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THE MULTICOMPONENT PZT-TYPE CERAMICS FOR MICROMECHATRONIC APPLICATIONS

In the paper two compositions of the multi-component PZT-type ceramics admixtures by Mn*", Sb>", W, Ni** were presented.
The ceramic powders were synthesized by the calcination of powders while their densification was carried out by free sintering
method. The dielectric, ferroelectric, piezoelectric studies and DC electrical conductivity of the multicomponent PZT-type samples
were presented. The results of the multi-component ceramics predispose these type materials in micromechatronic and microelec-
tronic applications for example as element of the actuators.
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1. Introduction

In modern microelectronics and micromechatronics pi-
ezoelectric ceramic elements as well as multiferroic ceramic
materials are more common and universally used [1-4]. The
possibility of their functional use depends on the stability of the
piezoelectric parameters in both time, temperature and under
the influence of various external factors. One group of materi-
als that meet the newer and more functional requirements for
applications are multicomponent solid solutions obtained on
the basis (1-x)PbZrO;—(x)PbTiO; [5]. Multicomponent ceramic
materials based on PZT-type can be designed with the entire
area of the phase diagram for specific applications, e.g.: for the
construction of high-frequency and low-frequency transducers,
high-temperature and high stability of the piezoelectric param-
eters transducers, transducers with high sensitivity to mechanical
stress as well as electroacoustic transducers, optoelectronic pi-
ezotransformers, actuators, accelerometers, piezoelectric motors
and sensors, etc. [6-8]. Particularly interesting, due the optimal
and high piezoelectric properties, are ceramic materials close to
the morphotropic boundary [9]. For decades, as the electronic
components PZT-type materials have been produced in the form
of solid ceramics, powders, thin films, ceramic composites,
etc. [10,11]. Presented work aimed to obtain and examine the
basic properties of the multicomponent solid solutions of the
PZT-type materials for applications in micromechatronics and
microelectronics.

2. Experiment

In the research the multicomponent PZT-type solid solutions
doped by Mn*", Sb**, W¢*, Ni** were obtained and investigated.
The following chemical compositions were designed:

(1) Pb[(Zro49Tig.51)0.94Mng,0155b0.013W0.012Nig.02]O3 (C-1);
(ii) Pb[(Zro49Tig.51)0.94Mn0,025b0.016Wo.014Ni,01]03 (C-2).

The ceramic multicomponent compounds were obtained us-
ing a conventional ceramic technology for the PZT-like materials
using simple oxides: PbO (99.99% purity), ZrO, (99.00% purity),
TiO; (99.99% purity), WO3 (99.90% purity), Sb,O3 (99.90%
purity), MnO, (99.00% purity) and NiO (99.80% purity). The
starting powders were mixed for 24 h in ethyl alcohol using
a planetary ball mill (FRITSCH Pulwerisette 6). After drying
the mixtures of powders were synthesized by calcination method
at following conduction 7, = 850°C, ¢.,,. = 4 h. Compaction
(densification) was carried out by the free sintering method
(T; = 1150°C, t, = 2 h, at a heating rate of 150°C/h). The final
steps of technology PZT type solid solutions were grinding, pol-
ishing, removing mechanical stresses (annealing at temperature
700°C) and for electrical testing putting silver paste electrodes
onto both surfaces of the samples.

In order to determine the optimal conditions of synthesis
starting powder of the PZT-type material were used thermal
analysis DTA, as well as DTG and TG, using a Q-1500D deri-
vatograph (in the temperature range from 20 to 1030°C). EDS
analysis and SEM microstructure of the ceramic samples were
carried out using JEOL JSM-7100 TTL LV Field Emission Scan-
ning Electron Microscope. Temperature dielectric parameters
were measured using a capacity bridge LCR Meter (QuadTech
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1920 Precision), by means of heating cycle at frequencies of
the measurement field from v =1 kHz to 1 MHz. Ferroelectric
researches (hysteresis P—F loops) were carried out by a Sawyer-
Tower circuit and using high voltage amplifier (Matsusada Inc.
HEOPS-5B6 precision). Data in digital form were written using
an A/D, D/A transducer card. Electromechanical studies have
been conducted using an optical displacement meter (Philtec
Inc., D63) and a HEOPS-5B6 high voltage amplifier. The data
were stored on a computer disc using an A/D, D/A transducer
card and the LabView computer program. DC electric conductiv-
ity study was carried out by a 6517B Keithley electrometer (in
temperatures range from 20°C to 450°C).

3. Results and discussion

The temperature of synthesis was determined with DTA/
TG analysis (Fig. 1). The DTA results show that the synthesis
of the components of the analyzed material powders occurs to
a temperature of 774°C (C-1) and 765°C (C-2). Based on the
studies, the optimal conditions for the synthesis powders were
determined: 7jy,,;, = 850°C and £,,,,= 4 h. On the TG curve can be
observed characteristic changes associated with the weight loss of
the sample during the heating. For two multicomponent samples
the extreme weight loss falls on the temperature about 400°C and
loss of mass is 0.3% and 1.3% for C-1 and C-2 samples respec-
tively. DTG curve shows the change in the rate of decomposition
of the substances with increasing temperature. The accompanying
local minima on the DTG curve indicate the areas the tempera-
tures at which the weight loss is the fastest. The first minimums
(below 100°C) seen on the DTG curves are associated with loss
of moisture samples, confirming occurring changes in the DTA
curves. Further minimums are associated with the formation of
the perovskite PZT-like structure as well as several intermediate
phases. The strong peak visible in the temperature 621°C (C-1)
and 623°C (C-2) is associated with formation the pyrochlore
phase in the PZT-type material. High-temperature heating during
synthesis prevents the formation the foreign (pyrochlore) phase.

Fig. 2. SEM microstructure of the ceramic samples: a) C-1, b) C-2
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Fig. 1. DTA, TG and DTG of the PZT-type powders: a) C-1, b) C-2

Fig. 2 shows the SEM images of the microstructure of
the obtained ceramic samples. The microstructure of the C-1
composition has smaller grains, but much larger particle size
heterogeneity, compared to a C-2 sample. This behavior promotes
greater amount of manganese dopant in the C-2 composition,
which unifies the microstructure, but simultaneously increasing
the growth of grains.

The ceramic samples were subjected to EDS microanalysis
(with software Noran Vantage) to verify and certify designed
composition (Fig. 3). The percentage of the individual compo-
nents showed little deviation from the compositions designed
in theory, but was within the margin of error of the marking
method. Analysis EDS of the received compositions confirmed
their qualitative and quantitative composition.
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Fig. 3. EDS spectrum of ceramic samples: a) C-1, b) C-2

Temperatures testing of the DC electrical conductivity of the
C-1 and C-2 ceramics were conducted in the temperature range
from room temperature to 450°C (Fig. 4). The Inop(1/T) graph
shows that at about a temperatures of the phase transition for
the obtained materials there are characteristic inflection curves,
which divides the graph into two parts with different values of
the activation energy: the area I of a lower temperature and area
I of a higher temperature. In these areas E ., values of activation
energy were calculated according to the Arrhenius law:

EA(‘I

_ kgT
Opc = 0y€

(1

where: kg — Boltzmann constant, E 4., — activation energy, T— ab-
solute temperature. The values of activation energy calculated
from the slope of the Inop(1000/7) are summarized in Fig. 4
and in Table 1. Above T~ temperature there are higher values of
E 4., which is characteristic for the materials with perovskite-
type structure. Higher values of the £, have the samples of the
composition C-1, compared with the sample of C-2 composition.

&

www.czasopisma.pan.pl P N www.journals.pan.pl

S
669
Pb b)
Zr
E i
‘0
[
&
= Pb
Cni Ti
oW
M N
b w Pngb Ti w Pb
; Pb
1 Mown W iweb w i w
LS T S R S R O = i N OO O P NN W R SN S
0 1 2 3 4 5 8 7 8 9 10 11 12 13 14
Energy [keV]
Inc
oc 400 300 200 100 [°C]
'6""|""|""|' E T ¥ T % ¥
'
1.164 eV -
-10 4
12 4
14 4
-16 4
-18 4
.20_
e 0.506 eV
224
I R T S N R A S R
1:5 2.0 2.5 3.0
1000/T [K]

Fig. 4. The Inop(1000/7) relationship for the PZT-type solid solutions:
C-1and C-2
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Fig. 5. Temperature dependencies of the dielectric permittivity for PZT-type solid solutions: a) C-1, b) C-2
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The temperature dependences of dielectric permittivity (g)
for the obtained solid solutions are presented in Fig. 5. High
values of the maximum dielectric permittivity (e,,,,) can be
observed. The investigation results show that with reference to
the base chemical composition, larger amounts of MnO,, Sb,05
and WOj; increases the value of ¢, as well as shifts tempera-
ture of the transition towards a lower temperature. Presented
frequency measurements did not show temperature shift of the
phase transition for the obtained samples. The temperatures of
the phase transition and characteristic dielectric parameters are
presented in Table 1.

TABLE 1

Values of the parameters of the multicomponent PZT-type samples
(dielectric studies were carried out for v = 1 kHz)

c-1 c-2
p [glem?] 6.55 7.22
T [°C] 325 309
g at T, 1027 1125
ey At Te 15500 17870
tand at 7, 0.014 0.006
tand at T 0.177 0.175
ppc at T. [Wm] 2.6 x108 1.2 x10°
Einl[eV] 0.522 0.506
E . in I [eV] 1.164 0.926
Hg[%] 68.01 54.23
et [%6] 0.031 0.044
dy3 [pC/N] 217 377
233 < 107 [Vm/N] 9.05 15.23

The values of the dielectric loss (tand) for the obtained
multicomponent solid solusions are relatively low (Fig. 6). The
temperature dependences of the dielectric loss are characteristic
for perovsite-type materials on the base PZT. On the curves
just before the phase transition is observed an increase and
then decrease in values of dielectric loss. Above the temerature
370°C dielectric loss increases rapidly, what is connected with
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an increase in electric conductivity in higer temperatures. This
type measurements were carried out in [12], however, the values
of dielectric loss of the obtained materials were higher.

Plot of sum hysteresis loops P-E of the multicomponent
PZT-type ceramics (for frequency v = 1 Hz) at room tempera-
ture are presented in Fig. 7. The ceramic samples have wide
hysteresis loops, with coercive field £ equal to 1.44 kV/mm for
the C-1 and 1.23 for the C-2 material. The C-1 sample exhibits
higher values of spontaneous polarization P (16.07 uC/cm?)
and remnant polarization (11.90 uC/cm?), compared with the
second samples C-2, where the values are 17.20 uC/cm?® and
13.90 uC/cm? respectively.

Fig. 8 shows the bipolar electric field-induced strain loops
unpolarized in the room temperature for the C-1 and C-2 samples.
The S-E electromechanic loops for the obtained materials take on
the “butterfly wings” characteristic shape, and show practically
linear relation S(£), which indicates the piezoelectric nature
of the strain. In case of the C-1 sample, in a maximum field of
3.5 kV/mm, is observed small asymmetry of deformation. The
S-E loops for obtained materials demonstrate mean values of
S, residual strain and H hysteresis (Table 1). The C-2 ceram-
ics shows higher values of the S, residual strain in comparison
with the C-1 ceramics. The strain hysteresis coefficient according
[13] was calculated using the formula:

ASp ¥100%
STTs,

max

2

where: AS),,ris the hysteresis of strains (the difference between
maximum and minimum strain value for the half of the maximum
electric field), S,,,, is strain for the maximum of the applied
electric field.

The d;; piezoelectric coefficient of the PZT-type solid

solutions was calculated as a maximal value of derivative 2—2
obtained from S-E electromechanic loops. The piezoelectric

coefficient was measured under 2 kV/mm electric field and
frequency 0.1 Hz is 217 pC/N and 377 pC/N for C-1 and C-2
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Fig. 6. Temperature dependencies of the dielectric loss of the PZT-type solid solutions: a) C-1, b) C-2
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Fig. 7. Plot of hysteresis loops P-E of the C-1 and C-2 samples (at room temperature and frequency of 1 Hz)
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Fig. 8. Bipolar strain-electric field loops (S-E) for C-1 and C-2 samples measured at room temperature, under electric field 3.5 kV/mm (frequency

of 0.1 Hz)

sample, respectively. Larger quantities of admixtures such as
manganese, antimony and tungsten in the composition of PZT
material have a positive impact on the piezoelectric parameters
of the ceramic samples.

4. Conclusions

In the present work were obtained successfully the multi-
component PZT-type solid solutions doped by Mn**, Sb¥*, W®*,
Ni?*. Two chemical compositions were designed: Pb[(Zry 49

Tig 51)0.94Mng 015Sb0.013W0,012Nig 02]O03 (C-1), Pb[(Zr0 49T 51)0.94
Mnyg 0,Sbg 016Wo.014N1g 01]O3 (C-2). The microstructure of the

C-1 sample has smaller grains, but much larger heterogeneity
of the particle size compared to the C-2 sample. The greater
amount of manganese dopant at the same time causes the growth
of grains.

The ceramic samples exhibit high values of dielectric per-
mittivity both at room temperature as well as high as the phase
transition temperature. In addition, the temperature dependences
of the dielectric properties showed that obtained materials have
low dielectric loss. Increasing the amount of dopant tungsten W
and antimony Sb in multicomponent solid solutions of PZT-type
reduces the coercivity field. Bipolar strain-electric field loops
for the obtained compositions show practically linear relation
S(E) and are typical for piezoelectric materials on the PZT
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based. Comprehensive studies have shown that higher amounts
of additives Mn manganese, Sb antimony and W tungsten, also
affect favorably on piezoelectric parameters in multicomponent
PZT-type materials.

Performed tests of the multi-component PZT-type material
showed that the parameters of all the ceramic samples predispose
them to modern applications. High value of the dielectric and
piezoelectric parameters are necessary for applications in the area
of micromechatronics and microelectronics e.g. as an element
to build actuators and piezoelectric transducers.
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