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Piezoelectric and mechanical properties of
ceria-doped lead zirconate titanate ceramics
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Phases, microstructures and properties of lead—zirconate-titanate (PZT) ceramics with the
compositions Pb (Zry 535 _5CesTig 465) O3 where 6 = 0.0, 0.001, 0.01, 0.02 and 0.05 were
studied. Rhombohedral and tetragonal phases were present at o = 0.0. The amount of the
rhombohedral phase increased with increasing 6, and only the tetragonal phase was present
for & > 0.001. The ¢/a ratio of the tetragonal phase also increases with increasing 9. Particles
of CeO, were found to be present in compositions with & > 0.01, indicating that the solubility
of CeQ, is less than 1 a/o on the metals basis. The piezoelectric and electromechanical
constants achieved maximum values for 6 = 0.001. The hardness increased monotonically with
increasing 6. The modulus of rupture and the fracture toughness, however, went through a
minimum and both stayed lower than their values for § = 0.

1. Introduction

A number of studies have been carried out on the
effect of various dopants upon the properties of the
lead-zirconate—titanate (PZT) family of ceramics [1].
PZT has an ABO,-type perovskite structure. The A
sites are occupied by Pb** and the B sites by Zr** or
Ti**. A dopant can go either to the A or to the B site,
its distribution on the two sites being a function of the
valence and ionic radius of the dopant [2]. The do-
pant can act as an acceptor or a donor depending on
whether its valence is lower or higher than that of the
host site. The requirements of charge compensation
also result in the creation of vacancies at the oxygen or
lead sites. Because of these various possibilities, there
has been much interest in studying the effect of the
dopants with a valence of 3 or 5, while the study of the
dopants with valence 4, the “isovalent dopants”, has
been neglected. It is known 3] that, in one case at
least, the properties obtained by doping with an isova-
lent dopant (Th* *) are comparable with or better than
those obtained using Nb>* or La**, two of the most
effective heterovalent dopants. It is therefore useful to
study the influence of other isovalent dopants.

In the present work we have studied the effect of
replacing part of Zr** by Ce*™ on the piezoelectric
and mechanical properties and microstructure of a
PZT composition near the morphotropic phase
boundary.

2. Experimental procedure

Samples with a composition Pb(Zr; 5535-5Ce;
Tig 465)O5 with 6 = 0.0, 0.001, 0.01, 0.02 and 0.05 (0,
0.1, 1, 2 and 5 mol %, respectively, on metals basis)
were prepared. The composition 8 = 0.0 corresponds
to the morphotropic phase boundary (MPB) in PZT
at which the piezoelectric constants are known to have
their best values. Powders of PbO (yellow, > 99.6%);
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Zr0O, (> 99.5%); TiO, (anatase, > 99%); and CeO,
(99.5%) were ball milled in a plastic jar with alumina
balls and isopropanol. The ball-milled material was
dried and calcined at 960°C for 4 h. The calcined
powder was pressed into pellets (12 mm diameter) or
disks (25 mm diameter) and sintered at 1200 °C for 4 h.
A lead zirconate powder with small amounts of free
ZrO, (as determined by X-ray diffraction; XRD) was
used as the atmosphere powder during calcination as
well as sintering. Such an atmosphere powder is
known to produce a constant and reproducible
amount (~ 0.8%) of PbO deficiency in the sintered
material [4].

The density of samples was obtained from their
weights when dry and suspended in water. Phases
were determined using an X-ray diffractometer (Rich
Seifert Iso Debyeflex 2002). The lattice parameters ay
and ¢y of the tetragonal phase were obtained from the
(200) and (00 2) reflections, respectively. Disk-shaped
samples (12 mm diameter, 1 mm thick) were poled at
100°C for 30 min by a 3.5kVmm™* field. The d;,
coefficient was measured with a d;, meter (model
CADT, Channel Products). Other electromechanical
coefficients were calculated [ 5] from the resonant and
antiresonant frequencies measured using an impe-
dance analyser (HP 4194A). Modulus of rupture
(MOR) was measured on polished (0.3-pm) bar-sha-
ped samples (18 x 4 x 2 mm?) using a four-point bend
method in a universal testing machine (Instron 1195).
Mode 1 fracture toughness, K-, was measured on
single-edge-notched samples. The notch was ma-
chined by a 0.3-mm-thick diamond-coated blade, and
was 0.8-1.5 mm deep. Vicker’s hardness was measured
on 6-mm-high cylindrical samples, polished to a
0.3 um finish.

Measurements were carried out on three or four
samples at each composition in all the above cases.
Further details are given in Reference 6.
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3. Results

Both tetragonal and rhombohedral phases are present
in the undoped-composition (8 = 0) and in the com-
position with 0.1% CeO, (6 = 0.001). In the higher
CeO, compositions, only the tetragonal phase is pre-
sent (Fig. 1). In addition, at the highest CeO, content
(8 = 0.05) free CeO, also appears (Fig. 2). The lattice
parameters of the tetragonal phase and the ¢/a ratio
are given in Table I.

Fig. 3a-d shows the microstructures of fractured
surfaces of the samples with different ceria contents.
The average grain size increases gradually from about
3.5 uym for 0 mol % CeO, to about 7.5 pm for 5 mol %
CeO,. Small second-phase particles (0.1-0.5 pm)
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begin to appear at 1 mol% CeO,, and are clearly
present at the higher CeO, contents. The EDAX
signal from these particles showed only the cerium
lines. Cerium was also found to be present in the
grains of the matrix phase, indicating that CeO, is
dissolving in the lattice to a limited extent.

The density of the samples is shown in Fig. 4. It first
decreases, and then increases with increasing amount
of CeQ,.

Fig. Sa—e shows the values of the various piezoelec-
tric and electromechanical coefficients at different
CeO, contents. Fig. 6 shows the corresponding
changes in hardness, modulus of rupture and fracture
toughness.
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Figure 1 X-ray scans in three different 20 ranges, showing that the rhombohedral phase nearly disappears when 1 mol % ZrO, is replaced by

CeO, (8 = 0.01). T, tetrahedral; R, rhombohedral.
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Figure 2 X-ray scans showing the appearance of free CeO, in the
composition with (a) 5 mol % and (b} 2 mol % CeO,.

TABLE I Lattice parameters and the ¢/a ratio for the tetragonal
phase in Pb(Zrg 535-5CesTip.465)03

Amount of CeO, cr ar cr/ar
(nm) (nm)

0 041276 0.40357 1.0227

0.001 0.41337 0.40408 1.0229

0.01 0.41373 0.40425 1.0234

0.02 041398 0.40374 1.0253

0.05 0.41355 0.40289 1.0264

4. Discussion

4.1. Phases and microstructure

Pb(Zr, Ti; _.}O, perovskite solid solution usually
exists in one of the following three structures, depend-
ing on the composition: tetragonal for 0 < x < 0.535;
rhombohedral for 0.535 < x < 0.92; and orthorhom-
bic for 0.92 < x < 1.0. The boundary between the
tetragonal and rhombohedral phases at x = 0.535 is
believed to be a morphotropic phase boundary. How-
ever, usually there is a range of compositions around
x = 0.535 in which both tetragonal and rhombohedral
phases coexist. The width of this region depends on
the degree of composition homogeneity achieved by a
particular processing route: it is very narrow for co-
precipitated or sol-gel prepared material, and much
wider for the mixed-oxide route used in the present
work. The electromechanical coefficients are found to
have their maximum value near the morphotropic
phase boundary.

Both phases, tetragonal and rhombohedral, are
found to be present in the undoped composition in the
present case, as the composition chosen lies in the
morphotropic phase-boundary region. In the un-
doped PZT compositions, it is known that as x {the
amount of zirconia) decreases, the amount of the
rhombohedral phase also decreases and the c/a ratio
of the tetragonal phase increases. Both these effects are
observed in the present experiments (Fig.1 and

_ N L .
JL“*“}E&‘

NGEV

i(b) ;f

1
' ‘..

Figure 3 SEM pictures of the fractured surfaces of samples with different amounts of CeO,: (a) 0; {b) 1.0; (¢) 2.0; (d) 5.0 mol %.
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Figure 4 Variation in sintered density with amount of CeQ,.

Table I). As the (CeO, + ZrO,) is held constant, an
increased amount of CeO, implies a decreased ZrO,
content. Although some amount of Ce** is dissolving
into the lattice, as determined by chemical analysis of
the matrix grains, this amount is believed to be less
than 1 mol %, as at 1 mol % and above the particles of
ceria can already be seen (Fig. 3b). The observed
disappearance of the rhombohedral phase and the
increase in the c/a ratio of the tetragonal phase can
therefore be attributed primarily to a decrease in the
amount of ZrO,.

The second phase particles observed in the SEM
pictures are those of pure CeQ,. Generally the XRD
technique is able to detect a phase in a mixture if its
amount is ~ 5% or more. For this reason, the pure
CeO, peak appears only at the highest CeO, content
(5 mol %) (Fig. 2J, even though the particles of CeO,
begin to appear at 1 mol % CeO, in the micrograph.
This also shows that the solubility of CeO, in PZT is
less than 1 mol %. At higher concentrations, some of
the original CeQ, particles (especially the larger ones)
do not dissolve fully. Partial dissolution results in a
much finer size distribution of the remaining CeO,
particles in the sintered samples, as compared to the
original size distribution (Fig. 7).

4.2. Piezoelectric properties

The most significant result from the measurement of
the piezoelectric properties is that the coupling coeffic-
ients k,, k35 and k;, and the strain coefficients d; ;
and d; ; increase appreciably on the first addition of
CeO, to 0.1 mol %. There is a decrease in the values of
these coefficients on a further increase in CeQO, con-
centration. The possibility exists that a further im-
provement in these piezoelectric properties may be
obtained if the region between 0.1 and 1% CeO, is
investigated. To get a perspective on the effect on
piezoelectric properties of CeO, addition, the proper-
ties at CeO, contents corresponding to 0 and 0.001 are
compared with the data of Jaffe et al. [7] in Table IL
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The data give the changes in properties of a base PZT
composition upon addition of Sr>* and Nb’*, two of
the most effective additives for PZT ceramics. The
percentage changes on addition of CeO, to our com-
position, and on addition of Sr?* and Nb®* to Jaffe
et al’s composition [7] are also presented. It can be
seen that CeO, at 0.001 is almost as effective as SrO at
0.06 in influencing most of the tabulated properties.
Addition of Nb>™ is, however, the most effective of the
three, especially with regard to k; 5, d5; and d5 3. The
properties obtained by Kulcsar [3] for a thoria-doped
composition are also given in Table II. Kulcsar has
not provided the data for the corresponding undoped
composition, which makes any comparison difficult.
However, taking the values from the undoped com-
position from Jaffe’s data, it is seen that doping by
thoria results in a much higher increase in dielectric
constant, while the increase in k,, the planar coupling
coefficient, is comparable to that obtained by doping
with ceria.

4.3. Mechanical properties

The mechanical properties of piezoelectric ceramics
are of importance in understanding and preventing
the failure of components due to electrically or ther-
mally induced stresses. In the present study, it is found
that the fracture toughness and modulus of rupture go
through a minimum and both stay lower in the CeO,-
doped samples than in the pure composition. The
fracture toughness, K¢, is a material property and
represents the resistance to unstable crack propaga-
tion in a material. It depends on the microstructure,
the crystal structure and the chemistry of the material,
amongst other properties. In the present experiments,
the following microstructural changes are observed
with increasing ceria contents.

(i) The average grain size increases from ~ 3.5
to ~ 7.5 um as the CeO, content increases from 0 to
5 mol %.

(ii) Particles of CeO, are observed when the CeO,
content is 1 mol % or more.

The dependence of K. on grain size is not well
understood; conflicting results have been reported
[8]. In our results, there is a good correlation between
the rise in the K¢ after the minimum and the increase
in number of CeO, particles. Second-phase particles
are known to increase the fracture toughness by mech-
anisms such as crack deflection and microcrack
formation. Thus the ceria particles may be responsible
for the observed enhancement in the fracture tough-
ness in samples with more than | mol % ceria. The
initial decrease in the modulus of rupture and K,
appears to be linked to the change from a two-phase
{rhombohedral + tetragonal) to a single phase (tetra-
gonal) microstructure. -

In contrast with the other mechanical properties,
the hardness continuously increases with increasing
ceria content. The hardness rises sharply up to
0.1 mol % CeO, and then rises monotonically, but
with a lower slope. This correlates rather well with the
observations that (i) the amount of the rhombohedral
phase is greatly reduced by the very first addition of
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Figure 5 Changes
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in piezoelectric and other coefficients with in-

creasing CeQ,: (a) strain coefficients d;, and d;; (b) voltage
coefficient g5 5; (c) coupling coefficients k,, ky; and k3 ; (d) free
relative dielectric coefficient K; () elastic compliance (dashed lines

are a guide only).

CeO, and only the tetragonal phase is present beyond
0.1 mol % CeO,; and (ii) the ¢/a ratio of the tetrago-
nal phase increases with increasing CeQ,. It thus
appears that the tetragonal phase is much harder than
the rhombohedral phase, and its hardness increases
with increasing tetragonality.

5. Conclusions

1. Significant improvement in piezoelectric proper-
ties results upon substitution of 0.1 ajo ZrO, by CeO,
in a PZT composition near the morphotropic phase
boundary. Further improvement may possibly be ob-

tained by
< lajo.

investigating the

region 0.0 < CeO,
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TABLE IT A comparison of the effects of Ce** with those of Nb>*, Sr?* and Th** on the properties of PZT

Composition kys ky ks kys  dsy d3, 933 5T,
(107*2CN71) (10712CN™Y) (1073 VmN~Y) (10712 m2N~1)
This work
Pb(Zrg 535 Tig.065)03 804 043 026 0.43 — 86.01 222.7 31.6 15.1
Pb(Zrg.534Ceg.001 Tip.46503) 1083 046 0.28 046 —1097 278.8 294 16.2
Percentage change 347 170 7.7 70 —23.7 25.0 -170 7.3
Jaffe et al. {7]
Pb(Zrg 5, Tig 45)05 730 0352 031 0.67 —935 223 34.5 i3.8
Pbyg 04516 06(Tig.47Z10.53)05 1300 0.58 033 070 -—1230 289 26.1 12.3
Percentage change 78 115 6.1 45 — 315 228 24.3 109
Pby os5(Tio.48Zr0.52)0.976 NDo 024 O3 1700 0.6 0.34 070 1710 374.0 24.8 164
Percentage change 133 153 9.7 4.5 829 67.7 28.1 15.8
Kucslar (3]
Pbg 955 Tho.006(Zr0.52Ti0.45) O3 1500 0.56
Percentage change 1054 8.1
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Figure 6 Changes in Vicker’s hardness, modulus of rupture and
fracture toughness with CeO, content.

2. Solubility of CeO, in PZT is less than 1 a/o.

3. Addition of CeO, reduces the amount of the
rhombohedral phase; only the tetragonal phase is
present for CeO, contents > 1 a/o.

4. The hardness increases monotonically with in-
creasing CeO, content, but the modulus of rupture
and the fracture toughness are lowered.
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Figure 7 Particle-size distribution of the CeO, powder used for
preparing the samples.
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