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Properties of nanocrystalline ferroelectric PZT ceramics
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Abstract

Amorphous nanopowders of Pb(Zr( sTigs)O; (PZT) solid solution were obtained by sol-gel processing. As-obtained nano-
powders (7~30x 10~ m) underwent consolidation by conventional ceramic sintering, hot pressing, and rapid thermal annealing. As
result of such technological methods PZT ferroelectric ceramic samples were obtained. They exhibited lack of voids, density close to
the theoretical X-ray density, homogeneity from both chemical and physical point of view and stoichiometric chemical composition.
It was found that each ceramic sample was a conglomerate of grains exhibiting mean dimension 7=0.3-3x 10~ m depending on
sintering conditions. The nanocrystalline structure of the ceramics grains has been revealed. Dimension of the crystallites (D = 20—
75x10~° m) were found to depend on temperature (7s) and the rate of sintering (v) of the amorphous nanopowders. Dielectric and
piezoelectric properties of nanocrystalline PZT ceramics depended on both sol—gel processing conditions and sintering conditions.
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1. Introduction

Poled ferroelectric materials have gained widespread
application in practice due to their piezoelectric proper-
ties. In principle, one can speak about common and
dynamic applications of piezoelectric materials in electro-
nic technology since the piezoelectric ceramic materials
have been developed. Ferroelectric ceramics are used in
piezoelectronics mainly as a source of ultrasonic waves.
Among other common applications of ferroelectric cera-
mics we can mention filters of electric signals, functional
elements used in many devices like, e.g. stabilisers, piezo-
electric transformers, modulators, parametric amplifiers,
frequency multipliers, logic circuits, sensors, etc.!

Some limitations in replacing piezoelectric crystals
(quartz, LiNbOs;, etc.) with piezoceramics are due to diffi-
culties in obtaining piezoceramics exhibiting repeatability
of parameters, small temperature and time stability of
these parameters, strong non-linear phenomena, strong
damping of ultrasonic waves, etc. Most of the mentioned
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shortcomings follow from the nature of piezoceramics,
which is connected with the technology of their fabrica-
tion.>3 It is now considered that possibilities of improving
properties of piezoceramics by means of proper selection
of parameters of the sintering process of mixed oxide
powders have been used up.* Therefore, new technologi-
cal approaches have been developed for a few last years.>
One of them is the wider and wider utilisation of the
sol—gel process in technology of piezoceramics.®8

In the present paper, the sol-gel process was exploited
to obtain fine-grained (¥ ~30x 10~° m) amorphous nano-
powders of the solid solution Pb(Zrg 5sTig 5)O3. As result of
consolidation and crystallisation of such nanopowders
during sintering, ferroelectric PZT ceramic material has
been obtained. The ceramic grains exhibited average
dimension within the range 7=0.3-3x107% m and they
consisted of crystallites (or, in other words, areas of
coherent X-ray scattering) which displayed mean dimen-
sion D=20-75x10"° m and relatively large degree of
structural perfection.

The objective of the present paper is to investigate the
influence of conditions of the sol-gel process as well as
conditions of consolidation and sintering on micro-
structure, structure and ferroelectric properties of piezo-
ceramics. As an example sol-gel-derived ceramic
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material with chemical composition Pb(Zr( sTig5)O3
was taken into consideration.

2. Technology and experimental

The technological process of fabrication of PZT cera-
mics included two basic stages. First, preparation of
amorphous nanopowders of solid solution Pb(Zrg 5Tig 5)
O3 by the sol-gel method, second, consolidation of
nanopowders and preparation of fine-grained PZT cera-
mics by conventional ceramic sintering (CCS), hot press-
ing method (HP) and rapid thermal annealing (RTA).

In the sol—gel process for the preparation of PZT nano-
powders, the best results were obtained by introducing
lead in a form of trihydrate lead acetate [Pb(COOCH;5),x
3H,0] into the environment of the chemical reaction.
Lead acetate was added in excess of 5 mole %. Titanium
and zirconium were introduced in form of alkoxides,
namely Ti(CH3(CH;,);0)4titanium (IV) butoxide, and
Zr(CH5(CH,»)30)4—zirconium (IV) butoxide. In case of the
precursors used, the most suitable solvent was found to be
an organic solvent — butyl alcohol CH;(CH,);OH.

The reaction of synthesis was carried out in an argon
atmosphere by heating the solution for 7=1-2 h below
the boiling temperature. The waste product of the
reaction — ester (butyl acetate) — was removed by
simple distillation. After cooling the solution to room
temperature the additional amount of solvent was
added to obtain (0.8—1)-mol solution and acetylacetone
was added as a stabilising agent.

The colloidal solution was then dried at 7=300°C. The
so-obtained sol-gel derived powder was ground in a mor-
tar with addition of a softening agent for =2 h. After that
the compacts were prepared by pressing in a hydraulic
press at pressure p = 108 Pa. Later on they were annealed
at T=600°C for t=2 h. The powder obtained after disin-
tegrating the annealed pellets was mixed with liquid par-
affin (in amount of 5 wt.%) for r=2 h and it was finally
used for preparing the ceramic samples. It is worth
noting that irrespective on the method of sintering, the
powder was pressed at pressure p=2x10% Pa to form
disk-shaped compacts of d=10"2 m in diameter and
h=3-5x10"3 m thick. Finally, the compacts were sin-
tered by one of the three methods mentioned above,
namely CCS method, HP method or RTA method.

Conventional ceramic sintering was carried out in a
KS1350-type furnace in an air atmosphere for r=3 h at
temperature 7§. The accuracy of the temperature stabi-
lisation was AT = £2°C. The heating and cooling rate
was V1=300°C/h. After cooling the samples to room
temperature they were powdered and the compacts were
formed and sintered a second time at temperature 7%.
Finally, a procedure of fabrication of the ceramic sam-
ples was repeated once again so every batch of pellets
was sintered a third time at temperature 751,

However, it was found that the CCS method carried
out at temperature range T4'=827-1227°C made it
possible to obtain PZT ceramic samples exhibiting the
average grain dimensions 7 =1.2-4.6x107® m and den-
sity p= 0.82-0.92 pieor- In this connection, the method
of rapid sintering was applied. The RTA method made
it possible to decrease the time of sintering, provided
better stoichiometric composition of PZT ceramics (due
to decreased possibility of lead volatilising from the
sample) and favoured greater density of the final cera-
mic pellets (0=0.96-0.97 pwmeor). For this purpose the
Heat Pulse 300 rapid thermal processor was used. So,
the sintering process was carried out at 7T§AX =727
1227°C with the heating rate vr=100-300°C/min.

To obtain greater density of ceramic samples, decrease
temperature of sintering (7s) and decrease average grain
size () the hot pressing method was employed. The cus-
tomised USSK-1-type hot pressing unit was used to pro-
duce disk-shaped PZT ceramic pellets of d=10"2 m in
diameter and A=2x10"3 m thick. Maximal pressure
applied to the samples during sintering worked out at
ps~60 MPa. Maximal sintering temperature 7s=1327°C
and maximal heating rate was vr=100°C/min. Pressure
ps was applied to the sample at room temperature and
released after sintering the sample at temperature T for
a time fs.

The structure of the ceramic samples was studied by
X-ray diffraction (Cuk, radiation; nickel filter) whereas
the microstructure was investigated by scanning elec-
tron microscopy (SEM).

The mean dimensions D of coherent X-ray scattering
regions and mean microdeformations < Ady/dy>
were determined from X-ray patterns by an approxima-
tion method.” The concept of areas of coherent X-ray
scattering is taken to mean crystallites mutually oriented
at a considerable angle o.>A/D, where 1 is the X-ray
radiation wavelength. The mean microdeformation
< Adj/dy> 1s the mean of the relative changes in
interplanar distance d,, inside crystallites.

The density of fired samples was determined by the
Archimedes method in water (measuring error Ap= +
0.02x 103 kg/m?).

For electrical measurements silver electrodes were
deposited on the ceramic surfaces. Capacitance (C) and
dielectric loss tangent (tgd) was measured by a capaci-
tance bridge (v=1 kHz) and the dielectric permittivity
(¢) was calculated. Remanent polarisation was calcu-
lated from the ferroelectric hysteresis loop measured by
the Sawyer—Tower method.

Poling treatment of the obtained ceramic samples was
carried out in silicone oil at T=120°C by applying a DC
field of E=4x10% V/m for t=1 h. The samples were
then cooled to room temperature under the influence of
the electric field in =30 min.

The piezoelectric coefficient d3; and the electro-
mechanical coupling factor k, were measured by the
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Fig. 1. Typical X-ray pattern of nanocrystalline Pb(Zr( sTip5)O3
ceramics obtained by conventional ceramic sintering at 7s=927°C.
Ceramics exhibited: tetragonal structure, p/ppeor= 85%, r=1.8 um,
D =48 nm, < Adhkl/dhkl> =2.5x1073.

modified resonance—antiresonance method at room
temperature.

3. Results and discussion

It was found that the tetragonal structure was formed
irrespective on the method of sintering of amorphous
nanopowders Pb(Zr sTiy 5)O3 at temperature Tg>927°C
(Fig. 1). It is worth noting that such parameters like: den-
sity of ceramics (p), the average grain dimension (7), the
mean dimension of areas of coherent scattering (D), and
value of mean microdeformation < Ad),/d;;> depend
on conditions of sintering at 75> 927°C.

By means of the CCS-method we have obtained cera-
mics, which exhibited density 0=0.93 pi,ecor. On the other
hand, rapid sintering made possible to obtain ceramic
samples with p/pmeor =97%. Exploiting the hot pressing
method made it possible for us to obtain PZT ceramics
with density close to the theoretical X-ray density
0/ Ptheor = 99%, which is typical for non-void ceramics.

A positive influence of pressure applied during sintering
process on density of ceramics has been confirmed both
theoretically and experimentally in previous papers.!°
However, there are no unambiguous explanations of
results obtained by the rapid thermal annealing. Espe-
cially the reasons of paradoxically small porosity and
large density are not clear enough. In this connection,
the Refs. 11 and 12 should be mentioned.

Under the conditions of sintering of amorphous nano-
powders used in the present work fine-grained PZT cera-
mics has been obtained. The range of grain dimensions
exhibited by ceramic samples were as follows: r= 1.2—
4.6x10~° m in case of CCS-method, 7 =0.3-2.5x10~%m

in the case of RTA-method and 7 =0.5-3.0x107% m in
the case of HP (Fig. 2).

It was shown in the present studies that in the case of
polycrystalline ferroelectric ceramics there are two fac-
tors governing its dielectric and piezoelectric properties.
First, we can mention mean dimensions D of the areas of
coherent X-ray scattering and, second, mean values of
the lattice strains, or in other words, microdeformations
<dp/dp;> 1in the direction perpendicular to the sur-
face of the disks. In practice, a decrease in D and an
increase in <dj,/d,,;> may be taken as a total measure
of the divergence from structural perfection of the crys-
tallites. These divergences are revealed as a broadening
of the diffraction peaks in an X-ray diffraction spec-
trum. One can see in Fig. 3 the dependence of the mean
dimension of the crystallite D and the mean micro-
deformation < Ad/d);> on sintering temperature Ty
of Pb(Zr( 5sTig 5)O3 ceramics.

Irrespective on the sintering method the mean dimen-
sion of crystallite D is seen to increase with increasing in
sintering temperature 7s. On the other hand, micro-
deformation < Ad),,/d,;> decreases with an increase
in the temperature 7. In other words, the degree of
perfection of the crystalline structure improves. It was
found that smaller crystallites exhibited more structural
defects, but such dependence was quantitatively differ-
ent for different sintering method. The smallest amount
of structural defects exhibited small crystallites, which had
grown during hot pressing method (e.g. for 7s=1127°C,
ps=60 MPa, tg=30 min and vy=100°C/min ceramics
exhibited D =36x107°m, < Adj/ds> =0.8x1073). The
RTA method made possible to grow crystallites with
larger microdeformations (e.g. for TMAX=1227°C,

vr=100°C/min ceramics exhibited D=36x10"" m,
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e |
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Fig. 2. Microphotography (x25,000) of the etched surface of
Pb(Zr( 5Tiy 5)O5 ceramics sintered by HP method under the following
conditions: Ts=927°C, ps=60 MPa, tg=30 min, vr=100°C/min.
Ceramics exhibited: tetragonal structure, p/pmeor=95%, r=1.0 um,
[) =28 nm, < Adhkl/dhkl> =2.0x 10_3.
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Fig. 3. Dependence of degree of perfection of the nanocrystallites
which constitute the grains of Pb(Zr, sTiy 5)O; ceramics on tempera-
ture of sintering Ts: mean dimensions of areas of coherent X-ray scat-
tering (D) (mean dimensions of crystallites) and mean
microdeformations < Adj,/dy;> are shown.
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Fig. 5. Dependence of dielectric permittivity (¢), remanent polarisation
(Pr), electromechanical coupling coefficient (k;,) and piezoelectric charge
coefficient (ds3) on sintering temperature (7s) for Pb(Zr, sTiy 5)O5 cera-
mics obtained by CCS method (the smaller 75 the larger
< Adpa/ dpt >)-

< Adpg/dpg> =3.5x1073). The CCS method, however,
caused the largest microdeformations in small grains (e.g.
for T§1=927°C and #5=3 h ceramics exhibited D=
36x107° m, < Adyy/dpg> =4.4x1073). In this connec-
tion, it should be noted that the degree of structural per-
fection of nanocrystallites influences strongly dielectric and
piezoelectric properties of PZT ceramics (Fig. 4 and 5).
With an increase in the mean microdeformation the
maximal value of permittivity €, at temperature Ty,
decreases. The characteristic peak on &(7T) curve broad-
ens what is typical for the diffuse phase transition®
(Fig. 4). Value of the basic piezoelectric parameters of
poled ferroelectric ceramics, namely piezoelectric charge
coefficient ds3 and electromechanical coupling coefficient
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Fig. 4. Dependence of dielectric permittivity (¢) on temperature 7" for
Pb(Zry 5Tiy 5)O5 ceramic samples exhibiting similar grain dimensions (i)
and mean dimensions of crystallites (D~36 nm), but different micro-
deformations < Adjy/dny >. The samples prepared by: CCS method (at
Ti=927°C and ts=3 h) —F=12 pum, <Adu/dw >=4.4x 1073,
RTA method (at 7T§14%X=1227°C and vt = 100°C/min) — 7 =2.5 um,
< Ady/dpg >= 3.5 x 1073 and HP method (atTs = 1127°C, ps=60
MPa, ts=30 min and vr = 100°C/min) —r=2.0 um, <Ad/
d/,k/> =0.8x ]073, are shown.

kp is seen to increase with increasing sintering tempera-
ture T (decreasing microdeformations) (Fig. 5).

While analysing the obtained data we found the close
relation between the average grain dimension (#) and
mean dimension of crystallites (D). The parameter
Dincreases with an increase in 7 but in a different way
for a particular sintering method. In the case of sinter-
ing of sol-gel derived amorphous nanopowders, the
mean dimension of crystallites (D) which constituted
Pb(Zr, sTio s)O5 ceramics did not exceed D <100 nm
what is a typical dimension for nanostructures.

4. Conclusions

By means of sol-gel method, amorphous nanopowders
(F~30x 10~ m) of the solid solution Pb(Zr, sTij 5)O3 were
obtained and they were used as initial material for
ceramic technology.

The technological conditions that restricted the grain
growth process, favoured an increase in density and
decrease in porosity as well as provided perfection of the
crystalline structure of the crystallites constituting the
ceramic grains were selected. The best results were
obtained in case of sintering of amorphous powders by
rapid, high-pressure hot pressing method. The fine-
grained (r>0.5 pm) and non-void (p=99% pPweor)
ceramics has been obtained. The ceramic grains were
constituted from nanocrystallites of D>20x10"° m
exhibiting high structural perfection (< Ad/du> =
1074-3x1073).
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Fine-grained ceramics exhibited good ferroelectric
properties. For HP-method (7= 1127°C) the basic para-
meters were as follows: &(300 K)=1100, &, = 18000,
Pr=025 C/m?% k,=0.5, d33=180x10"'2 C/N. Such
results were obtained at smaller sintering temperature as
compared with temperature of synthesis and sintering of
mixed oxide powders.
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