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PZT phase diagram determination by measurement of elastic moduli
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Abstract

The aim of the present paper is to investigate the PZT phase diagram and to examine the phase transitions occurring in the low temperature
range near the morphotropic phase boundary by using measurement of elastic moduli. The phase transitions are also studied by XRD
measurements as a function of temperature. XRD patterns as a function of temperature let us to follow the evolution of lattice parameters and
so the determination of phase transitions. Phase transitions identified by Young’s and shear modulus anomalies M1 and M2 are in accordance
with those found by XRD studies and correspond, respectively to the Curie transition—between cubic paraelectric phase and tetragonal
ferroelectric phase—and to the morphotropic transition—between both ferroelectric tetragonal and rhombohedral phases or from tetragonal
t
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o monoclinic phase. Finally a revisited version of PZT phase diagram is proposed.
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. Introduction

Lead titanate zirconate Pb(Zr1−x Tix)O3 ceramics are
ne of the most used industrial piezoelectric materials, used
s transducers, such as phonograph pickups, air transducers,
nderwater sound and ultrasonic generators, delay line

ransducers, wave filters etc.1 All those applications need
enerally high piezoelectric constants and low dielectric and
echanical losses in the ceramics. The variation of mechan-

cal losses and elastic modulus as function of temperature
nd excitation frequency can provide direct information on

he energy dissipation and phase transitions in the material.
everal authors2–4 have shown that the mechanical losses in

he PZT are not only associated with domain walls motion
ut also with interaction of point defects with domain walls.
he ratio Zr/Ti in Pb(Zr, Ti)O3, the nature and concentrations
f dopants, the shaping procedure of green bulk, the sintering

emperature and atmosphere are the controlling factors to
btain suitable properties for the application. Such variety of

∗ Corresponding author.

controlling factors and wide applications of the PZT m
rials always incite continuous researches on these mate

In the PZT ceramics, optimal dielectric and piezoelec
properties are obtained in a zone called morphotropic p
boundary (MPB).5,6 The width of this zone is not clear
established and several estimations of this zone are pro
in literature.7,8

A well-known phase diagram of PZT is provided by Ja
et al.1 However, this phase diagram does not give the re
below 0◦C. Recently Noheda et al.9,10 have reported a tetra
onal to monoclinic phase transition below room tempera
for x = 0.50 and 0.52. Further investigations in the MPB d
by Ragini et al.11 show also the coexistence of monocli
phase with the tetragonal phase. In the present pape
study the phase transitions for undoped PZT ceramics
different compositions near the morphotropic phase bo
ary by the measurements of elastic moduli and mecha
losses from−180 to 500◦C and also by XRD as a fun
tion of temperature from room temperature to 500◦C. We
will present the preparation procedure, the microstructu
the materials, measurement of Young’s modulus,M, and me
E-mail address:gilbert.fantozzi@insa-lyon.fr (G. Fantozzi). chanical losses,Q−1, at kilohertz frequencies, measurement
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Fig. 1. Processing flow-chart.

Fig. 2. Microstructure and average grain size (φ) of PZT 50/50 and PZT 52/48 materials observed by SEM.

Fig. 3. Mechanical lossesQ−1(T) and Young’s modulusM(T) for PZT 50/50 and PZT 52/48 materials from−180 to 500◦C.
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Fig. 4. Mechanical lossesQ−1(T) and shear modulusG(T) for PZT 50/50 and PZT 52/48 materials from−180 to 500◦C.
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Fig. 5. XRD spectra for PZT 50/50 and PZT 54/46 sintered samples.

Fig. 6. XRD profiles evolution at different temperatures for PZT 50/50.
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of shear modulus,G, and mechanical losses,Q−1, in the hertz
frequency range, XRD patterns as a function of temperature
and finally an enlarged phase diagram of the PZT ceramics
from −180 to 500◦C.

2. Materials and experimental details

The materials used are undoped PZT ceramics prepared
by solid state reaction method with the following Zr/Ti ratio:
Pb(Zr0.5Ti0.5)O3, Pb(Zr0.52Ti0.48)O3, Pb(Zr0.54Ti0.46)O3,
Pb(Zr0.56Ti0.44)O3, hereafter shortly labelled as PZT 50/50,
PZT 52/48, PZT 54/46 and PZT 56/44.

The procedure of preparation of PZT ceramics is shown
by a flow-chart inFig. 1. The starting powders of PbO, ZrO2
and TiO2 were mixed in a planetary grinding mill for 3 h in
an agate container with agate balls as grinding media and
ethanol as a lubricant. After mixing, the powder was dried
overnight at 100◦C in an oven and crushed to pass through
a set of sieves of 200 and 100�m screen. The mixed oxides
were calcined in air at 900◦C for 2 h with a heating and a
cooling rate of 5◦C/min. The calcined mixture was crushed
with the planetary grinding mill for 6 h with ethanol, and then
dried overnight at 100◦C in an oven and sifted through 200,
100 and 50�m screen to eliminate agglomerates. Calcined
p bag.
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Fig. 7. Lattice parameters variations as function of temperature in PZT
50/50.

where�f is the resonance curve width at half-height andfr is
the resonance frequency. Young’s modulus (E) was calculated
from:15

E = 0.9464ρL4f 2
r

d2

whereρ is the density of sample;L is the length andd is the
thickness.

TheQ−1(T) andE(T) were measured in vacuum, with a
heating rate of 1◦C/min, at a frequency of about 3 kHz, with
a maximum strain amplitude of about 10−6.

The mechanical losses,Q−1, and associated shear modu-
lus,G, versus temperature were measured in the Hz frequency
range, respectively, at 1, 0.3, 0.1 Hz by using a torsion in-
verted pendulum, under vacuum, between−180 and 500◦C,
at a heating rate of 1◦C/min.

The samples for both medium and low frequencies exper-
iments were rectangular bars with dimensions of 40 mm×
5 mm× 1 mm.

In order to identify the present crystalline phases in
sintered materials and to follow the evolution of crys-
talline structure as a function of temperature, X-ray diffrac-
tion (XRD) was performed on Rigaku diffractometer with
graphite monochromator [0 0 0 2] by using Cu K�1 radia-
tion. The voltage of X-ray tube was 40 kV, and the current
w iden-
t ,
w (
a
a

T
P

C

P
P
P
P

owder was isostatically pressed at 400 MPa in a plastic
he green body was sintered at 1250◦C for 4 h with heating
nd cooling rate of 5◦C/min. In order to avoid evaporation
bO and to have equilibrium of stoechiometry of the cera
fter sintering, the ceramic was covered with PbZrO3 packing
owder.12

Density of the sintered materials was determined by
ater displacement method. The sintered samples we
mined using a scanning electron microscope (SEM) o
ation to analyse the microstructure, i.e. shape and si
ores, grains, and ferroelectric domains. These samples
echanically polished by SiC paper and then lapped by
ond paste of 30, 6, 3, 1�m. Before observation, the samp
ere chemically etched by HF solution 5 vol.% in distil
ater during 30 s. The average grain sizes were estimat

he line intersection method.
The mechanical loss,Q−1, and Young’s modulus,M,

s a function of temperature have been measured at
ertz frequencies.13 The sample was supported horiz

ally at its nodal points by two pairs of fine nickel wir
he sample was driven electrostatically in transversal fl
al vibration by the application of an amplified sinusoi
ension accompanied by a continual tension. The s
xcitation-detection electrode was coupled to a convent
requency modulation (FM) detection system. At each t
erature, the resonance curve of the vibration ampl
as recorded, and the internal friction (Q−1) was calculate

rom:14

−1 = �f√
3fr
as 25 mA. The compositions of the PZT phases were
ified by an analysis of the lines [h0 0] and [h0 1] groups
hich are split into two peaks in the tetragonal structureT),
nd one peak in the rhombohedral structure (R). That gives
ltogether three peaks containing both structures.

able 1
hase transitions temperatures

ompositions T(C–T) (M1) (◦C) T(T–R) (M2) (◦C)

ZT 50/50 389± 2 −139± 3
ZT 52/48 375± 2 −69± 3
ZT 54/46 371± 2 162± 3
ZT 56/44 369± 2 309± 3
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The relative densities of the different PZT ceramics were
about 93–94%.

Fig. 2illustrates the microstructures of two PZT ceramics
(PZT 50/50, PZT 52/48). The average grain sizes are esti-
mated to be 9, 7, 5, 4�m for the PZT 50/50, PZT 52/48, PZT
54/46, and PZT 56/44, respectively.

3. Young’s modulusM, shear modulusG and
mechanical lossesQ−1 at kilohertz and hertz
frequency range

Fig. 3 shows the variations of mechanical losses,Q−1,
and Young’s modulus,M, as a function of temperature for

the PZT 50/50 and PZT 52/48 ceramics. Young’s modulus,
M(T), shows two anomalies M1 and M2 for all the three com-
positions. The first anomaly M1 corresponds to a very sharp
peak P1 on the mechanical losses curves. However, there is
no peak on the mechanical losses curves corresponding to the
second anomaly M2. The temperatures of these anomalies are
dependent on the composition of materials.

Fig. 4 shows the variations of mechanical losses,Q−1,
and shear modulus,G, as a function of temperature for the
PZT 50/50 and PZT 52/48 ceramics. Shear modulus,G(T),
shows also two anomalies M1 and M2 for both composi-
tions. From the anomalies temperatures and according to the
phase transition diagram, the M1 associated with the me-
Fig. 8. XRD profiles evolution at diffe
rent temperatures for PZT 54/46.
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chanical losses P1 peak is attributed to the transition be-
tween cubic and tetragonal.16 However the M2 could be at-
tributed to the transition from tetragonal to rhombohedral16

or to the transition between tetragonal and monoclinic
phases.

The monoclinic structure can be considered as a bridge
between the rhombohedral and tetragonal phases in the region
of the MPB.9–11 The phase transitions temperatures obtained
from the M1 and M2 temperatures are given inTable 1.

4. XRD phase studies

Fig. 5shows the XRD patterns of the sintered samples for
PZT 50/50 and PZT 54/46 compositions. X-ray scans were
carried out at room temperature with a step of 0.05◦ and a
scanning speed of 2◦/min from 2θ equal 20◦–70◦. The com-
position PZT 50/50 showed one set of peaks corresponding
to tetragonal ferroelectric phase as expected from the phase-
equilibrium diagram. The diffraction lines which were split
into triplets for the composition PZT 54/46, indicated the co-
existence of both tetragonal and rhombohedral ferroelectric
phases.17–19

To follow the evolution of crystalline structure of sintered
samples as a function of temperature and estimate the lattice
parameters, we have analysed the peaks [(0 0 2), (2 0 0) ,
( is
e o en-
s units
c
s ed
w uter

ons as

and adjusted with a plateau attributed to the contribution of
ferroelectric domain walls in diffraction.20 Thus the required
informations such as the number of lines, their angular po-
sitions and their relative intensities are obtained. The lattice
parametersaT andcT of tetragonal structure were calculated
from the doublet (2 0 0).

Fig. 6illustrates the evolution of XRD profiles from 42.5◦
to 46.0◦ of 2θ for PZT 50/50 ceramic at different temper-
atures: 22, 200, 350 and 389◦C. The XRD profiles below
389◦C can be identified as tetragonal ferroelectric phase; the
XRD profiles above 389◦C can be identified as cubic para-
electric phase.

Fig. 7 shows the variations of lattice parametersc[0 0 1]
anda[1 0 0] in the tetragonal phase anda[1 0 0] in the cubic
phase as a function of temperature. The phase transition from
tetragonal to cubic phase (TC) is located near 389◦C.

However, for the PZT 54/46 ceramics, the XRD profile at
room temperature is complex (Fig. 8), and cannot be uniquely
identified as a tetragonal phase. Such multiplicity of the pro-
files of XRD could be interpreted as a mixture of tetragonal
phase and rhombohedral phase. By using Lorentz function,
a decomposition of the diffraction profile lines is performed.
When the temperature is above 200◦C, the XRD profiles be-
come simple and can be easily identified as tetragonal phase.
When the temperature reaches 371◦C, the crystalline struc-
ture becomes cubic. The results of the lattice parameters are
s o
p 1
H ago-
n ttice
p of the
X

T R
2 0 0)T] in the 2θ range 42.5◦–46◦ because their intensity
nough large to perform good measurements. In order t
ure an accurate determination of lattice parameters of
ells, the X-ray scans were recorded with a step of 0.002◦ and
canning speed of 0.025◦/min. The data obtained were fitt
ith the sum of several Lorenzian lines using a comp

Fig. 9. Lattice parameters variati
 function of temperature in PZT 54/46.

hown inFig. 9. The Curie temperature (TC) corresponding t
hase transition from tetragonal to cubic is located at 37◦C.
owever, the phase transition from rhombohedral to tetr
al cannot be easily determined by the variation of the la
arameters because uncertainty of the decomposition
RD profiles lines.
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Fig. 10. PZT phase diagram. M for monoclinic phase.

Phase transitions temperatures obtained from XRD mea-
surements are in accordance with those determined by mea-
surements of elastic moduli shown inTable 1.

5. Phase diagram of PZT ceramics

A good accordance is found when reporting our phase
transitions temperatures results obtained from the measure-
ment of elastic moduli on the Jaffe et al.1 diagram, as shown
by Fig. 10for the high temperature part of the diagram. Mea-
surements at low temperatures are also shown inFig. 10. The
recent results obtained by Noheda et al.9,10 and Ragini et
al.11 are equally indicated. All the results are in agreement
but it can be noticed that the measurement of elastic moduli
is a suitable, easy and fast method to determine the phase
transitions in PZT materials.

6. Conclusion

A series of undoped PZT ceramics with compositions near
the morphotropic phase boundary are prepared such as PZT
50/50, PZT 52/48, PZT 54/46 and PZT 56/44. Phase tran-
sitions in these materials are studied by Young’s modulus
a osses
a
h . The
t us
a pond
t and
f on-

oclinic phase.9–11 These two transitions are also confirmed
by the evolution of XRD patterns as a function of temper-
ature. Thus, an enlarged phase diagram of PZT ceramics is
obtained especially in the low temperature range from the re-
port of our results and those of Noheda et al.9,10 and Ragini
et al.11 on the Jaffe et al.1 phase diagram. Finally, It is useful
to emphasize that the measurement of elastic moduli pro-
vides a suitable method to determine the phase transitions in
ceramics.
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