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Abstract: Lead lanthanum zirconate titanate (PLZT) ceramics exhibit excellent dielectric, ferroelec‑
tric and piezoelectric properties, and they can be used in many applications, including actuators. In
this review, the processing and properties of PLZT‑based ceramics will be the main focus of the first
part. An introduction to PLZT ceramics is given and the methods to improve processing of PLZT‑
based ceramics are explained in terms of the addition of sintering aids, fabrication in the form of
composites, and the application of dopants. The second part will be related to strain measurement
to investigate converse piezoelectric properties (actuating effect). Strain measurement techniques
by Michelson interferometry and case studies in PLZT‑based ceramics (aging effect, temperature
dependence and magnetic field effect) are included.

Keywords: PLZT; sintering aid; composite; doping; strain; Michelson interferometry; aging; temper‑
ature dependence; magnetic field

1. Introduction
Lead lanthanum zirconate titanate, or PLZT ceramics, were first developed in the

1960s for electro‑optic applications. Possible optical devices are waveguides (due to high
transparency), shutters and filters (controlled by an applied voltage), depending on the
composition of PLZT ceramics [1]. Piezoelectric applications include transducers (utiliza‑
tion of phase transition between the ferroelectric andnon‑ferroelectric phase) and actuators
(from the slim hysteresis loop) [2]. PLZT ceramics are considered as photostrictive actua‑
tors based on piezoelectric properties where the light‑driven process involves photovoltaic
effect (light generates voltage across thematerial) followed by converse piezoelectric effect
(generated voltage causes positive (extension) or negative (contraction) strain in the mate‑
rial) [3]. The comprehensive papers by Prof. Uchino and his co‑workers [4,5] show the
extensive and systematic study of PLZT ceramics with various compositions for the appli‑
cations of photostrictive actuators. They found that the suitable composition around the
morphotropic phase boundary (MPB) yielded the maximum photocurrent and photovolt‑
age. Moreover, the addition of tungsten oxide (WO3) as dopant in PLZT ceramics could
also improve photostrictive properties, and actuator applicationswere possible in the form
of both bulk ceramic samples and thin films. Recently, the investigation of photostrictive
properties in PLZT ceramics was revisited [6]. Raman spectroscopy results suggested that
photo‑induced actuating effect occurred due to structural change caused by the oxygen
bonds between zirconium and titanium, and the effect was strong enough to produce the
strain contributing to shape change of PLZT ceramics.

Recent work demonstrates that PLZT ceramics benefit from dielectric, ferroelectric,
and piezoelectric properties and make the applications of advanced materials possible. Li
et al. [7] reported high energy storage density capacitor with the efficiency of 70% in bulk
antiferroelectric PLZT resulting from electric field‑induced phase transition and low loss
of slim hysteresis behavior. Light controlled actuators based on PLZT ceramics were fabri‑
cated by Liu et al. [8]. They designed amicro actuator with PLZT electrodes connected to a
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driven component (torsion beam). UV irradiation resulted in the generation of photovolt‑
age in the PLZT electrodes, and the electrostatic moment responsible for torsion bending
was created in the driven component. Fast response speed and control of deformation
could be achieved accurately. The design of micro actuators based on PLZT electrodes has
been further developed using a mathematical model [9], which suggests feasible actuator
applications with a high accuracy of displacement control. The meticulous study of actu‑
ator applications based on PLZT ceramics as light‑operated microgrippers with the size
1.3 mm × 0.7 mm × 1.027 mm (as holder for specimens with dimensions up to 1000 µm)
was carried out by Huang et al. [10]. In this work, mathematical modelling was applied
to investigate the relationship between light intensity, incidence time and displacement
to control the operation and to determine the optimized design as well as the working
condition. Experimental results revealed that on‑off control during operation could be
performed but further study is required to improve the response for the release of the mi‑
crogripper, which is slow due to the residual photovoltage.

Many processing routes have been attempted to fabricate the ceramic samples. To
ensure homogeneous distribution of composition, the chemical route is introduced during
powder processing. Hot press sintering is applied to obtain dense ceramic with equiax‑
ial grain growth (~2–5 µm) [1]. Not only PLZT ceramics exhibit excellent electro‑optic
properties, they also show promising piezoelectric properties as PZT‑based ceramics with
lanthanum (La) as a soft dopant. The development of PLZT‑based ceramics has been the
area of interest in electroceramics. The methods to improve microstructure and properties
include the introduction of a novel processing route, the optimization of processing con‑
ditions and the addition of sintering aids or dopants [11]. Research work in past decades
has demonstrated that sintering aids are effective to produce ceramic samples with dense
microstructure from the benefit of a glassy phase formed during sintering. The addition
of second phase reinforcement that possesses electrical properties can tailor PLZT‑based
ceramics in terms of bothmicrostructure and properties. Themost commonmethod is dop‑
ing [12]where a small amount of dopant(s) is incorporated into PLZT ceramics to substitute
some cations to tune electrical properties. Overall, the first part of the review is given in
the topic of processing and properties of PLZT‑based ceramics, consisting of three main
sections, namely PLZT ceramics (to introduce the basic knowledge of PLZT including the
crystal structure, phase diagram and relaxor behavior), grain boundary complexions and
pore structure (to describe the concept of grain boundary chemistry and porosity in rela‑
tion to electrical properties), and tailoringmicrostructure and properties of PLZT ceramics
(to explain three methods, which are utilization of sintering aids, fabrication in the form of
composites and addition of dopant).

The study of piezoelectric properties of bulk ceramics requires suitable methods of
strain measurement. Nowadays, up‑to‑date technologies offer state‑of‑art measurement
methods with high precision. Development of metrology and optics is the key point for
the improvement of strain measurement techniques (better resolution and more accurate
measurement). The second part of the review starts withMichelson interferometry, which
is considered as the useful technique employed to detect a small change of displacement
which can be applied to strain measurement [13]. Sample preparation and equipment set‑
ting are also important to obtain valid results from the measurement and this review pro‑
vides the information of sample holders for three measurement methods (standard mea‑
surement to investigate frequency dependence, varied temperatures to investigate temper‑
ature dependence, and external magnetic field to investigate magnetoelectric effect). Case
studies of strain measurement in PLZT‑based ceramics are also included. There are three
parts, namely, aging effect (time‑dependent effect), temperature dependence, and external
magnetic field effect. The review ends with concluding remarks to summarize and offer
some insights to develop PLZT‑based ceramics for actuator applications in the future.
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2. Processing and Properties of PLZT‑Based Ceramics
The knowledge of materials science and technology has offered endless possibilities

and methods to improve dielectric, ferroelectric, and piezoelectric properties of ceramic
materials. Development of some new ceramic systems, especially lead‑free components,
has become of concern in the field of electroceramics due to health and environmental is‑
sues. Rödel and Li [14] wrote a short review to share their insightful thoughts of lead‑
free piezoceramics categorized into four main groups, namely bismuth‑based, alkaline
niobium‑based, barium titanate‑based and bismuth ferrite‑based ceramics. Extensive re‑
view articles and books are available to explain the mechanisms that contribute to the en‑
hancement of lead‑free dielectric, ferroelectric and piezoelectric ceramics. For example,
the book by Acosta [15] elucidates strain mechanisms in BCZT (barium calcium zirconate
titanate) and BNT (bismuth sodium titanate)‑based ceramics in detail. In this article, how‑
ever, we will focus on lead‑based ceramics (lead lanthanum zirconate titanate or PLZT in
particular) as there has been also some progress in recent years. An introduction to PLZT
ceramics is included in the first part of this section to explain the concepts in terms of struc‑
ture and properties.

Apart from developing new ceramic materials, processing also plays a crucial role to
ensure desirable microstructure and therefore properties. Technologies regarding to ce‑
ramic processing in recent years allow us to fabricate electroceramics with significantly
lower temperature and in shorter time. Cold sintering process (CSP) is the most recent
technique to fabricate ceramics at temperatures below 200 ◦C and the successful work by
Baker et al. [16], where Li2MoO4 capacitors with the thickness of ~20 µm as a single layer
could be printed on PET film for the first time, demonstrates an opportunity to utilize CSP
for ceramic processing in the future. However, it is worth noting that typical ceramic mi‑
crostructure contains grain boundaries and pores in polycrystalline ceramics. The second
part of this section is then devoted to the specific region of grain boundaries called grain
boundary complexions and pore structure to understand the structure‑property relation
of electroceramics.

In addition, conventional ceramic processing can still be employed to obtain electroce‑
ramics with enhanced properties but optimal processing parameters such as sintering tem‑
perature and soaking time are required [17]. Tailoring microstructure of electroceramics
can also be achieved by the addition of sintering aid to introduce a liquid phase to improve
densification and then properties. An alternative method is to fabricate ceramic compos‑
ites where the microstructure and properties of electroceramics can be tuned by the com‑
position and amount of the second phase or reinforcement. The addition of dopants is the
other possibility (and perhaps the easiest way) to control ceramic microstructure and elec‑
trical properties by defect chemistry. The last part of this section contributes to tuning mi‑
crostructure and properties of electroceramics by sintering aids, composites, and dopants.

2.1. PLZT Ceramics
Lead lanthanumzirconate titanate (PLZT) or La‑dopedPZT can bewritten in chemical

formula as Pb1−xLax(ZryTi1−y)1−x/4O3 where x is the molar fraction of lanthanum and y
is the molar fraction of zirconia. It can be denoted by PLZT x’/y’/100‑y’ where x’ is the
mole percent of lanthanum and y’ is the mole percent of zirconia. PLZT has perovskite
structure ABO3 where the A‑site contains Pb2+ or La3+ ions and the B‑site contains Zr4+ or
Ti4+ ions as shown in Figure 1. Pb2+ ions are partially substituted by La3+ ions. Different
amounts of La and Zr/Ti ratio results in PLZT ceramics with different crystal structure and
ferroelectric properties.



Actuators 2023, 12, 74 4 of 24Actuators 2023, 12, x FOR PEER REVIEW 4 of 25 
 

 

 
Figure 1. Perovskite structure ABO3 (in PLZT: A is Pb2+ or La3+, B is Zr4+ or Ti4+, and O is oxygen 
anion), reproduced with permission from [18], Copyright 2018, Elsevier E.V. 

Figure 2 presents the phase diagram of PLZT ceramic system. It can be seen that 
PLZT solid solution exhibits paraelectric (PE), ferroelectric (FE) and antiferroelectric 
(AFE) phases depending on the composition and crystal structure. The line between te-
tragonal and rhombohedral (RH) is called the morphotropic phase boundary (MPB). The 
composition in PLZT ceramic close to the MPB region contains PLZT 8/65/35, 9/65/35 and 
12/40/60 whereas ferroelectric tetragonal and rhombohedral composition is PLZT 8/40/60 
and 9/70/30, respectively. Antiferroelectric composition usually consists of low lanthanum 
and high zirconia content such as PLZT 2/90/10 [11]. 
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Sciences. 

It is generally acknowledged that the composition near MPB gives rise to excellent 
dielectric, ferroelectric and piezoelectric properties due to the mixed phase of tetragonal 
and rhombohedral crystal structure. Hinterstein et al. [20] carried out synchrotron X-ray 
diffraction to explain the relationship between the structure and properties of lead zir-
conate titanate (PZT) at MPB and the results supported the existence of a monoclinic 
phase, which was also recently reported in PLZT by Kumar et al. [21]. Further investiga-
tion of strain mechanism of PZT at MPB by Hinterstein et al. [22] demonstrated that the 
crystal structure mainly contributed to strain in terms of domain switching and phase 

Figure 1. Perovskite structure ABO3 (in PLZT: A is Pb2+ or La3+, B is Zr4+ or Ti4+, and O is oxygen
anion), reproduced with permission from [18], Copyright 2018, Elsevier E.V.

Figure 2 presents the phase diagram of PLZT ceramic system. It can be seen that
PLZT solid solution exhibits paraelectric (PE), ferroelectric (FE) and antiferroelectric (AFE)
phases depending on the composition and crystal structure. The line between tetrago‑
nal and rhombohedral (RH) is called the morphotropic phase boundary (MPB). The com‑
position in PLZT ceramic close to the MPB region contains PLZT 8/65/35, 9/65/35 and
12/40/60 whereas ferroelectric tetragonal and rhombohedral composition is PLZT 8/40/60
and 9/70/30, respectively. Antiferroelectric composition usually consists of low lanthanum
and high zirconia content such as PLZT 2/90/10 [11].
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Figure 2. Phase diagram of PLZT, reproduced with permission from [19], Copyright 2006,
EDP Sciences.

It is generally acknowledged that the composition near MPB gives rise to excellent
dielectric, ferroelectric and piezoelectric properties due to the mixed phase of tetragonal
and rhombohedral crystal structure. Hinterstein et al. [20] carried out synchrotron X‑ray
diffraction to explain the relationship between the structure and properties of lead zir‑
conate titanate (PZT) atMPB and the results supported the existence of amonoclinic phase,
which was also recently reported in PLZT by Kumar et al. [21]. Further investigation of
strain mechanism of PZT at MPB by Hinterstein et al. [22] demonstrated that the crystal
structure mainly contributed to strain in terms of domain switching and phase transition
induced by an applied electric field, as later confirmed in PLZT by Somwan et al. [23].
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One of the most interesting behaviors observed in PLZT in the vicinity of MPB is di‑
electric relaxor, which is caused by the disordered structure of (Pb,La) at A‑site and (Zr,Ti)
at B‑site. Dielectric relaxor in PLZT has the main features including a broad dielectric peak
(compared to sharpdielectric peak in normal ferroelectric), and shift ofmaximumdielectric
peak to higher temperature and lower intensity when the frequency is increased (disper‑
sion). Broad and diffuse peak results from the formation of polar nanoregions (PNRs) of
the size of tens nanometer by short range order of the crystal structure [24]. In addition,
hysteresis polarization and electric field (P‑E) loop of relaxormaterials is very slim because
the remnant polarization (Pr) of nanodomain is very small [25]. The study of relaxor be‑
havior as a function of temperature in PLZT is available elsewhere [26,27].

2.2. Grain Boundary Complexions and Pore Structure
Typical polycrystalline ceramic microstructure consists of grains, grain boundaries

and pores. The main interest is focused on bulk properties (related to grains) but the prop‑
erties contributed from grain boundaries should not be neglected. Grain boundaries are
regarded as internal interfaces between different crystal orientation of grains. In electroce‑
ramics, grain boundaries serve many functions, i.e., space charge effect, formation of a de‑
pleted layer, charged defect mobility andmass transport by diffusion [28]. To explain elec‑
trical properties of polycrystalline ceramics, brick‑wall model (where well aligned bricks
represent grains, and gaps between bricks represent grain boundaries) and equivalent cir‑
cuit (each component is considered as a resistor and a capacitor connected in parallel) are
applied with the knowledge of defect chemistry at grain boundaries [29].

The study of grain boundaries is therefore crucial to better understand structure‑
property relation in ceramic materials. Thanks to the recent technologies in material char‑
acterization (especially electron microscopy), the details of grain boundaries are unveiled
with the information of chemical composition. Combinedwith a thermodynamic approach,
the term “grain boundary complexion” has been used to explain interfacial material in
equilibrium with its abutting phases. The overview article by Cantwell et al. [30] briefly
suggested that grain boundary complexion was responsible for the change of conduction
in ion‑conducting electrolytes and the enhancement of better discharge rate in a lithium
ion battery with lithium phosphate‑based films. Recently, Bowman et al. [31] demon‑
strated that the grain boundary composition affected the grain boundary conductivity even
though the microstructure and grain orientation remained the same.

Porosity in ceramic materials is also a crucial factor that affects properties. Pores or
voids are considered as three‑dimensional defects whereas grain boundaries are some‑
times considered as planar defects in ceramics. The effect of porosity to electrical prop‑
erties of electroceramics has been investigated by several researchers. Okazaki and Na‑
gata [32] reported deterioration of piezoelectric properties in PLZT ceramics (grain size of
1.5–2.0µm) as the percentage of porosity increased and themain reasonwas the decrease in
the space‑charge electric field. Jiang and Cross [33] found that porosity affected electrical
properties and accelerated fatigue aging in PZT and PLZT ceramics. Curecheriu et al. [34]
studied the effect of porosity in BZT ceramics; they reported the decrease in dielectric con‑
stant by 40% when the porosity was 21%. Higher porosity can also shift Curie point to a
higher temperature due to internal stress in ceramic samples [35]. The effect of porosity on
the polarization‑field response of ferroelectric materials was studied by Zhang et al. [36].
BCZT ceramics with porosity up to 40 vol% were fabricated and the mechanisms of broad
electric field distribution (high porosity) and increase in matrix compliance (low porosity)
were proposed to explain the change of ferroelectric behavior in terms of coercive field
and remnant polarization. Overall, it is worth further investigating the defect chemistry of
grain boundaries and pore structure in electroceramic materials to obtain the holistic view
of the relationship between microstructure and properties in the future.
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2.3. Tailoring Microstructure and Properties of PLZT Ceramics
2.3.1. Sintering Aids

Liquid phase sintering can be carried out by the addition of sintering aids. During fir‑
ing, densification is accelerated to obtain ceramic samples with high density, which would
then enhance electrical properties. Previous work by Liang et al. [37] showed that LiBiO2
could be utilized as a sintering aid to reduce the sintering temperature of PLZT to 900 ◦C,
and the sample had improved dielectric and electrostrictive properties. Lead‑based oxides
such as Pb(W0.5Cu0.5)O3 [38] and PbO/CuO [39] could promote densification with grain
growth and enhancement of dielectric and piezoelectric properties of PLZT.

The concept of glass ceramics, where the amount of liquid or glassy phase is large,
to produce fully dense ceramics during vitrification upon cooling. Moreover, the careful
control of cooling rate can produce a desirable crystallite phase in some perovskite glass
ceramics as summarized in review by Yadav and Gautam [40]. Barium titanate (BaTiO3
or BT)‑based ceramics could benefit from borosilicate glass as Hu et al. [41] reported the
effect of glass addition to the stability of dielectric behavior and energy storage capacity
of BaTiO3‑Bi(Mg1/2Ti1/2)O3 ceramics. Khalf and Hall [42] used barium borosilicate glass
to improve the densification of (Ba,Ca)(Zr,Ti)O3 lead‑free ceramics where phase transition
temperature increased and dielectric constant decreased. The glass ceramic was suitable
for dielectric energy storage applications. Recent work by Li et al. [43] explored the appli‑
cation of BaO‑B2O3‑Bi2O3 glasses to aid the sintering of BT ceramics. The results revealed
that the addition of 30% glass could significantly reduce the sintering temperature of BT
from1300 ◦C to 800 ◦Cwithout the formation of any secondphase. The relative densitywas
increased, which directly increased dielectric constant (and indirectly by the polarizability
of Bi3+ in the glass). Furthermore, ferroelectric properties could be enhanced provided that
the ferroelectric phase of BaBi4Ti4O15 could be crystallized in the glass ceramics.

2.3.2. Composites
Electrical properties of electroceramics can be enhanced bymeans of compositing two

ormore ceramics to optimizemicrostructure and properties. The concept of amixed phase
in morphotropic phase boundary (MPB) can be applied to fabricate composites from each
phase with different crystal structure to imitate MPB. In some cases, the second phase or
reinforcement is added to thematrix to introduce an additional property, which is the char‑
acteristic of reinforcement, producing synergistic effect in compositematerials. This article
only focuses on PLZT‑based composites. Table 1 summarizes all composites discussed in
this work.

PLZT could exhibit magnetoelectric properties by the addition of ferrites as reinforce‑
ment. Kanai et al. [44] showed that bismuth ferrite (BiFeO3) could be added to PLZT
10/65/35 to decrease the sintering temperature to 950 ◦C and to induce weak ferromag‑
netic property (slim magnetic hysteresis loop). Nickel ferrite (NiFe2O4) could be used as
reinforcement in PLZT 7/60/40 ceramic. Fawzi et al. [45] found that nickel ferrite reduced
the squareness of the P‑E loop but the saturated magnetization in the M‑H loop increased.
Ni0.8Zn0.2Fe2O4 was also added to PLZT 7/60/40 [46] and PLZT 3/65/35 [47] to enhance
the magnetoelectric effect. Bochenek et al. [48] fabricated a PLZT 2/90/10‑based composite
(antiferroelectric phase) with the addition of 10 mol% Ni0.64Zn0.36Fe2O4, and the compos‑
ite had fine‑grained structure, maintaining dielectric properties and promising multifer‑
roic properties.

Structural ceramics could also be used as reinforcement phase to enhance electrical
properties. Addition of 8 vol% alumina (Al2O3) to PLZT 5/53/47 decreased the resonance
and anti‑resonance frequency (fr and fa) of piezoelectric impedance [49]. PLZT 5/95/5 with
1–4 wt% silica (SiO2) had better energy storage capacity because the composite structure
was core‑shell [50], which could decrease dielectric loss and increase breakdown
strength [51]. Zirconia (ZrO2) as a second phase could occur after sintering PLZT at high
temperatures. Funsueb et al. [52] revealed that ZrO2 could refine grains and dielectric,
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ferroelectric and piezoelectric properties could be optimized by both microstructure and
fluctuation of the composition (Zr/Ti ratio) after ZrO2 segregation.

Table 1. Summary of PLZT‑based composites.

PLZT Composition
(Matrix)

Reinforcement
(Amount) Remarks * Ref.

Magnetoelectric
10/65/35
7/60/40

7/60/40

0‑3/65/35

2/90/10

BiFeO3 (10–100 mol%) Ms = 0.5 emu/g [44]
NiFe2O4 (15–100 mol%)

Ni0.8Zn0.2Fe2O4 (15–100 mol%)

Ni0.8Zn0.2Fe2O4 (10 mol%)

Ni0.64Zn0.36Fe2O4 (10 mol%)

Ps = 40.879 µC/cm2, Pr = 31.157 µC/cm2

Ms = 35.00 emu/g, Mr = 16.392 emu/g
Ps = 39.871 µC/cm2, Pr = 31.708 µC/cm2

Ms = 38.36 emu/g, Mr = 19.096 emu/g
Ps = 5.4 µC/cm2, Pr = 1.8 µC/cm2

d33 = 89 pC/N
Pr = 18.15 µC/cm2

εr = 8633

[45]

[46]

[47]

[48]

Structural
5/53/47
5/95/5
9/70/30
9/65/35
9/60/40

Al2O3 (0–8 vol%)
SiO2 (1–4 wt%)

ZrO2 (8.6–27.5 mol%)

fr, fa ↓
Wre = 2.29 J/cm3

Smax = 0.076%
εr = 10,539
Ps = 40.81 µC/cm2, Pr = 29.05 µC/cm2

[49]
[50]

[52]

Electrical
4/70/30
3/54/46
8/40/60
9/65/35
8/20/80

SrBi2Ta2O9 (2.5–10 vol%)
PZN (30 mol%)
PZN (5–25 mol%)
BT (5–25 mol%)
BT (50 mol%)

electrical fatigue ↑
εr = 17,000, n = 2.569
εr = 14,290
εr = 10,463
εr ~ 4000

[53]
[54]
[55]

[56]
* Ms is saturated magnetization, Mr is remnant magnetization, Ps is saturated polarization, Pr is remnant polar‑
ization, d33 is piezoelectric constant, εr is maximum dielectric constant at 1 kHz, fr is resonance frequency of
piezoelectric impedance, fa is anti‑resonance frequency of piezoelectric impedance, Wre is maximum restored
energy, Smax is maximum induced strain, n is refractive index.

The second phase of electroceramics could be incorporated to fabricate the compos‑
ites with improving electrical properties. Zhang et al. [53] reported that PLZT 4/70/30
composited with SrBi2Ta2O9 exhibited higher endurance of electrical fatigue. Addition of
30 mol% lead zinc niobate (PZN) could enhance optical transparency in PLZT 3/54/46 [54]
and 5–25 mol% PZN slightly increased dielectric constant in PLZT 8/40/60 ceramics [55].
Barium titanate (BT) added to PLZT 9/65/35 with the amount of 5–25 mol% deteriorated
dielectric properties and a slight increase in lattice parameter as well as phase transition
to cubic phase at room temperature could be observed when the amount of BT was 20
and 25 mol% [38]. When 50 mol% of BT was added to PLZT 8/20/80, an improvement of
dielectric properties occurred from the core‑shell structure of the composite [56].

2.3.3. Doping
Processing of ceramic materials mostly involves doping where dopants can improve

electrical properties. Even a small amount of dopant introduces defects in ceramic crystal
structure by cation substitution. A new arrangement of atoms for lowest energy is pre‑
ferred and the factors governed are ionic radii and number of neighboring ions with oppo‑
site charge (co‑ordination number) [57]. There are two main types of dopants. Isovalent
dopant will replace the site of original cation resulting in lattice distortion, provided that
the atomic radii are different. Aliovalent dopant will also create additional charge defects
(oxygen vacancies, cationic vacancies, electrons and holes) to maintain the charge neutral‑
ity. Soft doping or donor doping involves an introduction of dopant with a higher oxida‑
tion number compared to the original cation, resulting in vacancies of cation, additional
electrons and decrease in oxygen vacancies. On the other hand, hard doping or acceptor
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doping is created by dopant with a lower oxidation number than the original cation, which
causes oxygen vacancies and additional holes. Aliovalent doping also affects the arrange‑
ment of electric dipoles and domain structure where electrical properties could be tailored
from the change of electronic structure ofmaterials [12]. Table 2 summarizes some dopants
used in PLZT ceramics with the order of presentation as single doping (A‑ and B‑site of
ABO3 perovskite structure) and co‑doping.

Bismuth (Bi) is a dopant for A‑site soft doping as Bi3+ substitutes Pb2+ and La3+ in
PLZT ceramics. Zhu et al. [58] reported slim hysteresis loop and slight increase in optical
transmittance when up to 0.42 at% Bi was added to PLZT 8/69/31. PLZT ceramics close
to MPB showed relaxor behavior where the degree of diffusion (γ) increased compared to
undoped PLZT [59–61]. The polarizability of Bi3+ ions is responsible for the local field in
a disordered perovskite structure contributing to predominant relaxor ferroelectric PLZT.
The temperature at maximum dielectric constant (Tm) also decreased when Bi was doped.

Iron (Fe) can also be added to PLZT ceramics to effect as A‑site soft doping. Previ‑
ous work by Kundzina et al. [62] demonstrated that the dielectric constant of PLZT 8/65/35
was increased after doping with 1 wt% Fe. However, the increasing amount of Fe might
change the type of doping to B‑site hard doping, as reported in some papers [63,64]. Mo‑
hiddon and Yadav [63] used XRD diffractographs to calculate the atomic scattering factor
of different elements to reach the conclusion that the addition of more than 4 at% Fe could
result in both A‑ and B‑site substitution. They also found that the remnant polarization
(Pr) and coercive field (Ec) of the doped samples were lower and a pinched P‑E loop could
be observed when 8 at% Fe was added to PLZT 8/65/35. Apart from the site of substitu‑
tion, the oxidation state of iron (Fe2+ or Fe3+) was investigated to indicate defect chemistry
and an electron‑hoppingmechanism in electroceramics containing Fe [65]. The effect of Fe
doping on electrical impedance was reported by Dutta et al. [66]. The addition of 7.2 at%
Fe to PLZT 8/60/40 decreased the resistance of grain boundaries, which contributed to the
enhanced dielectric properties of the ceramic.

Table 2. Summary of single and co‑doping in PLZT ceramics.

PLZT Composition Dopant(s) Remarks * Ref.
Single A‑site soft doping

8/69/31
10/53/47
8/60/40
10/55/45
8/65/35
8/65/35
10/65/35
8/60/40
8/65/35
8/65/35
7/82/18
9/65/35

8/65/35
6/57/43
6/57/43
7/65/35
8/60/40
8/60/40
10/65/35

8/65/35
Single A‑site hard doping

12/70/30

Bi (0.14, 0.28, 0.42 at%)
Bi (1.0–7.0 at%)

Ps = 34.69 µC/cm2, Pr = 4.99 µC/cm2

εr = 8633, γ = 1.5
[58]
[59]

Bi (2.4–8.0 at%)
Bi (3.0–7.0 at%)
Fe (0.01, 0.1, 1.0 wt%)
Fe (2–10 at%)
Fe (3.0–7.0 at%)
Fe (7.2 at%)
Mn (0.01, 0.1, 1.0 wt%)
Mn (0.1–3.0 wt%)
Mn (0.1–0.5 at%)
Mn (0.5–3.0 wt%)

Mn (4–20 at%)
Cr (0.05, 0.11, 0.16 at%)
Cr (0.05–1.08 at%)
Cr (0.1–1.0 wt%)
Al (2.4–8.0 at%)
Ga (2.4–8.0 at%)
Dy (0.02–0.06 at%)

Nd (0.5–1.0 at%)

Ag (1.0–3.0 at%)

εr = 17,044, γ = 1.68
εr = 19,340, γ = 1.90
εr ~ 13,000
εr ~ 2200, Pr, Ec ↓
εr = 5346, γ = 1.85
εr = 12,500
εr ~ 5000
εr = 8300
εr = 2128
εr = 1250, d33 = 190 pC/N
Ps = 15.3 µC/cm2, Pr = 7.5 µC/cm2

εr = 37,780
εr = 2680
εr = 1608
εr = 13,760
fr, fa ↑
εr = 4850, γ = 1.77
εr ~ 6000
Ps = 30 µC/cm2, Pr = 0.2 µC/cm2

εr = 11,260

εr ↓

[60]
[61]
[62]
[63]
[64]
[66]
[62]
[67]
[68]
[69]

[70]
[71]
[72]
[73]
[74]
[75]
[76]

[77]

[78]
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Table 2. Cont.

PLZT Composition Dopant(s) Remarks * Ref.
Single B‑site soft doping

x/52/48 (x = 2–16)
8/60/40
10/55/45
3/52/48
3/52/48
10/65/35
3/52/48
9/65/35

Single B‑site hard doping
8/65/35

Sb (1.5 wt%)
Sb (2.4–8.0 at%)
Sb (3.0–7.0 at%)
W (0.2–1.0 at%)
W (0.5 at%)
W (0.5–2.0 at%)
Ta (0.5–1.75 at%)
Nb (0.5–1.5 at%)

Cu (0.001–0.01 at%)

εr ~ 3600
εr = 4444, γ = 1.88
εr = 17,589, γ = 1.91
εr ~ 12,000, Pmax = 4.5 µW/cm2

εr = 12,700, d33 = 315 pm/V
Transmittance ↓
εr ~ 13,900, Pmax = 6.0 µW/cm2

εr = 6078, γ = 1.93

εr ~ 12,600
Ps = 29.67 µC/cm2, Pr = 22.58 µC/cm2

[79]
[80]
[81]
[82]
[5]
[83]
[82]
[84]

[85]

Single A‑site isovalent
9/65/35
1.2/55/45

Single B‑site isovalent
9/65/35
2/94.5/5.5

x/85/15 (x = 2–8)
12/86/14

Ba (1.0–4.0 at%)
Ba (1.0–6.0 at%)

Sn (0.2–0.6 wt%)
Sn (9.5–29.5 at%)
Sn (20 at%)
Sn (8.6–52.8 at%)+
8.0 wt% PbO + 2.5 wt% ZnO

εr = 8034, γ = 1.75
εr = 32,000

Ps = 33.4 µC/cm2, Pr = 2.25 µC/cm2

εr ~ 3500
εr ~ 12,500, Ps = 40.5 µC/cm2

εr ~ 700, Wre = 3.5 J/cm3

[86]
[19]

[87]
[88]
[89]
[90]

Co‑doping isovalent
4/85/15
2/65/35

Co‑doping aliovalent
8/65/35
9/65/35
9/65/35
8/60/40
8/55/45
8/50/50
2/52/48
1/53/47
7/82/18

Ba (4 at%) + Sn (34 at%)
Ba (8 at%) + Sr (2 at%) + Sn (27 at%)

Na/B, Na/Bi, Li/Bi (0.5 wt%)
Li/Bi (0.15–0.75 at%)
Bi/Cu (0.25–1.0 wt%)

Mn (10 at%) + Fe (10 at%)

Nb/Fe (2–8 at%)
Sr (0.2–1.0 at%) + Mn (0.5 at%)
Gd (1–2 at%) + Sn (4–8 at%)

Ps = 25.65 µC/cm2, Wre = 0.47 J/cm3

εr ~ 2800

εr ~ 2000, 2700, 2200
εr = 7819, γ = 1.70
εr = 11,290, γ = 1.89

εr ~ 6000, γ = 1.51

εr ~ 26,000
εr = 10,974, d33 = 534 pC/N
εr = 2994, γ = 1.65

[91]
[92]

[93]
[94]
[95]

[96]

[97]
[98]
[99]

* εr ismaximumdielectric constant at 1 kHz, γ is degree of diffusion, Ps is saturated polarization, Pr is remnant po‑
larization, d33 is piezoelectric constant, fr is resonance frequency of piezoelectric impedance, fa is anti‑resonance
frequency of piezoelectric impedance, Pmax is maximum photo‑power stored per unit area, Wre is maximum
restored energy.

Manganese (Mn) is also a possible dopant for A‑site soft doping. A small amount
of 1 wt% in PLZT 8/65/35 decreased dielectric constant and shifted Tm to a higher tem‑
perature [62]. Further work by Dimza et al. [67] explained dielectric behavior by Debye
relaxation in 0.1 wt% doped Mn and Maxwell‑Wagner relaxation in 1.0 wt% doped Mn,
which depended on the dipole complexes formed by oxygen vacancies, Mn2+/Mn3+ ions
and dipole clusters of oxygen vacancies. The decrease in dielectric constant fromMn dop‑
ing was also reported by Kumar et al. [68] in antiferroelectric PLZT 7/82/18. Moreover, Mn
doping could enhance energy storage efficiency (η) because the hysteresis loop became
slimmer. The inclusive work by Perez‑Delfin et al. [69] investigated the effect of Mn dop‑
ing to dielectric, ferroelectric and piezoelectric properties of PLZT 9/65/35 ceramics. They
suggested thatMn2+ ions resulted in B‑site hard doping and therefore domainwall pinning.
The addition of Mn decreased nonlinearity and stabilized piezoelectric response. The ad‑
dition of up to 20 at% Mn in PLZT 8/65/35 was carried out by Mohiddon and Yadav [70].
It was found that the dielectric constant significantly increased when Mn was greater than
12 at%.

Chromium (Cr) is also used as dopant but the amount of the dopant is small in all
studies. Bajpai et al. [71] doped 0.05, 0.11 and 0.16 at% Cr in PLZT 6/57/43 ceramics for
energy‑harvesting applications. Shukla et al. [72] doped up to 1.08 at% Cr in PLZT 6/57/43
and reported the change fromA‑site to B‑site substitution of Crwhen the amount of dopant
increased. Selvamani et al. [73] found that 0.08wt%Cr doped PLZT 7/65/35 had optimal di‑
electric and electromechanical properties and Tm decreased as the amount of Cr increased.
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Other trivalent dopants can be utilized in PLZT ceramics. Dutta et al. [74] added up to
8.0 at% aluminium (Al) to PLZT 8/60/40 and the resonance and anti‑resonance frequency of
piezoelectric impedance increased. Gallium (Ga) was doped up to 8.0 at% in PLZT 8/60/40
ceramics and the relaxor behavior was present [75]. Zeng et al. [76] increased the optical
transmittance of PLZT 10/65/35 by doping with dysprosium (Dy). They found that Dy
was located at A‑site and the decrease in polarizability from the substitution resulted in a
decrease in dielectric constant. Neodynium ion (Nd3+) was also used as dopant in PLZT
ceramics [77], which could promote grain growth and induce relaxor ferroelectric behavior
with a slight decrease in dielectric constant. Silver (Ag) was used as monovalent dopant
for A‑site hard doping by Maher [78]. The addition of 1.0–3.0 at% Ag in PLZT 12/70/30
could induce antiferroelectricity and decrease the dielectric constant of the ceramic.

Antimony (Sb) is a dopant for B‑site soft doping. In this case, Sb5+ ions substitute Zr4+
and Ti4+ ions in PLZT ceramics. Tong and Ling [79] studied the effect of 1.5 wt% Sb on the
dielectric properties of PLZTwith various amounts of La (2–16 at%) andZr/Ti ratio of 52/48.
The transition from ferroelectric to relaxorwas observed andTmwas lower. Dutta et al. [80]
investigated the electrical properties of Sb‑doped PLZT 8/60/40. They assumed that Sb3+
substituted La3+ in A‑site (soft doping), resulting in an increase in dielectric constant and
a degree of diffusion in relaxor. The same findings were reported in PLZT 10/55/45 doped
with 3.0–7.0 at% Sb by Rai et al. [81].

Chu and Uchino [82] found an improvement of photostrictive properties of tungsten
(W)‑doped PLZT 3/52/48 ceramics. The dielectric constant wasminimumbut photo‑power
was maximum when 0.4 at% W was added. Later, Poosanaas‑Burke et al. [5] confirmed
the photostrictive effect of 0.5 at%W‑doped PLZT fabricated by sol‑gel. In terms of optical
properties, doping with W decreased transmissivity of PLZT ceramics [83]. Tantalum (Ta)
could also enhance photostrictive properties where maximum photo‑power was obtained
by doping 1.5 at% Ta [65]. Niobium (Nb) is another pentavalent dopant for PLZT ceramics.
Xu et al. [84] reported relaxor behavior when up to 1.5 at%Nbwas incorporated into PLZT
9/65/35 ceramics. Although quadratic electro‑optic coefficient decreased upon doping, the
ceramic exhibited higher transmittance and less ferroelectric hysteresis, which would be
suitable for electro‑optic modulation devices. Copper (Cu)was utilized as a B‑site acceptor
(hard doping) to improve dielectric and ferroelectric properties from the phase transition
from relaxor to ferroelectric as reported by Divya and Kumar [85].

Regarding isolavent doping, barium (Ba) and tin (Sn) are dopants for A‑ and B‑site
respectively. The substitution of Pb2+ ions with Ba2+ ions increased the degree of diffu‑
sion, shifted Tm to lower temperature, and decreased the dielectric constant of PLZT ce‑
ramics when the composition was close to MPB [19,86]. A small amount of Sn dopant
(0.2–0.6 wt%) resulted in an increase in degree of diffusion, a decrease in Tm and a slight
decrease in transmittance. Electrostrictive properties (Smax and Q33) were improved by
Sn4+ doping, whichwas caused by the substitution of larger Sn4+ ions in a B‑site perovskite
structure [87]. A larger amount of Sn will turn PLZT ceramics to an antiferroelectric phase,
which has excellent energy storage properties. The composition of PLZT is 2/94.5/5.5 [88]
and 2‑8/85/15 [89]. PLZT ceramics with Sn doping could have better energy storage prop‑
erties by the addition of sintering aid as Choi et al. [90] used 8.0 wt% PbO and 2.5 wt%ZnO
to increase the energy storage density of Sn‑doped PLZT ceramics to 80%. Co‑doping of
isovalent ions can enhance electrical properties of PLZT‑based ceramics. Xu et al. [91] co‑
doped Ba and Sn to PLZT 4/85/15 ceramics for long‑life pulsed power capacitors with high
stability after 106 charge‑discharge cycles. Wang et al. [92] reported the antiferroelectric
property of PBSLZST ceramics (with 8 at% Ba, 2 at% Sr and 27 at% Sn in PLZT 2/65/35).

There are a few articles related to aliovalent co‑doping. Fu et al. [93] added 0.5 wt% of
Na/B, Na/Bi and Li/Bi to PLZT 8/65/35 ceramics. The sintering temperature was lowered
to 1050 ◦C or below and Li/Bi co‑doped ceramic had the highest density. The ceramics
showed relaxor behaviorwith the highest dielectric constant of ~2700 in anNa/Bi co‑doped
sample. Limpichaipanit and Ngamjarurojana [94] used 0.15–0.75 at% Li/Bi as co‑dopants
to obtain PLZT 9/65/35 ceramics with high density. It was found that 0.15 wt% of Li/Bi en‑
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hanced relaxor behavior and the maximum dielectric constant of 7819 was obtained after
sintering at 1200 ◦C. Somwan et al. [95] fabricated PLZT 9/65/35 ceramics co‑doped with
0.25–1.0wt%Bi/Cu and the sintering temperaturewas slightly lower (~50 ◦C). The addition
of 0.25 wt% Bi/Cu resulted in the maximum dielectric constant of 11,290 but the hysteresis
loop became thinner and the maximum induced strain was increased. PLZT ceramics con‑
taining 8 mol% La and a Zr/Ti ratio of 60/40, 55/45 and 50/50 with addition of 10 at% Mn
and 10 at%Fewere fabricated byRai et al. [96]. The ceramics had transition towards relaxor
ferroelectric from a disordered structure caused by Mn3+ in A‑site and Fe3+ in B‑site and
the maximum dielectric constant was ~6000. Samanta et al. [97] investigated the effect of
Nb and Fe co‑doping in PLZT 2/52/48 ceramics where the amount of dopants was 2–8 at%
each. The results showed that phase transition temperature from ferroelectric to paraelec‑
tric shifted to lower temperature when the concentration of dopants was increased. PLZT
sample with 2 at% co‑dopants had the highest energy storage density. Ramam and Chan‑
dramonli [98] reported the effect of Sr and Mn co‑doping to dielectric and piezoelectric
properties of PLZT 1/53/47. When 1.0 at% Sr and 0.5 at% Mn was added, PLZT ceramics
showed optimum dielectric constant, piezoelectric coefficient and electromechanical cou‑
pling factor (kp). Lu et al. [99] utilized 1–2 at% Gd and 4–8 at% Sn as co‑dopants in PLZT
7/82/18 ceramics. It was observed that the co‑doped sample exhibited a lower degree of re‑
laxor and lower dielectric constant compared to those of singly‑doped samples. However,
Gd3+ and Sn4+ enhanced phase transition to antiferroelectric and electrocaloric properties,
which was also reported in co‑doping of Bi and Cu in PLZT 9/65/35 ceramics [100].

3. Strain Measurement of PLZT‑Based Ceramics
This section involves the strain characteristics of PLZT‑based ceramics for actuator

applications, which are themain point of this review. The first part of this section provides
the principle and practice of strain measurement techniques, including the measurement
of electric field‑induced strain and strain as a function of temperature and magnetic field.
The set‑up of equipment in Michelson interferometer and sample holder will be given in
detail. The second part of this section focuses on a review of some recentwork regarding to
the strain measurement of PLZT‑based ceramics (e.g., aging, wide range of temperatures,
or low external magnetic field) to investigate strain mechanisms and the factors that affect
strain in PLZT‑based ceramics.

3.1. Strain Measurement Techniques
The discovery of piezoelectric effect by Pierre Curie and Jacques Curie shows an elec‑

tric charge generated from stress in quartz. Converse piezoelectric effect is of interest in this
review, where the electric field is applied to create strain in ceramicmaterials with 20 point
groups of non‑centro symmetry (i.e., actuating effect) [101]. Induced strain is related to
both the converse piezoelectric (linear) and the electrostrictive effect (quadratic) [102,103];
however, only the linear term will be in focus (the so‑called piezoelectric actuators) for
PLZT‑based ceramics, and the electrostrictive effect in ferroelectrics can be found in detail
in the review by Li et al. [104]. The applications inmicromechatronics require piezoelectric
actuators with high performance combined with microprocessors and sensors to operate
in high precision conditions in the range from µm to mm [105] and at the frequency up to
100 Hz [106].

Measurement of strain from a ratio of length change to original length gives rise to
challenging problems in bulk ceramics. It should be noted that very small displacement
results from an applied electric field and suitable strain measurement techniques should
be used. There are several methods employed to measure strain from the converse piezo‑
electric effect. The simplest mode of measurement is quasistatic where the electric field in‑
duces displacement in ceramic samples [107]. In capacitive mode, the dimensional change
of thickness and electrode area (geometric effect) causes the change of capacitance mea‑
sured after the application of the electric field [108]. The limitation is pre‑stress loading
from clamping effect which results in lower accuracy, especially in relaxor ferroelectric



Actuators 2023, 12, 74 12 of 24

PbTiO3 (PT) [107]. In lasers and optics, interferometry offers an opportunity to obtain ac‑
curate values of strain induced by an electric field. The measurement of light intensity as
a result of interference can be used to determine strain from the path difference. The sin‑
gle beamMichelson interferometer, double beamMach‑Zehnder interferometer, and laser
scanning vibrometer are optical techniques used for different situations [13]. Michelson
interferometry is one of the most common methods where reasonable resolution can be
obtained with the only limitation being noise from instruments and environment. Mach‑
Zehnder interferometry is applied to overcome the substrate bending but the setup ismore
complicated. However, suitable mounting technique in sample preparation for Michelson
interferometry is sufficient to remedy the bending effect. A laser scanning vibrometer is
used when the system has the vibration in micrometer scale (from electrical or mechani‑
cal effect) and a Doppler shift frequency from the measurement is used to obtain sample
displacement [2]. The main strain measurement technique discussed in this reviewwill be
Michelson interferometry.

3.1.1. Michelson Interferometer
Michelson interferometer is a single beam technique used for strainmeasurement [13].

In setup (Figure 3), a polarized beam from amonochromatic source (usually Helium‑Neon
laser at 632.8 nm) travels past the beam splitter and two beams (measuring and reference
beams) reflect at themirrorsM1 (fixedmirror) andM2 (movingmirror). Then, the reflected
beams travel back to interfere with each other, resulting in a circular fringe pattern on the
screen connected to the photodiode. The output of photodiode (electrical signal as voltage)
can be calculated from interference light intensity where a reverse bias circuit is used to
detect a light signal. The electrical signal is subjected to lower pass filtered process to
eliminate electrical noise at the frequency higher than 30 Hz and amplify the signal to 2‑
gain of the signal amplitude by the low‑noise preamplifier. The amplified interference
signal (strain) is detected by PC‑oscilloscope at the same time as the signal from Sawyer‑
Tower circuit (electrical polarization) and the high voltage (1/1000 reduced ratio signal)
applied to the sample. The high voltage signal, which can be converted to an electrical
field, is generated from a 15 MHz signal generator connected to the computer and a signal
control system. The overall setup is fixed on the vibration freed optical table to eliminate
the vibration noise.
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3.1.2. Sample Holders
A sample holder is an important measurement apparatus. Careful setting prior to the

experiment is required to prevent the effect of sample geometry and static pre‑loading [109].
From the schematic diagram of the setup in Figure 3, it can be seen that the sample holder
is attached with the surface‑coated mirror (M2). The design of sample holders in this re‑
view is shown in Figure 4. There are three types of sample holders according to strain
measurement, namely standard (for electric field and frequency dependence), tempera‑
ture dependent, and with applied magnetic field measurement (to study the effect of the
magnetic field).
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The standard sample holder is designed to fit samples and to maintain a good contact
by a spring load to keep the holder surface in contact with (close to) the sample surface.
The friction caused by the displacement resulting from the electric field is remedied by
placing the moving side of the sample holder on two parallel bearings. The high strength
voltage amplifier is connected to the two sides of the sample surface by passing through
the sample holder in the middle, where one side of the sample holder is glued with the
surface‑coated mirror (M2) to reflect the laser beam from displaced samples, as shown in
Figure 4a.

In order to investigate the temperature dependence of the sample in relation to the
phase transition, the heat‑loaded sample holder is required. The operation is in the range
from room temperature up to 150 ◦C and the temperature of the sample can be controlled
and displayed with high accuracy (±0.5 ◦C), as shown in Figure 4b. The ceramic heater
is selected for this propose and it is inserted inside the sample holder at the center where
ceramic heater surface is attached to the sample surface to evenly distribute the heat to two
sides of the sample surface. The temperature of the sample is a function of the electrical
current (passed through a ceramic heater) applied from the programmable DC power sup‑
ply, and the temperature is detected by the integral circuit temperature detector which is
placed close to the sample to observe the real‑time sample temperature.

To investigate the effect of the magnetic field to the induced strain behavior of the
materials, the solenoid coil is designed to apply the magnetic field to the sample inside
the sample holder, as shown in Figure 4c. The magnetic field can be controlled as a func‑
tion of the electrical current from the programmable DC power supply, and is detected by
the Gauss meter which measures magnetic field along the center position of the solenoid
coil where the sample is placed to observe the actual real magnetic field at the position
of sample.

3.2. Case Studies in PLZT‑Based Ceramics
3.2.1. Aging Effect

Time‑dependent change of dielectric, ferroelectric and piezoelectric properties can be
observed in ceramic materials. The aging effect can be categorized into two types: irre‑
versible and reversible aging. The irreversible effect involves the evolution of microcracks
in ceramicmaterials caused by loading cycles. The control of phase fraction is an important
key to improve fatigue resistance. The rhombohedral phase is responsible for both 180◦
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and non‑180◦ domain switching whereas the tetragonal phase contributes to only 180◦ do‑
main switching and 90◦ domain switching is suppressed. Therefore, a higher fraction of
tetragonal phase would give rise to a higher fatigue resistance [110]. Reversible effect is
the main point of discussion in this review and the effect is caused by defects and oxygen
vacancies. After sintering, ferroic samples are cooled down and phase transition can occur,
which causes the change of the energy inside and also the stability. The model of energy
profile for the domain walls is explained in detail by Damjanovic [111]. Possible phenom‑
ena during aging at room temperature include the reorientation of charged defects and
oxygen vacancies (defect dipoles) parallel to the spontaneous polarization, diffusion ofmo‑
bile defects at domain walls, and space‑charge accumulation at grain boundaries [112]. As
a result, a decrease in dielectric constant, a reduction in domainwall mobility, and pinched
(unpoled) as well as asymmetric (poled) hysteresis loops can be seen as indication of aging
effect [113]. The reverse effect of aging is called de‑aging or rejuvenationwhere ferroic sam‑
ples are subjected to applied bipolar cycles at appropriate amplitude, light illumination or
heating above Curie temperature and then quenching to room temperature [112].

Aging in acceptor‑doped ceramics (BT‑ and PZT‑based) with large induced strain is
reported [18]. Genenko et al. [114] suggested that aging mechanisms in PZT‑based ceram‑
ics depend on type and concentration of dopants, which are responsible for the mobility of
oxygen vacancies (short and long range) and defect dipole reorientation (short range). Di‑
electric aging of Cr‑doped PZT ceramics was investigated by Ketsuwan et al. [115]. It was
found that the aging rate followed a logarithmic time dependence at the stable stage and
an increasing amount of Cr2O3 increased the aging rate. Burkhanov et al. [116] proposed
an aging mechanism of PLZT with a Zr/Ti ratio of 65/35. When the content of La was
9 mol% (MPB region), aging behavior can be seen at the temperature higher and lower
than Tm. The interaction between polar nanoregions (PNRs) and point defects played
an important role to dielectric properties, and the decrease in dielectric constant resulted
from the diffusion of point defects to the phase boundaries of PNRs over time (even at
low temperature).

Somwan and Ngamjarurojana [117] studied aging behavior of PLZT 9/70/30 and
9/65/35 ceramics (composition close to MPB). Figure 5 shows the aging effect in terms of
polarization and induced strain. At zero electric field, both fresh samples had remnant
polarization and induced strain but they decreased as a function of time when the sam‑
ples were left to age for 3, 11 and 19 days. Characteristic pinched loop could be seen in
PLZT 9/70/30 and remnant polarization of PLZT 9/65/35 was close to zero after 19 days
of aging. Interestingly, maximum induced strain was slightly decreased in PLZT 9/70/30
but significantly decreased in PLZT 9/65/35 and characteristic asymmetric butterfly loop
was observed in PLZT 9/65/35 after 31 days of aging. The possible explanation of aging
was the rearrangement of defect dipoles in crystal structure to reduce spontaneous polar‑
ization [114,118] and the clamping of domain walls by defects (from either migration or
interaction with an oxygen vacancy‑acceptor dipole pair) [119]. Moreover, compositional
effect (different Zr/Ti ratio and therefore a different amount of rhombohedral and tetrago‑
nal in themixture of crystal structure) also gave rise to different aging behavior and denser
microstructure resulted in less pronounced aging effect [117].

When the samples were refreshed (heated to 280 ◦C, which was significantly higher
than Tm, and quenched), de‑aging occurred as remnant polarization and strain increased
in both samples. Flattening of a free energy profile after thermal activation during de‑
aging led to preferred polarization rotation in PLZT 9/70/30 (rhombohedral) and a flatter
energy profile in PLZT 9/65/35 (MPB) suggested polarization along different directions
(more pronounced polarization rotation) [120]. The enhancement of asymmetric induced
strain was also observed resulting from the anisotropy in piezoelectric properties close to
MPB composition [121]. However, the co‑existence of a monoclinic phase caused by an
electric field‑induced phase transformation [21] might be worth investigating to explain
the effect of aging in the future.
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Figure 5. Aging effect of PLZT (9/70/30) and PLZT (9/65/35) sintered at 1275 ◦C as seen in hysteresis
loop (P–E) and butterfly loop (s–E). States of samples: fresh (as‑sintered), aged (for 3, 11 and 19 days),
refresh 280 ◦C (heated to 280 ◦Cand quenched) and annealing 600 ◦C (heated to 600 ◦Cand quenched
after refreshing), reproduced with permission from [118], Copyright 2015, Chiang Mai University.

When the samples were annealed (heated to 280 ◦C, quenched, heated to 600 ◦C, and
then quenched again), remnant polarization and induced strain decreased in PLZT 9/70/30
but increased in PLZT 9/65/35 (compared to the refreshed samples). At higher tempera‑
tures, defects and oxygen vacancies could be trapped at domain walls and the mobility of
domain walls changed [116], where rhombohedral PLZT 9/70/30 experienced the restric‑
tion of 180◦ domains and PLZT 9/65/35 close to MPB benefited the enhancement of elec‑
trostrictive properties from distortion of the tetragonal phase by non‑180◦ domains and
therefore the improved properties after annealing.

3.2.2. Temperature Dependence
The strain and polarization measurement system consists of a linear variable differ‑

ential transformer (LVDT), DSP lock‑in amplifier, high voltage power supply and comput‑
erized control and data acquisition (Figure 6a). The high voltage amplifier generates sine
wave to sample by a waveform function generator. The hysteresis loop can be obtained
by Sawyer‑Tower and butterfly loops can be obtained by detection of voltage output by a
DSP lock‑in amplifier. Data acquisition is performed by PC digital oscilloscope. The data
plot shows the relation of butterfly and hysteresis loop with the electric field. The oper‑
ation to investigate the temperature dependence of ferroelectric materials is in the range
from room temperature to 140 ◦C and the temperature of the sample can be controlled and
displayed by thermoelectric temperature controller.

The schematic diagram of modification of strain and the polarization measuring sys‑
temwith temperature control is shown in Figure 6b. The cooling system consists of copper
stage link with pipe and pump. The water liquid flow reduces the temperature of the ther‑
moelectric component (TEC), which is employed to control heating and cooling. A thermo‑
electric is a solid‑state active heat pump which transfers heat from one side of the device
to the other, with consumption of electrical energy (DC power) depending on the electric
current. The temperature controller generates current to TEC to increase temperature in
a hot zone and it is in direct contact with the measurement part. The measurement stage
consists of bulk copper with a pinning temperature sensor (±0.1 ◦C), insulator stage (glass
slide) and silver plate for electrode contact. Figure 6c shows an image from an infrared
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camera detector (FLIR). This process is another method to confirm the actual temperature
of the sample during measurement.

Actuators 2023, 12, x FOR PEER REVIEW 16 of 25 
 

 

electrostrictive properties from distortion of the tetragonal phase by non-180° domains 
and therefore the improved properties after annealing. 

3.2.2. Temperature Dependence 
The strain and polarization measurement system consists of a linear variable differ-

ential transformer (LVDT), DSP lock-in amplifier, high voltage power supply and com-
puterized control and data acquisition (Figure 6a). The high voltage amplifier generates 
sine wave to sample by a waveform function generator. The hysteresis loop can be ob-
tained by Sawyer-Tower and butterfly loops can be obtained by detection of voltage out-
put by a DSP lock-in amplifier. Data acquisition is performed by PC digital oscilloscope. 
The data plot shows the relation of butterfly and hysteresis loop with the electric field. 
The operation to investigate the temperature dependence of ferroelectric materials is in 
the range from room temperature to 140 °C and the temperature of the sample can be 
controlled and displayed by thermoelectric temperature controller. 

The schematic diagram of modification of strain and the polarization measuring sys-
tem with temperature control is shown in Figure 6b. The cooling system consists of copper 
stage link with pipe and pump. The water liquid flow reduces the temperature of the 
thermoelectric component (TEC), which is employed to control heating and cooling. A 
thermoelectric is a solid-state active heat pump which transfers heat from one side of the 
device to the other, with consumption of electrical energy (DC power) depending on the 
electric current. The temperature controller generates current to TEC to increase temper-
ature in a hot zone and it is in direct contact with the measurement part. The measurement 
stage consists of bulk copper with a pinning temperature sensor (±0.1 °C), insulator stage 
(glass slide) and silver plate for electrode contact. Figure 6c shows an image from an in-
frared camera detector (FLIR). This process is another method to confirm the actual tem-
perature of the sample during measurement. 

 
Figure 6. Schematic diagram of (a) modified strain and polarization measuring system, (b) temper-
ature control system and (c) real image and image from infrared camera, reproduced with permis-
sion from [122], Copyright 2020, Chiang Mai University. 

Temperature dependence of PZT-based ceramics, especially close to MPB composi-
tion, has been investigated [23,27,123–125]. Kungl and Hoffmann [123] systematically 
studied the effect of temperature to La- and Sr-doped PZT with Zr/Ti ratio in the MPB 
region. The results revealed that phase transition and additional strain from non-180° do-
mains were responsible for the temperature dependence at high electric fields. Remnant 
strain occurred due to non-180° domain switching, and increasing domain wall mobility 
from lattice distortion. Compositional effect was also taken into account where MPB ex-
hibited strong piezoelectric effect and domain switching. Rauls et al. [124] explained tem-
perature dependence of PLZT 8/65/35 in terms of non-linear properties at high electric 
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from [122], Copyright 2020, Chiang Mai University.

Temperature dependence of PZT‑based ceramics, especially close to MPB composi‑
tion, has been investigated [23,27,123–125]. Kungl andHoffmann [123] systematically stud‑
ied the effect of temperature to La‑ and Sr‑doped PZT with Zr/Ti ratio in the MPB region.
The results revealed that phase transition and additional strain from non‑180◦ domains
were responsible for the temperature dependence at high electric fields. Remnant strain
occurred due to non‑180◦ domain switching, and increasing domain wall mobility from
lattice distortion. Compositional effect was also taken into account where MPB exhibited
strong piezoelectric effect and domain switching. Rauls et al. [124] explained tempera‑
ture dependence of PLZT 8/65/35 in terms of non‑linear properties at high electric fields.
The increase in temperature from 25 ◦C to 100 ◦C resulted in the change of induced strain
curve from butterfly loop to quadratic and hysteresis loop of polarization to linear with a
decrease in slope. Electrostrictive properties did not significantly depend on temperature,
especially at the temperature below Tm. Ferroelectric and piezoelectric properties were al‑
tered by the formation of PNRs and nucleation tomicrodomains as temperature decreased
and it was suggested that the crystal structure change from phase transition could also be
included for further study.

Figure 7 shows temperature dependence of PLZT 9/70/30 (rhombohedral), 9/60/40
(tetragonal) and 9/65/35 (MPB) ceramics in terms of dielectric constant, polarization and
induced strain. All samples showed relaxor behavior with broad dielectric peaks and Tm
decreased as the Zr/Ti ratio increased with a shift to higher temperature when the fre‑
quency increased. Phase transition temperature of all samples could also be determined
by the change of slope (second derivative) of the dielectric graph as reported by Somwan
et al. [23]. When the temperature was increased, hysteresis loops were slimmer with a de‑
crease in slope and remnant polarization as well as a decrease in the coercive field [124].
Maximum strain in butterfly loops was decreased as the temperature increased [126].

In case of PLZT 9/70/30, the defects from the B‑site played an important role to in‑
duced strain behavior. At low temperatures, mixed domains of 180◦ and non‑180◦ gave
rise to high remnant polarization and induced strain at a high electric field [27]. When the
temperature was increased, only non‑180◦ domains were preferred. As a result, hysteresis
loops became completely linear and butterfly loops became completely quadratic as PLZT
9/70/30 underwent phase transition to paraelectric. However, it should be noted that the
pinched hysteresis loop and the change of induced strain behavior at low temperatures
could not be observed at a low electric field [23]. For PLZT 9/60/40 ceramics, characteristic
of square hysteresis loops in tetragonal phase could be seen at low temperatures, which
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became thinner when the temperature was increased. Butterfly loops had a lower mag‑
nitude of negative‑induced strain at higher temperatures, indicating the transition from
relaxor to ferroelectric state [27]. The mixed features resulting fromMPB (mixed phases of
rhombohedral and tetragonal) were observed in PLZT 9/65/35. As the temperature was in‑
creased, the mechanism changed from long‑range ferroelectric to short‑range relaxor (the
formation of PNRs) [127]. Moreover, induced phase transition from the electric field and
depolarization at higher temperatures from defect mobility towards domain walls were
also possible [27]. Phase transition, polar ordering and crystal distortion in PLZT relaxor
could be affected by the electric field, resulting in the change of domain size, density and
mobility [52,128].
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3.2.3. External Magnetic Field Effect
There have been very few studies on the effect of magnetic field‑induced ferroelec‑

tric properties (the so‑called magnetoelectric coupling), especially in bulk PLZT ceramics
since multiferroic thin films in the form of layered structure between ferromagnetic and
ferroelectric PLZT are more promising to induce magnetoelectric effect. Hu et al. [129]
developed NiFe/PLZT heterostructures by magnetron sputtering with the thickness up to
3.2 nm. At room temperature, the applied voltage of 10 V and themagnetic field resonance
field switching of 1.6 mT could be obtained. Magnetic anisotropy was created by interfa‑
cial charge effect or polarization of the ferroelectric layer. Kumar et al. [130] fabricated
Ni‑Mn‑In/PLZT heterostructure with ferromagnetic property and the bilayer film exhib‑
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ited magnetostriction and magnetoelectric coupling. The promising application could be
mid‑IR photothermal modulation where the presence of the magnetic field changed the re‑
sponse due to an increase in polarization and the spin‑polarized free charge carriers. Other
applications for magnetoelectric coupling materials include drug delivery, brain imaging,
brain stimulation, cell regeneration and electrocatalysts [131] but they are very limited in
PLZT‑based ceramics due to lead‑based component.

Figure 8 shows the results of the external magnetic field effect in PLZT 9/65/35 bulk
ceramic by Somwan et al. [132]. The influence of themagnetic field caused a slight decrease
in polarization but a noticeable decrease in induced strain (Figure 8a) and frequency depen‑
dence was less pronounced under the application of a static magnetic field (30.7 mT). The
most plausible explanation of the decrease in polarization and induced strain was the sup‑
pression of some 180◦ domain [124] from the magnetic field. Moreover, the magnetic field
could possibly induce depolarization from interfacial charge and also change the stored
energy from electric dipole displacement [132].
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4. Concluding Remarks
This review presents the perspectives of characteristic strain in PLZT‑based ceramics

for actuator applications, starting from crystal structures and properties of PLZT, defect
chemistry at the grain boundaries and pore structure, improvement of properties bymeans
of doping and compositing, and finally strain measurement to study aging effect, temper‑
ature dependence, and external magnetic field effect. There are a few points that need to
be summarized:
1. Bulk properties are generally investigated in ceramic samples. However, grain bound‑

aries should be taken into account to better understand dielectric, ferroelectric, and
piezoelectric properties. Migration of defects towards grain boundaries causes the
change of electrical properties, and segregation at grain boundaries results in the
change of grain boundary composition.

2. Production of PLZT ceramics using sintering aids to create a glassy phase is still on‑
going. The main advantage is a significant decrease in sintering temperature and a
densemicrostructurewith a glassy phase at the grain boundaries. In terms of compos‑
ites, multiferroic ceramics can be developed by a suitable selection of matrix and re‑
inforcement. Doping is, in addition, still quite promising to enhance dielectric, ferro‑
electric, and piezoelectric properties as one of themost commonmethods. Co‑doping
offers the possibility to obtain a significant improvement of electrical properties in
PLZT‑based ceramics.

3. Michelson interferometry is a useful method for strain measurement because a small
change of sample length can be detected. Sample holders can be equipped with addi‑
tional instruments to measure strain in different conditions. Further study of aging
and temperature dependence is required to develop actuators that can function in the
extreme conditions of high cycle services or high temperatures. The effect of an ex‑
ternal magnetic field can be further investigated to apply the knowledge for devices
utilizing magnetoelectric properties.
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