both strain and polarization exhibit significant time-dependent effects
upon the application of a constant electric field. Similar to the loading history in NBT-7BT, the strain
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6 Experiments on NBT-6BT-3KNN under electric field loadings

result in Figure 6.3(a) also includes two regimes discussed in section 5.2.2. An instantaneous strain
response induced by the initial electrical loading is the first stage. Followed by the subsequent holding
time, a gradual increase in the measured strain and eventual saturation can be observed. The strain
grows rapidly during the first period and then shows a creep behavior under the constant loading.
During the long hold time, the creep is reduced gradually and eventually reaches a final saturation
value. However, the polarization curves in Figure 6.3(b) do not show saturation during the 1200 s hold
time. The same phenomenon was recorded on the NBT-7BT sample used in section 5.2.2, and the
discussion was made there. Due to leakage current, charges accumulated in the capacitor of the Saw-
yer-Tower circuit, thus, together with the polarization charges contributed to the voltage measured by
the electrometer. Using the Sawyer-Tower circuit, it is assumed that the piezoceramic material is a
capacitor with good insulating properties so that the measured charge is due to polarization only and
not affected by any charges caused by leakage. In the present measurement, when applying high
voltages for a long hold time, the leakage current contribution to measured charges cannot be ignored.
To exclude this effect to determine the polarization charge response, a linear fitting operation was
performed on the linearly increasing sections of the measured polarization towards the end of the hold
time. In Figure 6.3(b), the measured charge per specimen surface area under static loading at 4 kV/mm
is taken as an example to show the linear fitting area. The data obtained in last 300 s are selected as the
fitting range to calculate the value of the slope. This area has been selected because the corresponding
strain in Figure 6.3(a) is saturated in this regime, indicating that creep processes must have come to an
end, such that the linear increase in the charge measurement can be ascribed solely to leakage currents.
The same operation has been provided in section 5.2.2.

After performing this operation on all four curves in Figure 6.3(b), the values of slope in the fitted
areas can be obtained. Then, the volume resistivity p can be calculated by

p= E , (Equation 6.1)
m

where E represents the static electric field applied and m is the slope of the linear fit as introduced in
Equation 5.1 and 5.2. The experiments under the constant electric field loadings were repeated three
times and the average results are listed in Table 6.1. The leakage at the electrometer is neglected due to
the large input resistance of the device (Keithley 6514 with 1TQ input-resistance). For some commer-
cial PZT materials, the values of resistivity at room temperature are ~10'° Q-m for PZT-4 or PIC141,
and ~10"" Q-m for PZT-5H or PIC151 [184, 185]. The variation of this value depends on the composi-
tion as well as types of dopant and dopant concentrations of the material. The observed values of
volume resistivity in Table 6.1 are found to be a nonlinear function of the applied high electric field.
Usually, volume resistivity is measured under a relative small voltage of ~500 V based on the recom-
mendation from ASTM D257 standard [186]. This recommended value is less than 0.2 kV/mm if the
thickness of the ceramic specimen ~2.7 mm is used in this experiment. However, the actual electric
fields ranging from 1 to 4 kV/mm used to perform this experiment are far beyond the value of 0.2
kV/mm. Under these strong electric fields, the volume resistivity is hard to keep a constant anymore. In
Table 6.1, the higher the constant electric field was applied, the smaller value of resistivity was ob-
tained. According to the knowledge of solid state physics, strong electric fields can induce ionization in
dielectric materials [187], so the reason for the change in resistivity of NBT-6BT-3KNN could be
attributed to the degree of strong electric field-induced mobility of charge carriers under different static
electric fields [188]. Many other materials show a similar response upon application of a large electric
field, including some nonpolar insulators. In this work, the measured volume resistivity under large
electric fields can be used to eliminate the influence from the leakage currents, but the further physical
consideration is not discussed here owing to lacking of more experimental data on this type of material.
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Figure 6.3: Longitudinal strain and polarization as a function of time: (a) measured strains; (b) measured charge per specimen
surface area including charges from leakage; (c) polarization as a function of static electric fields.
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Figure 6.4: The creep behavior as a function of time: (a) two parts of the measured strain at 3kV/mm; (b) measured creep
strains with their fitting curves; (c) creep polarizations with their fitting curves.
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Table 6.1: Volume resistivity under various static electric fields.

Electric field (kV/mm) Resistivity p (2-m)
1 (3.6+1.4)x10"
2 (1.3+0.2)x10"
3 (9.9+1.0)x10"
4 (6.7£2.6)x10"°

Figure 6.3(c) depicts the polarization as a function of time under four static electric fields. It shows
behavior comparable to the strain curves, i.e. growing rapidly first and then attaining saturation after a
certain holding time. The measured results contain two parts: values obtained under varying electric
field loading, followed by a creep response under static loading. Figure 6.4(a) provides an example to
show those two regimes for the measured strain. In the first few seconds, the strain and polarization
increase due to an electric field-induced transformation from a RE state to a long range ferroelectric
order. As NBT-6BT-3KNN is an ergodic RE at room temperature that lacks macroscopic domains in
the unloaded state, this domain switching below the RE-FE transformation field is unlikely to be a
significant contribution.

When the electric field reaches the static state, creep strain (S;) and creep polarization (P) are recorded
at four constant electric fields, as shown in Figure 6.4(b) and (c), respectively. In these two figures, the
zero point is the beginning of the hold time. It is apparent that the creep behavior depends on the
magnitude of the applied static electric field. Interestingly, however, S, and P, reach the maximum
values under 3 kV/mm, rather than 4 kV/mm. For the PZT materials, the theory of exhaustion of
switchable domains is one of the potential mechanisms responsible for this observation [189]. The
higher the applied electric field, the more easily ferroelectric domain switching is achieved. Therefore,
the creep depends on the magnitude of the electric field. On the other hand, the total amount of do-
mains available for switching is not infinite. When the externally applied constant electric field is
higher than the coercive field, less creeping of strain and polarization can be observed because a large
amount of the switchable domain has been exhausted around the coercive field [153]. The creep behav-
ior presented in this experiment can analogously be attributed to the “exhaustion of state transition”. A
much lower S;and P, can be obtained at 1 kV/mm because the low electric field cannot induce as much
transition from RE to FE. Applying increasing static electric fields, the creep of both, S;and P, in-
crease. This can be explained by the fact that the higher electric field further induces the RE-FE transi-
tion. However, the amount of RE phase available for transformation in one test has been consumed in
large part once the electric field reaches 4 kV/mm, explaining why S, and P, do not show the largest
values at 4 kV/mm.

Exponential function of Arrhenius type is used to fit the measured creep curves in order to describe the
creep behavior:

S.(t)=Ae ™/ (Equation 6.2)
P.(t)=Ae™" (Equation 6.3)
Here t is the time, A; and A, are the magnitudes of creep response, and B, and B, are fitting coefficients

to describe the degree of difficulty to reach saturation. The fitted curves are shown in Figure 6.4(b) and
(c) as dashed lines and the values of the four fitting parameters A;, A,, B; and B, are listed in Table 6.2.

61


javascript:void(0);
javascript:void(0);

6 Experiments on NBT-6BT-3KNN under electric field loadings

It is should be noticed here, one fitting process to obtain the parameters of A;, A,, B; and B, is only
suitable for the curve measured from the corresponding specimen. Owing to the errors in the measure-
ment and fitting processes, these parameters list in Table 6.2 are not applicable for quantitative analy-
sis. The maximum values among the A, and A, can observed at 3 kV/mm rather than 4 kV/mm, which
matches the “exhaustion of state transition” hypothesis mentioned above. Compared with A; and A,,
both B, and B, reach the maximum values when the maximum electric field is applied. The values of B,
can still be separated into two categories. The values of B; under constant electric fields of 1, 2 and 3
kV/mm belong to a category, where the electric fields are not sufficient to transform the RE into FE
entirely. Therefore, the values of B; under these three electric fields are close in value. The second
category contains only the value of B; under an applied field of 4 kV/mm, owing to its markedly larger
value as compared to electric fields of 1, 2, and 3 kV/mm. For NBT-BT-KNN materials, the minimum
electric field needed to drive the material to reach its saturation state is termed the poling field (E,q)
[143], which is usually higher than 4 kV/mm. That is the reason why the electric fields in most pub-
lished experiments on NBT-BT-KNN were applied at 6 kV/mm or higher [4, 54, 75]. The E,, of NBT-
6BT-3KNN has been reported between 4.5 and 5.5 kV/mm [4, 75], which depends on the processing
conditions, composition, which dramatically affects the electromechanical properties, and the testing
conditions, such as the electric field loading rate. In this context, note that the loading rate during the
first period of electric field increasing corresponded to a frequency of 10 mHz, which is lower than the
rate used in the formerly mentioned reports (50 mHz). A lower frequency induces larger strain in NBT-
6BT-3KNN as demonstrated by Groh et al. [84]. The results of the aforementioned studies all point to
the conclusion that a state of complete polarization has been reached at 4kV/mm during the long hold
time in our test, such that the RE phase is exhausted and completely transformed into the FE phase.

As a result, the creep behavior at the high electric field is different from the behavior at lower electric
fields. The values of B, follow a similar tendency as B;, which implies that strain and polarization arise
from the same creep mechanism. Before the exhaustion of the RE, the creep saturation is easier to
reach. Once the RE to FE phase transition is complete or close to completion, the creep mechanism is
no longer only dominated by this phase transition but also by a combined effect of FE domain creep
due to switching and the transition mentioned above. Previous in-situ high-energy x-ray synchrotron
studies have shown that during electrical loading there is the formation of ferroelectric domains per-
pendicular to the applied electric field loading direction [94]. These domains may become mobile for
long enough hold time and contribute to the observed creep behavior. However, further work on
modeling and experiments to explain this mechanism in details are still needed.

Table 6.2: The parameters obtained from the fitted creeping curves.

FElectric field
A B, A, B,

(kV/mm)
1 0.5x102 6.5 1.1x10% 8.5
2 2.6x10% 49 1.6x10% 7.9
3 6.6x10% 53 3.9x10% 6.1
4 6.0x10% 9.3 2.7x10% 109

In the second loading scenario, each sample was electrically loaded to 4 kV/mm. During loading, the
electric field was held at 1, 2, or 3 kV/mm for 900 s before continuing to increase to 4 kV/mm. The
results are plotted in Figure 6.5 and Figure 6.6. Based on the previous analysis, the leakage-induced
charge has been subtracted from the data measured during holding. It can be seen that at the same
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electric field level, higher values of polarization and strain can be obtained under loadings with hold
times of electric fields compared to loadings without hold times. For example, when the electric field
reaches 3 kV/mm (Figure 6.5(a), blue dash-dot line) and is held at that level, the measured polarization
increases to ~0.225 C/m* which is equivalent to the polarization at 3.5 kV/mm under the monotonic
electric field loading conditions (Figure 6.5(a), green solid line).
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Figure 6.5: Polarization measured under constant electric fields controlled at both the loading and unloading periods: (a)
polarization responses as a function of static and dynamic electric field loadings; (b) electric field and time depend-
ent polarization responses.

When the constant electric field was held at 4 kV/mm, the polarization could reach or even exceed the
value of polarization measured at E,,, so that the electric field-induced phase transition is able to
complete under the static electric field loading condition at 4 kV/mm. In Figure 6.5, it can clearly be
observed that the creep behavior under constant electric fields held during the loading period matches
the results in Figure 6.3(c) very well. During the first hold time of 900 s, there is an apparent saturation
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6 Experiments on NBT-6BT-3KNN under electric field loadings

behavior in both the strain and the polarization for each applied bias electric field level, demonstrated
in Figure 6.5(b) and 6.6(b). During unloading, there is a subsequent relaxation that results in a time-
dependent strain and polarization decrease. Conversely to loading, 1 kV/mm shows the largest elec-
tromechanical relaxation, whereas the relaxational strain and polarization for 2 and 3 kV/mm is signifi-
cantly smaller. This is due to the proximity to the critical reverse transformation field from the long-
range ferroelectric order to a RE state, defined as the inflection point in the unloading curve of the
polarization-electric field response [143]. As a result, the FE state is still preserved when the unloading
electric field is kept higher than this critical electric field. When the electric field decreases near to or
below the transition field, a reverse FE-RE transformation occurs. Similarly, the largest creep is ob-
tained in PZT around the coercive field due to the large amount of domain switching which is induced
there [153, 183].
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Figure 6.6: Strain measured under constant electric fields controlled at both the loading and unloading periods: (a) static and
dynamic electric field and time dependent strain responses; (b) strain responses under constant electric fields plotted
as a function of time.
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6.3 Summary

In this chapter, electric field-induced strains and polarization were investigated. Especially, the creep
polarization and creep strain in NBT-6BT-3KNN lead-free piezoceramics induced by constant electric
fields was studied. The charge leakage induced error in the measurement of polarization was deter-
mined, providing approximate values of volume resistivity. It was found that the volume resistivity
shows nonlinearity under large electric field loading. Both polarization and strain exhibited a time-
dependent response under the application of a constant electric field. The mechanism of creep behavior
of polarization and strain is primarily due to the gradual transition between RE and FE states, which is
a reversible process. Therefore, when the constant electric field was held during both loading and
unloading processes, the field-induced creep behavior can be explained by the exhaustion of this state
transformation. A constant electric field induces large creep only before the exhaustion of the RE. Once
there is no sufficient RE left to be transformed during the hold time, the higher electric field neither
induces larger creep nor drives the creep into saturation easily. This finding was revealed by using an
Arrhenius-type exponential fit function. However, further evidence is needed to explore this phenome-
non in depth. During the electric unloading process, creeping can be obtained prominently near the
critical field owing to the electric field here being no longer able to prevent the FE from transforming
to the RE.
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7 Experiments on NBT-7BT/NBT-
6BT-3KNN composites under
electric field loadings

7.1 Introduction

The introductions of the NBT-BT and NBT-BT-KNN ceramic families have been given in section
1.3.2 and section 1.3.3, respectively. The NBT-BT system has been of great interest since the discovery
of a MPB where rhombohedral NBT and tetragonal BT coexist [48]. By optimizing the content of BT
around 6~7 mol.%, a significant enhancement in dielectric permittivity and electromechanical coupling
factor ki3 can be obtained [72]. Recently, KNN was used to modify the NBT-BT system which results
in the NBT-BT-KNN piezoceramic system. This new solid solution family presents a giant electric
field-induced strain to make it one of the most promising lead-free piezoelectric alternatives for the
application of actuators, and consequently it has attracted great attention [4, 85].

However, the requirement of high poling fields and large strain hysteresis are the drawbacks limiting
the application of these materials [131]. The design of a relaxor/ferroelectric (RE/FE) composite
provides a highly effective way to resolve both the challenges [5] which has been reviewed in section
1.3.5.2. Following this idea, recent work on the lead-free RE/FE composites have proven that the
composite with this structure provides a reduction of the driving electric field and also yields an en-
hanced strain by tailoring the contents of the RE phase (works as matrix) and the FE phase (works as
seed) [5]. Besides, the mechanism of polarization and strain coupling were also discussed [143]. To
date, most of the strain measurements on such composites were performed by using linear variable
displacement transducers (LVDT), which does not provide details of the strain distribution in the
composite during the electric field loading. That hinders further investigation to understand the elec-
tromechanical coupling. The DIC method was widely adopted in the field experimental mechanics
owing to its unique advantages [163], which has been introduced in the previous chapters. By selecting
a region of interest (ROI) on a test object surface, the information on strains can be obtained where the
ROI is located. This feature makes the DIC method be a highly effective tool suitable for monitoring
the deformation of each layer of the RE/FE multilayer composite mentioned above, separately.

In this chapter, the lead-free materials NBT-6BT-3KNN and NBT-7BT were used as RE matrix and FE
seed, respectively. RE/FE bilayer and RE/FE/RE trilayer composites were prepared to investigate the
polarization and strain coupling effects. The DIC method was employed to record the complete defor-
mation behavior of each layer and the whole composite during the electric field loadings. By selecting
the ROIs located on each layer and calculating the strains there, an obvious remnant strain from the RE
matrix layer and a decreased value from the FE seed layer can be found after cyclic electric field
loading. This finding implies the existence of internal stresses in each layer. For further investigation,
full-field contour plots of strain were drawn. An intermediate strain state can be watched around the
interface between the two layers. So graded stress states around both sides of the interface are ex-
pected. This method of test presents high potential for measuring complex multilayer structures which
provides helpful experimental data for constitutive modeling.
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7.2 Experimental procedures

The introduction on preparation of BNT-BT-3KNN and BNT-7BT powders, bilayer ceramics and
trilayer ceramics can be found in section 3.1. It should be noticed that, the bilayer and trilayer compo-
sites were designed as model system to understand the electric field-induced strains of each layer as a
part of the composite rather than obtaining the largest enhanced strain response. Therefore, the ratios of
RE layer and FE layer were not optimized but keep the ratios easy to be observed by a digital camera.
The maximum electric field of 4 kV/mm was selected to avoid the possible electric arcing rather than 6
kV/mm which would provide a higher value of d35.

The setup employed to conduct this work was presented in section 3.2. Compared with the system
designed for investigating the PZT samples, two modifications were adopted for measuring the ceram-
ic/ceramic composite specimens. First, a lens with 2x magnification was used to provide a higher
resolution (1.75 pm/pixel) than the former 1x lens (3.5 pum/pixel). Second, artificial speckles were
sprayed onto the observation surfaces by means of taking an air brush (AT-Airbrush Pistole Kit, AT-
AK-02, Agora-Tec, Germany) instead of the natural texture on the surfaces. The size of the droplet of
the paint (Model Air, Black, Acrylicos Vallejo, Spain) can be controlled by the air brush to create
patterns suitable for the DIC tracking. In this work, 3 cycles of bipolar ramp loading with the same
loading rate of 0.016 kV/mm s~ (0.01Hz) were applied to the samples from their unpoled state. At the
same time, the camera captured 2 images per second to record the deformation of the object when the
loading was applied.

7.3 Electromechanical behavior on the two end
member materials
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Figure 7.1: Polarization curves measured from NBT-7BT and NBT-6BT-3KNN ceramics independently.
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Figure 7.2: Longitudinal and transverse strains measured from NBT-7BT and NBT-6BT-3KNN ceramics under cyclic electric
field loadings.

Figure 7.1 and Figure 7.2 show the polarization and strain curves measured on NBT-7BT and NBT-
6BT-3KNN ceramics. These results have been discussed in section 5.1 and 6.1, respectively. These
curves are plotted here again to provide a better illustration for comparison. In addition, the transverse
strain was added into Figure 7.2 where the deformation monitored along both the longitudinal and
transverse directions are shown simultaneously.

Figure 7.3 demonstrates the volume changes on the two types of ceramic specimens. The volume
changes Syoume Were calculated by

Svolume: SS+2SI- (Equation 71)

Here, S; and S; denote longitudinal and transverse strain respectively. The S,gpume 0f NBT-6BT-3KNN
shows approximately 0.07% of change at 4 kV/mm and leaves almost zero volume change when the
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electric field is removed. In contrast, the NBT-7BT shows a large remnant volume change after the first
half cycle of electric load. Under the following bipolar loadings, the volume change does not show
much variation. It indicates that once the non-ergodic RE is transformed into FE state by an electric
field, the following electric loading only induces domain switching with little volume changes. Howev-
er, the reversible transition from the ergodic RE to FE state leads to large volume changes. These
phenomena on the two materials are attributed to the reversible and irreversible state transitions which
were discussed in section 1.3.4. These results shown in Figure 7.3 validate the ergodic and nonergodic
properties mentioned previously once again.
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Figure 7.3: Volume changes of the two specimens.

7.4 Experiments on bilayer composite

7.4.1 Initial state selected for DIC tracing

The DIC method compares the images of deformed states of the object with a reference image. As seen
in Figure 7.4, the image without any loading as reference was captured from a bilayer specimen. The
NBT-7BT layer and NBT-BT-3KNN layer show a slight difference in darkness so that the interfaces
can be distinguished and marked in Figure 7.4(a) approximately. The artificial patterns covering the
surface of the specimen provides enough random markers with sufficient contrast for the DIC tracing.
The red crosses in Figure 7.4(c) represent the targets for tracing, i.e. the centers of the subsets to be
traced. Consequently the area of the images covered by the red crosses will be the corresponding ROI
for evaluating the strains [174]. As a result from the interdiffusion at the interface of the two end
members during the preparation, the state of stresses around these regions could vary from those of
each end member. Therefore, the ROIs were placed carefully to avoid the region close to the interface.
A big advantage of the DIC method is that the ROI can be placed anywhere on the captured images to
calculate the strain of this part of the surface. The strains obtained from these various ROIs simultane-
ously and independently.
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(2) (b)

Figure 7.4: Reference images of bilayer composites: (a) digital image of specimen without artificial patterns; (b) specimen with
sprayed black and white patterns; (c) selected ROIs on the surfaces of specimen.

The initial state of bilayer sample selected as a reference here is the as-prepared specimen without any
external electric field load. However, these specimens were not at a “zero stress” state in fact. It is
ascribed to the in-plane biaxial stresses developed by the mismatch in sintering the two layers during
the preparing processing [190]. A. Ayrikyan et al. [138] sintered NBT-7BT/NBT-25ST bilayer compo-
site and found that the NBT-7BT is in a biaxial compression while NBT-25ST is in a state of biaxial
tension. In the investigation of NBT-7BT/NBT-6BT-3KNN composite, more studies are still required
to provide the additional information on the analysis of the internal stresses. In the following discus-
sions on the strains measured from ceramic/ceramic composites, these internal stresses induced by
sintering have to be excluded because of lacking more experimental evidences.

7.4.2 Polarization and strains in bilayer

7.4.2.1 Polarization in bilayer

The P-E hysteresis is depicted by Figure 7.5. The maximum polarization reaches around 0.34 C/m’
when the electric field was applied at 4 kV/mm, which is larger than the pure end member of NBT-
6BT-3KNN (around 0.25 C/m?) but close to the value of NBT-7BT (around 0.33 C/m?) at the same
amplitude of electric field (given by Figure 7.1). The enhanced polarization of the NBT-6BT-3KNN
layer can be explained by the polarization coupling effect, and similar results were reported by Groh et
al. [84]. In Figure 7.1, the coercive fields (E.) of NBT-7BT and NBT-6BT-3KNN are ~2.2 kV/mm and
~0.7 kV/mm, respectively, while this switching field shown in Figure 7.5 locates approximately at ~1.5
kV/mm. This coercive field of the bilayer is close to an average value of 2.2 kV/mm and 0.7 kV/mm
mentioned above, which corresponds to the volume fraction of RE:FE is 50% to 50%. An equation is
proposed to estimate E. of bilayer composite as a function of volume fraction of RE and FE layer
approximately as

E'=E a+E"(1-a). (Equation 7.2)

Here, E! is the coercive field of the bilayer composite, and E/* and ES® represent the coercive field
values of the pure FE and RE end members, respectively, while a is the volume fraction of the FE layer
in the composite. Lacking of more specimens with varying volume fraction of RE:FE in this experi-
ment, the data reported by Groh et al. [84, 142] were taken to validate this equation. In these refer-
ences, similar RE and FE materials as well as the bilayer systems were prepared. Therefore, the Equa-
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tion 7.2 is suitable for estimating the coercive field of a bilayer composite of NBT-7BT and NBT-6BT-
3KNN at room temperature.
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Figure 7.5: Polarization measured from the bilayer composite.

7.4.2.2 Stress mismatch of the composite

By reading the data from Figure 7.2, the remnant strains in transverse direction of the single compo-
nents NBT-7BT (FE) and NBT-BT-3KNN (RE) after an electric field loading are around -0.075% and
0%, respectively. These two end members are assumed in the virgin state even after sintering together
into a piece of composite. To keep a balance of forces after applying and removing the electric field of
4 kV/mm, the internal stresses between the two components in the bilayer composite can be calculated
by two equations given by H. Zhang et al. [143]

1 1 nREhRE -l

FE FE .

O =6, | —+—| —— |[1+¢ Equation 7.3

* ' |:YRE Yee [nFEhFE j( r )} e )
nREhRE .

O = —Oge [WJ . (Equation 7.4)

Here, o is the internal stress, Y is isotropic elastic modulus, n is the number of layers, h is the thickness
of one single layer, and ¢, is the transverse remnant strain of one ceramic end member. The elastic
moduli are 103 GPa and 111 GPa for NBT-6BT and NBT-6BT-2KNN, respectively [191], which are
taken to compute the internal stresses owing to lacking of the data for NBT-7BT and NBT-6BT-3KNN.
For the bilayer composite, the biaxial compressive stress on the NBT-6BT-3KNN layer is -33 MPa
while the biaxial tensile stress on the NBT-7BT layer is 33 MPa to ensure force equilibrium.

The average strains plotted in Figure 7.6(a) and (b) was calculated by tracking the displacement over a
large ROI (Figure 7.4) and averaging the displacement of every marker in that region for calculation of
overall strain. From Figure 7.6(a), the biaxial remnant strain value of the RE component of the bilayer
is shown to be approximately 0.105%, as compared to 0% in the pure RE sample in Figure 7.2. On the
other hand, the remnant longitudinal strain of the FE portion drops from 0.275% in the pure end mem-
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ber to 0.16% in the bilayer. The remnant transverse strain of the RE layer is -1.8x1072%, while the
value for FE portion is close to t 0 (-4.8x107°%) as shown by Figure 7.6(b). From those two values, it
can be observed that RE layer shrinks more than the FE layer along the transverse directions. As a
result, the RE layer experiences tensile stress while the FE layer is under compressive stress to ensure
the force equilibrium. These directions of stresses are the reverse of those predicted by the calculations
using Equations 7.3 and 7.4 based on the piezoelectric response of the pure end members, which cannot
be provided by checking from using an LVDT.

0.35

—=— NBT-7BT region
—--o-- NBT-6BT-3KNN region
-—+-- average strain

0.30

o
)
(3

0.20

o
-
(&)

0.10 2 i o

Longitudinal Strain (%)

0.05

0.00

o0z (b)

~ 0.00 -

o

= [

S.002}

w

e L

&

) -0.04 -

®

[ L

2

= -0.06 - |

I —o— NBT-7BT region
o NBT-6BT-3KNN region
-0.08 - ----- average strain

-4 -2 0 2 4
Electric Field (kV/mm)

Figure 7.6: Strains measured from the same composite: (a) longitudinal strains obtained from the corresponded ROIs on the
surface of the specimen; (b) transverse strains obtained from the corresponded ROIs.

The difference in the d3;values between two pure end members was used to explain the stress mis-
match in 91BNT-6BT-3AN/BNT-7BT multilayer systems [143]. In the experiment here, d3;values
are obtained by the secant modulus between the remnant and maximum transverse strain measured at 4
kV/mm provided in Figure 7.2. The d3,values are -135 pm/V and -150 pm/V for RE and FE pure end
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members, respectively. This small difference of 15 pm/V in the two d3, values after the initial loading
(first half cycle of electric field loading) would not induce an obvious stress mismatch under the
electric field range of 4 kV/mm. However, the nonlinear relationship between the transverse strain and
applied electrical field was not investigated, and this estimation is also based on the piezoelectric
response of the pure end members. Therefore, further work on modeling and experiments to explain
this phenomenon and analyze the stress states are still needed.

In this section, three factors influencing the internal stress state have been introduced. There are: 1)
Mismatch in sintering between the two layers. This factor induces internal stresses during the sample
preparation. However, it is still hard to estimate these stresses quantitatively. The only thing clear is
that pure NBT-7BT shrinks faster than pure NBT-6BT-3KNN during sintering. 2) Difference in the
remnant transverse strains in the two ceramics. This difference is induced by a first half cycle loading
and it is an irreversible behavior unless an efficient high temperature is reached. The difficulty is that
the coupling effects (both polarization and strain coupling) should be considered to understand the
remnant transverse strains in the bilayer, which is much harder than the analysis on the pure end
members. 3) Variation in the d3;values between the two materials. As discussed previously, the two
d3,values of the pure end members do not show a large difference. However these two values are
obtained after the first half cycle of loading and the nonlinear behavior is not considered. Therefore, the
curves shown in Figure 7.6 are the combined results in a bilayer specimen. It is still hard to make a
solid conclusion owing to lacking of more data. But, the results provided by this experiment are helpful
to other investigations which could explain this complicated electromechanical coupling effect under
an electric field loading.

7.4.2.3 Volume changes in bilayer
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Figure 7.7: Volume changes measured from the bilayer composite.

Previous work has investigated the volume change of BNT-based ferroelectrics with applied electric
field [97, 192], but to date this phenomenon has not been evaluated in BNT-based composites. In
Figure 7.7, the volume changes of bilayer sample are plotted. These values were calculated by using
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the longitudinal and transverse strain data depicted in Figure 7.6. The FE layer shows a large change in
volume to ~0.15% during the first half electric field loading, at which it plateaus and does not change
during electric field cycling. The large remnant volume change corresponds the transition of the FE
layer from the unpoled state to the poled state, which is associated with a crystallographic phase transi-
tion from a mixed rhombohedral and tetragonal phase in the unpoled state to a predominantly tetrago-
nal structure in the poled state [94]. Corresponding to the remnant strains plotted in Figure 7.6, the RE
layer shows 0.062% remnant volume change, approximately. This result is different from the volume
change measured from pure NBT-BT-3KNN, where the volume change after removal of applied field
was 0. However, due to the complexity of the stress states on each layer and the possible inner electric
field, more investigations on this composite are needed to explain these findings.

7.4.2.4 Contour plots of strains on the bilayer composite
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Figure 7.8: Contour plots of longitudinal strains measured under the first half cycle of a bipolar loading.
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7.4 Experiments on bilayer composite

In Figure 7.8 and 7.9, the contour plots of the longitudinal strains are shown. This strain distributions
provide more “local” information, the spatial resolution of which depends on the resolution of the
camera used during measurement. These contour plots provide direct evidence of the inhomogeneous
deformation in the bilayer composite. Figure 7.8 is used to describe the first cycle of electric loading
and unloading. The subsequent strain states under bipolar loadings are demonstrated in Figure 7.9.
Owing to the symmetry of S-E “butterfly” curve after the first half of the loading cycle (as shown in
Figure 7.6), only two states of strain are plotted in Figure 7.9 (c) and (d) for the subsequent bipolar
loading.
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Figure 7.9: Contour plots of longitudinal strains measured at various states of electric field.

The initial state is shown in Figure 7.8(a). Due to the small gap between the starting times of the
voltage source and digital camera (0.02 s), there are slight errors in that contour plot. As the electric
field is applied, the two layers show strain responses which can be distinguished gradually (Figure
7.8(b) and (c)). At an electric field of 4 kV/mm, both the layers reach the maximum states of strain
(Figure 7.8(c)). Figure 7.9(a) and (d) demonstrate the strain states at -4 and 4 kV/mm, respectively.
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7 Experiments on NBT-7BT/NBT-6BT-3KNN composites under electric field loadings

These two states are similar to Figure 7.8(c) shows, corresponds to the numerical values for average
longitudinal strain as shown in Figure 7.6 (a) well. Figure 7.8(d) and 7.9(b) show almost the same
strain distribution at 0 kV/mm. However, obvious remnant strains can be observed in both the two
layers compared with the initial state in Figure 7.8(a). In Figure 7.9(c), an intermediate strain state can
be found at the interface between the two layers. It is expected that the strain will show a gradation in
value on both sides of the interface, due to the differences in stress state between the FE and RE layers.
The natural properties of ergodic RE and non-ergodic RE can be used to explain the difference between
Figure 7.8(b) and 7.9(c). For the NBT-BT-3KNN (ergodic RE), the electric field-induced phase transi-
tion from RE to FE is a reversible process. On the contrary, once the transition from RE to FE is
completed for NBT-7BT (non-ergodic RE), the FE phase will not disappear during the electric field
unloading process. Therefore, the large remnant strains are retained unless the sample is heated past its
depolarization temperature. Figure 7.8(d) shows the remnant strain after the first half cycle of loading,
in which a large remnant strain of approximately 0.2% appears in the FE layer, as compared to the RE
layer, in which the remnant strain is below 0.1%. The remnant strain in the RE layer then enables a
higher strain response upon application of electric field as compared to the FE layer. Therefore, during
the second loading cycle, at 2 kV/mm (as shown in Figure 7.9(c)) a large difference between the FE
and RE layers can be observed in the strain response, relative to 2 kV/mm in the first cycle, shown in
Figure 7.8(b), where the two layers are nearly uniform in strain response. Figure 7.9(c) also shows an
interface region between the RE and FE layers, in which a strain of approximately 0.1% can be ob-
served, spanning the length of the interface. This strain value lies between the strains measured in the
FE and RE layer, providing evidence of intermediate stress states that enable strain coupling between
the two components of the composite structure.

7.5 Experiments on trilayer composite

In last section, the deformation of bilayer composites induced by external electric fields was discussed.
However, the variations in sintering rates induce the biaxial stresses resulting in a certain degree of
bending. Therefore, a local density gradient was observed in a bilayer system [138]. This effect in the
middle layer of a trilayer composite could be compensated by the top and bottom layers in this “sand-
wich” structure. Following the experiments in bilayers, the same experimental procedures are applied
to the RE/FE/RE trilayer composites.

7.5.1 Initial state of trilayer selected for DIC tracing

BNT-6BT-3KNN layer Top ROI

interface —
BNT-7BT layer Middle ROI
interface —»

BNT-6BT-3KNN layer Bottom ROI

(a) (b)

Figure 7.10: Reference images of trilayer structures: (a) digital image of trilayer without artificial patterns, (b) selected ROIs on
the surfaces of trilayer with sprayed black and white patterns.
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7.5 Experiments on trilayer composite

Figure 7.10 shows the initial state of the trilayer specimen selected for DIC tracing. Similar to the state
selected for the bilayer in Figure 7.4, this initial state cannot provide the information of strains caused
by the internal stresses during sintering. Three ROIs were placed carefully to avoid the regions close to
the interfaces after painting the artificial patterns (as demonstrated in Figure 7.10(b)).

7.5.2  Polarization and strains in trilayer
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Figure 7.11: Polarization measured from the bilayer and trilayer composites.

In order to make a comparison between the polarization measured on bilayers and trilayers, the results
measured on each composite are plotted in Figure 7.11. The bilayer presents a slightly larger remnant
polarization and coercive field than the values of the trilayer. That is explained by the content of FE in
the bilayer being larger than that in the trilayer, which has been discussed in other report [84]. In
addition, the states of the internal in-plane stresses should be considered. The coercive field of the
trilayer sample is around 1.2 kV/mm (as shown in Figure 7.11), which matches the value estimated by
using Equation 7.2. This result validates that the coercive field of a composite follows the proportional-
ity of the volume fraction of each layer that has been discussed in section 7.3 before.

Owing to the variation in the volume fractions of each layer between the two composites, differences in
bipolar strains measured from the bilayer and trilayer can be observed. The strains measured from the
trilayer composite are shown in Figure 7.12. Compared with the strain curves of the bilayer plotted in
Figure 7.6, the remnant strain of each layer is smaller than the ones in the bilayer. The deformation
behavior of the trilayer is similar to the bilayer; therefore, the mismatch of the stresses discussed on the
bilayer can also be adopted here. Such as Equations 7.3 and 7.4 can be applied on the trilayer to obtain
that the biaxial compressive stress on each RE layer is -22 MPa while the biaxial tensile stress on FE
layer is 44 MPa. However, this calculation is also based on the piezoelectric response of the pure end
members. Owing to the complexity of the coupling effects mentioned in section 7.4.2, a solid conclu-
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7 Experiments on NBT-7BT/NBT-6BT-3KNN composites under electric field loadings

sion is still hard to make only from the results shown in Figure 7.11 and 7.12. Table 7.1 lists a compre-
hensive comparison of longitudinal strains and polarizations for single component ceramics, the bilayer
composite and the trilayer composite. These data would provide contribution for the community.
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Figure 7.12: Strains measured from the trilayer composite: (a) longitudinal strains obtained from the corresponded ROIs on the
surface of the specimen; (b) transverse strains obtained from the corresponded ROIs on the surface of the specimen.
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7.5 Experiments on trilayer composite

Table 7.1: Comparison of bipolar longitudinal strain and polarization loops

Pure ceramic

end member Bilayer composite Trilayer composite
. . RE
Pure  Pure Bilayer FE RE  Trilayer FE layer RE layer

7BT 3KNN total layer layer total layer (bottom)

(top)

Maximumtotal o 41 048 931 030 027 027 031 025 024
strain (%)

Remnant
0.27 0.01 0.13 0.15 0.11 0.09 0.16 0.06 0.04
strain (%)

Backswitching =1, 007 004 0.1 003 003 0.06 0.04
strain (%)
Maximum
polarization 0.33 0.25 0.34 - - 0.33 - - -
(C/m?)

Coercive field

(kV/mm) 22 0.7 1.5 - - 1.2 - - -

Remnant
polarization 0.26 0.05 0.23 - - 0.16 - -
(C/m?)

7.6 Summary

In this chapter, the DIC method was implemented to check the strain distribution in the ceram-
ic/ceramic bilayer and trilayer composites.

For the bilayers, it was shown that the coercive field of the bilayer corresponds to the rule of mixtures
predictions. It was further demonstrated that the local strain of individual components or ROIs of a
composite could be measured with the DIC system. A high remnant strain was observed in the RE
layer and a decreased value from the FE layer upon cyclic electric field loading. This finding reveals
the directions of the internal stresses on each layer (biaxial tensile stress on RE layer and compressive
stress on FE layer). The full-field contour plots of strain are used to demonstrate the strain distribu-
tions. An intermediate strain state is observed around the interface between the two layers. It is ex-
pected that the different stress states around both sides of the interface induced this intermediate strain
state.

Similar to the discussions on the bilayer specimen, the deformation on trilayer sample was also moni-
tored. The results are provided and added into a comparison of bipolar longitudinal strain and polariza-
tion loops among the pure end members, bilayers and trilayers. However, owing to the lacking of more
evidence, a solid explanation to understand the stress states in each layer after an electric field loading
is still missing. Even though, The DIC method used in this work presents great potential for measuring
complex multilayer structures thereby enabling further investigations electromechanical interactions in
composites.
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8 Summary of this thesis

The primary objective of this thesis is to examine the strain distributions and the polarization in pie-
zoceramics. These results can be utilized to get a better understanding of electromechanical behavior of
the materials. In addition, the experimental data are useful to build models which are served to describe
the electromechanical coupling effect and develop new materials for the actuator applications.

To achieve this target, two setups equipped with digital cameras were developed. One is designed for
checking the electric field-induced strain and polarization. The other is assembled for monitoring the
deformation of piezoceramics under a uniaxial compression. The strains were obtained by using the
DIC method and/or an LVDT, and the polarizations were measured by means of a Sawyer-Tower
circuit, simultaneously.

Commercial lead-based soft PZT ceramics (PIC 151) were chosen to check the reliability of the setups.
The DIC method shows advantages over other traditional methods of strain measurement. It provides
both longitudinal and transverse strains from the same correlation calculation. The longitudinal strain
obtained from using LVDT was taken to validate the accuracy of the DIC measurement. The errors of
the DIC method used in this work were estimated by calculating the standard images of “2D test image
sets” downloaded from “the Society for Experimental Mechanics”.

The distributions of strain at two particular electric field values were plotted to describe the defor-
mation behavior. This investigation observed under the macro-scale proved that the deformation of
PZT ceramic under a pure electric field loading without any mechanical constraints is homogeneous.

The DIC method is not limited to measuring the strain induced by an electric field. It also can be
applied to study the deformation of piezoceramics under a compressive load. The strain components
were calculated from nine selected ROIs located on the observation surface to examine the deformation
on each selected region. The results reveal that the PZT specimen with an aspect ratio of 3:1 shows
barreling behavior under large uniaxial compressive stresses. Furthermore, the distributions of trans-
verse and shear strains are plotted in contour plots. These results demonstrate that the barreling behav-
ior is due to elastic strains, in the first place, while the remnant strains are less involved in this phe-
nomenon. The strain distributions provide the experimental supports for the selection of an aspect ratio
of 3:1 in the specimens. The purely uniaxial stress state cannot be obtained from the regions close to
top or bottom part, but only the region close to central cube of the specimen. In these compressive
loading and unloading tests, only from the central cubic region true uniaxial stress—strain results are
obtained. These data can be used for developing constitutive models.

In addition to the PZT specimens, the electric field-induced strains in lead-free piezoceramics were also
measured. Electric field loads were applied on the lead-free specimens including pure NBT-7BT
ceramic, pure NBT-6BT-3KNN ceramic and two types of composites combining these two end mem-
ber materials.

For both the two pure ceramics, polarization and longitudinal strains were measured under cyclic
electric fields. A large remnant strain can be found in NBT-7BT ceramic after the first half cycle of
loading from the initial state, while there is almost no remanence in the NBT-6BT-3KNN ceramic.
These are attributed to the irreversible transition from a relaxor to a ferroelectric phase upon the appli-
cation of a sufficiently large electric field and the reversible transition between arelaxor to a ferroelec-
tric phase, respectively.
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8 Summary of this thesis

In order to understand these non-ergodic and ergodic behaviors of the two relaxors, the time-dependent
electromechanical responses on induced by a constant electric field were investigated. For the speci-
men with an initially unpoled state, the evolutions of the electric field-induced strain and polarization
depend on both the hold time duration and the magnitude of the constant electric field. The state
transition requires a sufficient electric field to activate RE to be transformed into the FE. An obvious
macroscopic response can be observed starting from 1.15 kV/mm, approximately. When the constant
electric field is higher than that value and held there for a long time, a so-called “two-stage” cascade
phenomenon can be obtained. This cascade behavior under a proper constant electric field reveals that
this transition is a “self-catalyzed” behavior, namely, newly formed FE induces more RE to be trans-
formed. What’s more, the rate of this cascade development strongly relies on the magnitude of the
constant electric field. This cascade phenomenon could not be observed for the specimen with a poled
state, which is explained by the non-ergodic nature of the material.

Similar experiments were performed on the NBT-6BT-3KNN ceramics. The “two-stage” cascade
phenomenon was not found any more on this material but it shows a time-dependent creep and reaches
a final saturation eventually. The approximate values of volume resistivity were estimated from the
charge leakage induced error in the measurement of polarization after a long time electric field loading.
The volume resistivity is not a constant value but shows nonlinearity under various magnitudes of the
static electric field.

The creep behavior of polarization and strain is primary due to the gradual state transition between RE
and FE which is a reversible process. In addition, when the electric field was held constantly during the
unloading process, the electric field-induced creep behavior can be explained by the exhaustion of the
state transition, too.

Large creep can be observed only before the exhaustion of the RE in the loading process. Once there is
not sufficient RE left to be transformed during the hold time, the higher electric field neither induces
larger creeping nor drives the creeping into saturation easily. Two exponential functions were used to
fit the creep curves. The fitting parameters obtained from these fittings supported this finding. However,
further evidence is needed in order to explore this phenomenon in depth. For the electric unloading
process, creep can be obtained prominently near the depoling field owing to the electric field here
being no longer able to sustain the FE from transforming to the RE.

The electric field-induced deformations of NBT-6BT-3KNN/NBT-7BT bilayer and NBT-6BT-
3KNN/NBT-7BT/NBT-6BT-3KNN trilayer composites were monitored by using the DIC method. The
values of the coercive field of both the bilayer and trilayer composites are proportional to the volume
fraction of each layer. By means of selecting the ROIs located on each layer and calculating the strains
there, an obvious remnant strain of the RE layer and a decreased value of the FE layer can be found
after the cyclic electric field loading. For the bilayer specimen used in these experiments, the full-field
contour plots of strain were used to demonstrate the strain distributions. An intermediate strain state
was observed around the interface between the two layers. It is expected that the mismatch of the stress
states around both sides of the interface induced this intermediate strain state. After obtaining the
experimental results measured from the trilayer specimens, a comparison of bipolar longitudinal strain
and polarization loops among the pure end members, bilayers and trilayers was provided. However, the
internal stresses induced by the variation in sintering rates between the two layers were ignored, which
requires additional work to analyze the exact stress states in each layer. Especially, a model considering
both polarization coupling and strain coupling is needed to understand this electromechanical behavior
completely.

Overall, the strain distribution and polarization in lead-based (soft PZT) and lead-free (NBT-based)
ferroelectrics were checked. The DIC method used in this thesis presents high potential for monitoring
deformations on complex multilayer structures. The polarization and strain results obtained in experi-
mental work can be utilized for constitutive modeling and developing new ferroelectrics for actuator
applications.
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