FERROELECTRIC AND FERROELECTROMAGNETIC CERAMICS IN A
VIEW OF POSSIBILITIES TO BE USED IN ELECTROACOUSTIC

MAREK CZERWIEC, RADOSLAW ZACHARIASZ,
DAGMARA BRZEZINSKA, JAN ILCZUK

University of Silesia, Faculty of Computer Science and Materials Science
Department of Materials Science
3 Zeromskiego St., 41-200 Sosnowiec, Poland
marek.czerwiec(@us.edu.pl

Ferroelectric ceramics were born in the early 1940’s with the discovery of the phenomenon
of ferroelectricity as the source of the unusually high dielectric constant in ceramic barium
titanate capacitors. Since that time, they have been the heart and soul several multibillion dollar
industries, ranging from high-dielectric-constant capacitors to later developments in
piezoelectric transducers, positive temperature coefficient devices, and electrooptic light valves.
Various ceramic formulations, their form, fabrications, functions, and future are described in
relation to their ferroelectric nature and specific areas of applications. This paper is intended to
illustrate practical uses of ferroelectric and ferroelectromagnetic ceramics obtained and
investigated by the authors.

INTRODUCTION

The ferroelectric (PZT, PLZT) and ferroelectromagnetic (PFN) ceramics belongs to the
solid solutions with the combination of ABOj3 type structure.

Lead titanate zirconate Pb(ZryTi;x)O; (PZT) ceramics are one of the most common
piezoelectric materials in industry. They are used as transducers between electrical and
mechanical energy, such as phonograph pickups, air transducers, underwater sound and
ultrasonic generators, delay-line transducers, wave filters, piezoelectric micromotors,
microrobots, actuators, etc. [1-8]. Generally, all those applications need low electrical and
mechanical losses. The ferroelectric ceramics has a pronounced maximum in dielectric constant



and piezoelectric effects in the proximity of the morphotropic transformation at Zr/Ti ratio
between 0.52 and 0.55 [1,9]. The study of PZT modified with some additives is studied widely in
order to improve their properties. However the modifications generally lead to the creation of
undesirable defects due to a lack of compensation in some of the components. The nature and
concentration of the components, the shaping procedure of green bulk, the sintering temperature
and atmosphere are the controlling factors which provide the suitable properties for applications.
The changes properties of these materials are possible by inserting point structural defects. Pb(Zr,
Ti)Os crystallizes with the ABO; type structure in which the A-site is occupied by Pb** ions; Zr*"
and Ti*" are accommodated on the B-site (Fig. 1). The influence of various substitutions in the A
and B-site of PZT unit cell has been studied by numerous investigators.

The PLZT formula (Pb;La,(Zr,Ti)1.,4O03) assumes that La>* substitutes for Pb*" in the
A-site and the B-site vacancies are created for electrical balance. The composition of PLZT is
routinely represented by the notation x/(1-y)/y, which denotes the amount of La/Zr/Ti, given in
mole fractions or mole per cent. The PLZT type ceramic may be used for electro-optic and has a
potential use in non-volatile memories, transducers, modulators, etc. [10-12].

The Pb(FeyNb; x)Os ferroelectromagnetic ceramics, called shortly PFN, belongs to a family
of materials with a perovskite structure with the A(B'B”)O; general formula , where in positions
A Pb ions substitute themselves, and in octahedral positions B’ and B” ions of Fe and Nb in a
random way [13]. The PFN material is characterized by two ordered antiferromagnetic and
ferroelectric sub-systems. A change from the paramagnetic to ferroelectric phase takes place at
about 143 K temperature, whereas a change from the paraelectric to ferroelectric phase occurs at
about 383 K temperature [14]. The PFN is an optimal ceramic material to produce multilayered
ceramic capacitors. Owing to their large capacitance, highly compact design and reliability, these
capacitors have become promising candidates for electronic devices [15].
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Fig.1 The elementary cell of ABO; type structure



1. THE PZT CERAMICS

In the work, comprehensive researches of the converters produced on the base of PZT were
made. They were performed for five compositions with ,,hard” and ,,soft” dopants (table 1).

Tab.1 Chemical compositions of the PZT ceramics used in the researches

Chemical Zx/Ti Dopants
composition hard soft

Cc 1 | (Pbo94Sro.06)(Zro.46Ti0.54)03 46/54 Sr Cr -
+0.25% wt. Cr,03

CC* 2 (Pb0,94Bao_0(,)(ZI‘o_52Ti0_4g)03 52/48 Ba CI‘, -
+ 0.15% wt. Cr,O5 + 0.1% wt. MnO, Mn

CC* 3 (Pbo.94SI‘0,06)(Zr0,5Ti0,5)O3 50/50 Sr Cr -
+0.25% wt. CryO3

CC* 4 (Pbo.gBao.1)(ZI‘0.53Ti0.47)O3 53/47 Ba - Nb
+1.67% wt. NbyOs

Cc 5 | Pb(Zro.70Ti030)03 70/30 - Cr, -
+0.15% wt. Cr,03 + 0.1% wt. MnO, Mn

Cc — Chemical composition

In the tested materials the positions B, took up by the Zr and Ti ions, were partly
substituted by ,;hard” dopants of the Cr*" (Cc 1, 2, 3 and 5). Whereas, additionally in these
positions for the Cc 2 and 5, a dopant of the Mn®" was substituted. As it is known, the ions of the
Pb*" occupy the positions A in the PZT ceramics. For Cc 1 and 3 the ions of Pb*" were partly
occupied by the Sr*" and Ba®" ions. In the case of Cc 4, ,.soft” dopant of the Nb>* substituted in
the positions B and ions of the Ba®" substituted in the positions A have been used. The conducted
modification of the basic chemical composition was purposeful with the point of view of a future
experiment. In the comparison to non-modified compositions of the PZT, improvement of the
piezoelectric properties (electromechanical coupling coefficient k) as well as decreasing the
temperature of phase transition (Curie temperature Tc) are caused by addition of the Ba®" and
Sr*". Analyzing the content of Zr/Ti, it should be emphasized that the samples of ceramics with
Cc 1 to 4 belong to morphotropic area, whereas the sample with Cc 5 to the area with
rhombohedral structure [17]. The material to build converters with different dielectric and
piezoelectric parameters, applicabled in different disciplines of acoustoelectronics, has been
received.

Tab.2 The electric parameters for the investigated PZT converters

Ce Tc[K] | & £ tgo tgs Ko dyx10" | SE;1x10" | Ecx10® | Py
inT, |inTc in T, in Tc [C/N] [m?/N] [V/m] [C/m?]
Ccl | 644 620 | 9800 |0.009 |0.342 |0.37 |45 95 0.62 0.012
Cc2 | 638 1170 | 12800 | 0.007 | 0.208 | 0.59 | 120 130 0.72 0.043
Cc3 | 633 900 | 10000 |0.012 |0.325 |0.35 | 65 115 0.52 0.013
Cc4 | 585 1400 | 11000 | 0.023 | 0.036 | 0.50 | 120 145 1.06 0.177
Cc5 | 592 400 | 11700 |0.037 |0.211 |0.25 |20 86 0.49 0.074

“Cc — Chemical composition



As shown in the table 2, the best set of electrical parameters possesses the ceramics with
the Cc 2: high temperature of phase transition T¢c = 638 K, high values of the electric permittivity
&, piezoelectric modulus ds;, and electromechanical coupling coefficient k, as well as the lowest
values of the tgd. The ceramics with Cc 1, 2 and 3, with ,hard” dopants Cr*" and Mn2+, 18
characterized by low values of the tgo (in the range 0.007 + 0.012), high Curie temperature Tc.
But on other hand, they have low values electric permittivity & (with the exception of Cc 2, in
which thanks to additional doping of Ba*", the values of €= 1170 were obtained). The values of
k, are contained in the range 0.35 + 0.59. In the case of the ceramics with Cc 4, with “soft”
dopant Nb”*, distinct growth of the & is observed (to the values 1400). This Cc 4 has high values
of piezoelectric modulus d3; as well as elastic susceptibility SE11, too. However, the dopants of
niobium causes distinct growth of the tgo to the values about 0.023 in the room temperature. It is
unprofitable from the point of view of it’s practical use in the ceramics Cc 4. The temperature of
phase transition T¢ for the converters with Cc 4 shifts to 585 K and it is lowest in the comparison
to other chemical compositions. The high values of the tgo and low values of the ¢ in the
converters with the Cc 5 is caused by the change of the content Zr/Ti = 70/30 and the transition
from morghotropic to rhombohedral phase. As it is shown, the values of piezoelectric parameters:
Kp, d31 1 S711 for Cc 5 are lowest, too (Fig. 2).
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Fig.2 Applications of PZT: a) PZT capacitors, b) acoustic emission transducers,
¢) piezo nanopositioning stages for microscopy

In the ceramic converters with Cc 4, doping Nb°* and Ba®", the following parameters are
observed: high values of the polarization P, = 0.177 C/m* and of the coercive force Ec =
1.06x10° V/m. In the case of ceramics with Cc 2, doping Ba®" and “hard” dopants Cr** i Mn*",
clear fall values of the P, to 0.043 C/m” and of the Ec to 0.72x10° V/m is visible. Whereas
Cc 1 and 3 with ,,hard” dopants Cr*" i Mn>" and doping Sr** instead Ba*", show definitely lower
values of the polarization P, as well as low values of the coercive force Ec (table 2). The
ceramics with Cc 5 is characterized by low values of the coercive force Ec = 0.49x10° V/m.

2. THE PLZT CERAMICS

The aim of this part of work was to obtain solid solution of the PLZT from ferroelectric
phase with constant ratio Zr/Ti=50/50 and variable concentration of La®" ions:
> Pbo_g5Lao_o5(zr5oTi5o)o_987503 - PLZT 5/50/50
> Pbo,gsLaollo(zr5oTi50)o,97503 - PLZT 10/50/50
and investigate electromechanical properties of obtained ceramics.



The measurements of the temperature dependences of €(T) and tgd(T) were obtained as a
aim of detailed analysis of the changes in the area of phase transition. The nature of the
temperature dependences of tgd(T) in the range of temperatures below phase transition is
connected with dissipation of energy to polarization of the domains. But above the phase
transition temperature (Tc) losses of energy are related with electric conductivity. For both
chemical composition of PLZT type ceramics the temperature dependences of €(T) has a relaxor
character with diffuse phase transition between ferroelectric and paraelectric phase.

Tab.3 Basic parameters of the PLZT measured at 293K [10]

Parameter Value

% mol La 5 10
electric permittivity € [-] 1450 1650
dielectric looses tgo [-] 0.020 0.004
electromechanical coupling coefficient K, [-] 0.33 0.32
piezoelectric modulus d,, -10"" [C/N] 2.24 6.36
acoustic velocity Vy [m/s] 2446 2030
elastic susceptibility SF -10" [m*/N] 1.61 1.32
elastic susceptibility S5 10" [m*/N] -7.53 -5.06
elastic modulus Cf -107° [N/m’] 6.17 7.56
density p [kg/m’] 7542 7315
Poisson’s ratio v [-] 0.46 0.38
resonance frequency f, [kHz] 229 266.2

The k, coefficient characterizes a part of electric energy transformed into mechanical
energy while applying an external electric field. It can also characterizes a part of mechanical
energy transformed into the electric energy, in a case when the mechanical stress is applied to the
samples. The k, value is always lower than unit, because during transformation of one type of
energy into other a part of energy is dispersed. The values of k, coefficient as well as for PLZT
5/50/50 and PLZT 10/50/50 are almost the same and respectively are 0.33 and 0.32.
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Fig.3 Applications of PLZT: a) samples of transparent PLZT ceramics obtained by the authors,
b) transparent ceramics lens used in digital cameras, c) anti-flash goggles for nuclear operations,
d) PLZT capacitors



Obtained PLZT type ceramic samples are characterized by low values of dielectric losses of
angle tgdo=1+1.5% and high values of electric permittivity &=11000+12000 (at room
temperature). The measurement of the temperature dependences of & let to obtained the
temperature of phase transition (T¢). The value of T¢ is decreasing with increasing of La content.
Lanthanum has also significant influence for level of diffuse phase transition (Fig. 3).

3. THE PFN CERAMICS

The Pb(Fe; xNby)O; was obtained by two methods. In the first synthesizing took place as a
result of sintering of compacts from a mixture of PbO, Fe,O3; and Nb,Os oxides in the conditions
Teynth=850°C/ts=4h (PFN1), whereas in the second calcinning of mixed oxides (CMO) was used
in the conditions Ts=850°C/t;=4h (PFN2). Compacting of the synthesized PFN powders was
made by the FS free sintering method. For PFN1 as a result of sintering of compacts twice in the
conditions: Ts=950°C/ts=4h and T~=1050°C/t=4h, whereas for PFN2 in the conditions:
T=1050°C/4h.
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Fig.4 Diagrams of the &T) and tgXT) relationships for the PFN ceramic specimens in question [15]

In the PFN ceramics the pyrochlore non-ferroelectric phase is formed first (at 500°C),
whereas the perovskite ferroelectric phase begins to appear above that temperature. Co-existence
of those phases is obtained at the temperature of 700°C, whereas the pure perovskite phase at
750°C [6]. The CMO method used in the one -stage synthesis enables to minimize the pyrochlore
phase during the PFN ceramics production. Percentage content of the Pperow perovskite phase for
PFN1 and PFN2 is 94.58% and 96.77%, respectively.



Tab.4 Presentation of parameters of the PFN ceramic specimens in question (heating cycle)

3
Pexp X 10 Pexpl Pther Tm
ke/m¥] | x100 [%] |  [K] & (tgd)e &m (tgd)tm
PFNI 7.636 90.29 114 2900 0.052 8420 0.71
PFN2 8.180 96.72 110 2890 0.062 7530 0.14

Diagrams of relationships of electric permittivity and dielectric losses in the temperature
function for the tested compositions of the PFN ceramics are presented in fig.4. The PFN
ceramics obtained by the compact synthesizing method has slightly higher values of electric
permittivity in comparison with specimen PFN2 obtained as a result of powder calcinning.
However, the conducted temperature tests of dielectric losses (fig.4) show that the dielectric
losses for specimen PFN1 are much higher than for specimen PFN2, with simultaneous high
tendency to their increase with the temperature.

b)

Fig.5 Applications of PFN: a) Multi-layered ceramic capacitors (MLCC) contain palladium,
b) MLCC and Chip Resistors

5. CONCLUSIONS

Present market trends continue to show that the future for ferroelectric and
ferroelectromagnetic ceramics is bright and continuous to get even brighter as the transition is
made from passive to electrically active “smart” and “very smart” materials. In this regard a
smart material senses a change in the environment and using an external feedback control system
makes a useful response, as in a combined sensor/actuator ceramic.

In the future, more and more applications for nonlinear, electrostrictive relaxor materials,
such as PLZT will emerge as the relentless drive toward miniaturization and integration
continues. Indeed, this very trend will also encourage more materials research efforts to develop
better ferroelectric and electrostrictive ceramics.
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