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bstract

ow grain size neodymium doped lead zirconate titanate ceramics (PZT) were synthesised via a sol–gel method. The phase content, the crystal
tructure and the dielectric and ferroelectric properties were investigated in dependence of the microstructure and the zirconium/titanium ratio.

he aim of the work was the investigation of the correlation between microstructure and properties at very low grain sizes.
Below a critical grain size of 1 �m a significant change of the properties and the phase content was observed. The morphotropic phase boundary

hifts towards titanium-rich compositions. The experimental observations were compared with model calculations based on the Devonshire theory
oncerning the room temperature stability of the rhombohedral and tetragonal phase and the position of the morphotropic phase boundary.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) ceramics are a common mate-
ial for piezoelectric sensors and actuators. Despite some
isadvantages of the material like brittleness, low impedance
atching and the toxicity of educts, the material is one of

he most prominent ferroelectric ceramics because of its excel-
ent piezoelectric properties. The temperature stability, coupling
oefficients and mechanical forces exceed those of other piezo-
lectric materials like polymer foils by far.

The material has been studied intensively since the discovery
f the miscibility of lead titanate and lead zirconate in the 1950s.
he excellent properties are related to the existence of the mor-
hotropic phase boundary (MPB) between the tetragonal and the
hombohedral phase. The position of the phase boundary and
ts thermodynamic background were the subject of numerous
tudies.1–9 The phase boundary was found to be a coexistence
egion with a width dependent on the process parameters.2,3,7,10

ärdtl and Hennings10 compared the width of the morphotropic

hase boundary of ceramics with varied densities and observed
broadening of the coexistence region in PZT ceramics sin-

ered to full density. By contrast, recent investigations of Kim11
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evealed no influence of the microstructure on the width of the
hase boundary. These discrepancies in the results indicate that
he problem has not yet been fully understood. Additionally, new
abrication methods lead to extremely fine grained material12–17

o that the investigations have to be extended towards lower grain
izes.

The properties of lead zirconate titanate ceramics can be
djusted by the introduction of dopant ions. The dopants
nfluence the ferroelectric properties, so-called ‘hard-’ and ‘soft-
doped material can be fabricated matching the application.
eside the influence on the ferroelectric properties, the dopants
lter the sinterability of the ceramic. Several studies were carried
ut concerning this topic.18–21 The dopant ions are supposed to
nrich at the grain boundaries and reduce the grain growth of
he material.

Within that context, the correlation between microstruc-
ure and material properties was intensively studied by several
roups.22–26 It was shown that the remanent polarisation, the
iezoelectric coefficients and the coupling factors decrease with
ecreasing grain size of the ceramic.22–26 If additional phases at
he grain boundaries can be excluded, the reasons for the drop
f the properties are space charges25 and mechanical stress.23,24

he mechanical stress has an effect on the crystal lattice which

as proved by Randall et al.25

In this study, the correlation between the morphotropic phase
oundary and the grain size of neodymium doped PZT ceram-
cs is investigated. The ceramic material was fabricated after a

mailto:uta.helbig@matsyn.uni-wuerzburg.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.09.018
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ol–gel method developed for the synthesis of fine scaled PZT
bres.15–17

The samples were investigated with respect to microstructure,
ielectric properties and phase content. These data are compared
o model calculations using the Devonshire theory.

This method was developed for barium titanate by Devon-
hire in the 1940s and has enabled a full theoretical description
f the material for the first time. Based on the polarisation as
he ordering parameter, the phase transitions of barium titanate
ould be calculated.

Later on, the theory was extended to the solid solution
ystem lead zirconate–lead titanate.27–31 Based on material
ata determined from sol–gel PZT ceramics, the calculation
f the complete phase diagram of PZT became possible.32

full set of material coefficients was determined by Haun
t al.33–36

Based on these data, several groups were able to calculate the
nfluence of mechanical parameters like hydrostatic pressure on
he phase transition points of PZT, i.e. the Curie temperature
nd the morphotropic phase boundary between the tetragonal
nd the rhombohedral phases.37–39

. Experimental

For the investigation of the microstructure effects, ceramic
ellets of neodymium doped PZT were synthesised. A sol–gel
ethod was used for the preparation of the samples.15–17

The sol (scheduled quantity 1 mol) was synthesised by
ixing titaniumethylate and zirconiumpropylate (Tyzor® ET,
uPontTM) in the molar ratio corresponding to the PNdZT

omposition. The alcoholates were carboxylated by the
ddition of 0.5 mol capronic acid (Fluka) and stirring for
0 min and subsequent addition of 3.5 mol propionic acid
Sigma–Aldrich) and stirring for 30 min. The water emerging
rom esterification enables the controlled hydrolysis with-
ut the addition of water. Subsequently, lead oxide (Alfa
esar) and neodymium acetate hydrate (Sigma–Aldrich) were

dded. Refluxation at 120 ◦C for 2 h and concentration
o about 60 wt.% solids content provides a storable solid
recursor.

The precursor powder was dried for 1 week at 50 ◦C and 1
eek at 110 ◦C. The dried powder was heated to 300 ◦C within
2 h under nitrogen and to 600 ◦C within 12 h in air to pyrolyse
he organic constituents. The resulting inorganic material was
round in an agate mortar. Related to the mass of PNdZT, a
inder consisting of 34 wt.% water, 1.5 wt.% partially hydrol-
sed polyvinylalcohol (Mowiol® 18–88, Clariant GmbH) and
.25 wt.% polyglycol (35000S, Clariant GmbH) was added.
fter thoroughly mixing and drying for 12 h at 90 ◦C, the mate-

ial was uniaxially pressed to pellets with a diameter of 13 mm
nd a height of about 1 mm applying a load of 4 tonnes (cor-
esponding to a pressure of 0.3 GPa) for 30 s. The binder was
urned out in air using the following programme: heating from

oom temperature to 400 ◦C with a heating rate of 2 K/min, heat-
ng to 500 ◦C with a heating rate of 1 K/min, soaking 500 ◦C
or 3 h and 20 min, cooling to room temperature with a rate of
K/min.

t
t
A
b
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The samples were subsequently sintered in a closed alumina
ase. A powder mixture of 92 wt.% lead zirconate and 8 wt.%
irconia was added to prevent lead oxide loss from the samples
uring sintering. The pellets were placed over the powder on
erforated zirconia sheets. The sintering temperature was varied
etween 900 ◦C and 1100 ◦C in steps of −223 ◦C. The heating
ate was 6 K/min, the soaking time was 5 h. The samples were
ooled down following the furnace characteristics.

The composition of the samples was varied between a Zr/Ti
atio 56/44 and 44/56. The neodymium content was kept con-
tant at 2 mol%.

. Characterisation

The microstructure of the samples including grain size, open
nd closed porosity was characterised by scanning electron
icroscopy (Hitachi S800), He-pycnometry (AccuPyc1330,
icromeritics GmbH) and the Archimedes method.
The porosity of the samples was investigated on polished

ross sections via SEM. The images were analysed pertaining to
ore volume content with the image analysis software ImageC
Imtronic GmbH). Closed porosity was determined from the
keleton density measured by He-pycnometry. As a reference
he X-ray density was used which was calculated from the lattice
arameters measured via powder diffraction.

The apparent densities of the whole samples were determined
sing the Archimedes method. The ceramic samples were infil-
rated with an epoxy resin (Epofix, Struers GmbH) prior to

easurement.
The grain size was determined at the surface of the sam-

les using the lineal intercept method by digital image analysis
ImageC, Imtronic GmbH). It was verified on control samples
hat the grain size of the bulk is identical to that of the surface.
he domain structure was depicted at polished cross sections
fter etching with a solution of nitric acid (7.5%) and hydroflu-
ric acid (0.006%) by SEM.

Dielectric constants of the ceramics were determined before
oling using an impedance bridge (HP 4194A, Hewlett-
ackard). Polarisation–field strength curves were measured by a
our channel oscilloscope (TDS460, Tektronix). The measuring
requency was 5 Hz. The voltage was increased from 500 V to
500 V. Prior to the investigations, the samples were infiltrated
y an epoxy resin to enlarge the mechanical stability. After pol-
shing of the surface, each side of the pellet was sputtered with
gold electrode.

The measured dielectric constants and the polarisation of
he samples were recalculated by the Bruggemann formula41 to
ccount for the porosity using the apparent density determined
y the Archimedes method.

X-ray diffraction measurements were conducted with a labo-
atory powder diffractometer (D5005, Siemens). The samples
ere measured as sintered and for comparison as a powder
round manually in an agate mortar. The step size was 0.02◦ and

he measuring time 8 s. The diffraction data were analysed using
he Rietveld method. The program used was TOPAS by Bruker
XS. The instrumental reflection broadening was determined
y a LaB6 standard material (NIST).
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Fig. 2. Polished and subsequently etched cross section of a Nd–PZT ceramic
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. Results

.1. Microstructure

In Fig. 1a and b, the mean grain size and the porosity of
he sintered ceramics in terms of percentage of theoretical den-
ity are depicted. The values were determined on polished cross
ections by image analysis and were averaged over all chem-
cal compositions and plotted in dependence of the sintering
emperature. As it is expected, the density of the sintered sam-
les increases with increasing sintering temperature. The values
ange from about 75% theoretical density for low sintering tem-
eratures to about 95% theoretical after sintering at 1100 ◦C.
or the separation of open and closed porosity, He-pycnometry
easurements were carried out and revealed a skeleton density

f 97.6 ± 0.8% theoretical density for the samples with a sinter-
ng temperature of 900 ◦C and 98.4 ± 1.0% theoretical density
or ceramics sintered at 1100 ◦C.

With enhanced sintering temperature, the mean grain size

d50) increased from 400 nm to 1.5 �m. A correlation between
hemical composition and grain size or density was not observed
n accordance with the data published by Roßner.42

ig. 1. (a) Mean grain size of the neodymium doped PZT ceramics vs. sintering
emperature. (b) Density of the neodymium doped PZT ceramics vs. sintering
emperature. Note the large error bar at 1000 ◦C which may be correlated with
he termination of the sintering process at a maximum shrinkage rate.
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Zr/Ti ratio 46/54) after sintering at 1100 ◦C for 5 h (mean grain size 1.3 �m).
he image shows the typical herringbone domain pattern of a tetragonal
eramic.

The size of the ferroelectric domains was estimated from
EM images of samples in the tetragonal composition range
ith a zirconium/titanium ratio of 46/54. The domain size was

ound to decrease with the mean grain size. The domain size at
igh grain sizes (1.5 �m) is around 30 nm as shown in Fig. 2.
he samples with grain sizes below 1 �m show no well defined
omain structures (see Fig. 3).

Samples with a composition in the rhombohedral range and
t the morphotropic phase boundary did not show domain struc-
ures on etched surfaces. Beside the grain boundaries, no regular
atterns could be observed in SEM (Fig. 4).

.2. Dielectric and ferroelectric properties
The dielectric constant before poling determined at a sample
eries with high sintering temperatures, i.e. large grain sizes,

ig. 3. Polished and subsequently etched cross section of a Nd–PZT ceramic
Zr/Ti ratio 46/54) after sintering at 900 ◦C for 5 h. The etch pattern reveals no
istinct domain lamellae but a fine scaled granular structure.
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Fig. 4. Polished and subsequently etched cross section of a Nd–PZT ceramic
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Zr/Ti ratio 56/44) after sintering at 1100 ◦C for 5 h. The composition of the
ample corresponds to the morphotropic phase boundary but no domain patterns
re recognisable.

as found to decrease with increasing titanium content of the
eramics (Fig. 5).

In contrast to the behaviour of the ceramics sintered at high
emperatures, the material with small grain sizes shows a dif-
erent behaviour (see Fig. 6). Within the range investigated, the
ependence of the permittivity on the composition shows clear
axima which shift towards higher titanium contents at lower

rain sizes.
As a measure for the remanent polarisation, the values for a

onstant electric field of 4 V/�m were compared. As shown in
ig. 7, the behaviour of the dielectric properties could be con-
rmed. The material with a large grain size shows a decrease
f the remanent polarisation with increasing titanium content
hereas the small grain size material shows a maximum in the
itanium rich composition region corresponding with the dielec-
ric properties. The remanent saturation polarisation could not
e determined due to the low breakdown stability of the samples.

ig. 5. Relative permittivity (unpolarised) vs. titania content of a Nd–PZT sam-
le with a grain size of 1.3 �m. The permittivity decreases with increasing titania
ontent due to deviation from the morphotropic phase boundary.
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ig. 6. Relative permittivity (unpolarised) of two Nd–PZT samples with a small
rain size. The permittivity peak is shifted towards higher titania content.

The comparison of the shape of the hysteresis loops of a
eramic with large grain size and with small grain size, depicted
n Fig. 8, shows a significant difference. Whereas the large grain
ized material shows a well defined hysteresis loop, the small
rain sized ceramic has only an elliptical hysteresis loop.

.3. Phase content and lattice parameters

The powder diffraction patterns of the large grain sized sam-
les are depicted in Fig. 9. The reflections marked with arrows
how clearly the split corresponding to the tetragonal distortion
f the perovskite unit cell. Only the sample with a zirconium to
itanium ratio of 56/44 shows broad reflections arising from the
uperposition of the tetragonal and the rhombohedral phases.

In contrast to that, the diffraction patterns of the small grained
amples show a significantly different behaviour (Fig. 10). The
eak splitting is not as distinctive even for the samples with

igh titanium content. At lower titanium contents, the reflections
ecome smaller suggesting the presence of only the rhombo-
edral phase. On a first glance, the coexistence region of the
etragonal and the rhombohedral phases, i.e. the morphotropic

ig. 7. Comparison of the remanent polarisation (measured at 4 V/�m) of a
d–PZT sample with a large and a small grain size. The saturation polarisation

ould not be achieved due to electric breakthrough of the samples.
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Fig. 8. Comparison of the polarisation–electric field strength hysteresis loops
of a Nd–PZT sample with a high and a small grain size.

Fig. 9. X-ray diffraction patterns of Nd–PZT ceramics (as sintered) in depen-
dence of the Zr/Ti ratio. The mean grain size of the samples is 1.4 �m. The
reflections with a clearly visible peak splitting due to the tetragonal unit cell are
marked with arrows.

Fig. 10. X-ray diffraction patterns of Nd–PZT ceramics (as sintered) in depen-
dence of the Zr/Ti ratio. The mean grain size of the samples is 0.44 �m. Note
the difference to the large grain sized samples. Only the titanium rich samples
show a distinct peak splitting.
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ig. 11. Quantitative phase content of Nd–PZT samples in dependence of zir-
onium/titanium ratio and mean grain size.

hase boundary seems to be shifted towards higher titanium
ontents.

The quantitative phase analysis via the Rietveld refinements
onfirms this hypothesis. In Fig. 11 the content of the tetragonal
hase in dependence of composition and grain size of the NdPZT
amples is represented. The results show that the phase bound-
ry is shifted towards higher titanium contents with decreasing
rain size. If the position of the morphotropic phase boundary is
enoted as the point of equality between the tetragonal and the
hombohedral phase, the MPB shifts from a zirconium/titanium
atio of 56/44 for large grain sizes to 50/50 for a grain size of
.44 �m.

The results of the refinement of the lattice parameters are
llustrated in Fig. 12. The analysis of the lattice parameters of
he high grain size samples shows the expected behaviour. Start-

ng from the morphotropic phase boundary, the c-axis increases
apidly with increasing titanium content and remains almost
qual with further enhancement of titanium content. The a-axis

ig. 12. Lattice parameters of the as sintered samples. The filled symbols rep-
esent the parameters of the predominant phase and the open symbols refer to
he phase with the lower mass content.
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ig. 13. Lattice parameters and c/a-ratio of a sample series in the tetragonal
ange in dependence of the mean grain size.

ecreases continuously with higher titanium content. The lattice
arameters of the tetragonal phase of the low grain size sam-
les show a similar correlation between unit cell dimensions
nd chemical composition bearing in mind the shift of the MPB
owards higher titanium contents. But compared to the samples
ith the large grain size, the c-axes are significantly compressed
hereas the a-axes indicate a tendency towards a slight elonga-

ion. The lattice parameters measured for a sample series in the
itanium rich range depict the compression of the tetragonal unit
ell along the c-axis and the elongation of the a-axis by the
eduction of the grain size (Fig. 13). The tetragonal distortion
ecreases from 1.028 for high grain size samples to 1.023 for
ow grain sizes.

The comparison of the lattice parameters of as sintered
amples with a low grain size and the corresponding ground
owders indicates no significant relaxation processes due to
rinding. The lattice parameters depicted in Fig. 14 show no
ncrease of the c-axis values. Only the a-axes seem to be slightly
iminished.
A significant change in the phase content after grinding sin-
ered samples could not be observed.

ig. 14. Comparison between the tetragonal lattice parameters of as sintered
isks and ground samples. As an example the sample series with a mean grain
ize of 0.44 �m was chosen.
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. Discussion

.1. Microstructure

The sintering behaviour of the neodymium doped PZT ceram-
cs corresponds to the grain growth characteristics of donor
oped PZT published by several authors.18,19,21,22,43 The max-
mum grain size of the samples investigated did not exceed
.7 �m. The grain growth of donor doped PZT during sintering
s restricted due to a so-called inhibition effect. An accumula-
ion of the dopants at the grain boundaries is supposed to reduce
he grain boundary mobility during sintering.20 Compared to
ndoped PZT, the grain size of samples sintered at 1100 ◦C
rops down from 8 �m to 2 �m by the addition of 2 mol%
eodymium.18

The densification behaviour of donor doped PZT was investi-
ated in detail by Rossner et al.18 and Hammer and Hoffmann43

hereas the grain growth is restricted, the final density of the
eramic can be enhanced by incorporating dopant ions. The
etailed sintering characteristics depend on the dopant content
nd the sintering temperature. The final density increases with
he sintering temperature and a shrinkage maximum occurs in
he range of 1000–1100 ◦C.

In correspondence to that, the density of the samples inves-
igated within this study increases with increasing sintering
emperature. A closer inspection of the data shows a signifi-
antly increased variation of the data at a sintering temperature
f 1000 ◦C and 1100 ◦C. This fact is likely to be correlated with
he shrinkage maximum of neodymium doped PZT in this tem-
erature range. If the sintering process is stopped at this point,
mall deviations in the process parameters may cause remark-
ble differences in the microstructure.

.2. Domain configuration

During cooling below the ferroelectric Curie temperature
ZT, ceramics undergo a phase transition accompanied by
hanges in the unit cell dimensions. The resulting internal stress
n polycrystalline material is mainly compensated by the forma-
ion of ferroelectric domains. The domain size was found to be a
unction of the mean grain size of the ceramic.44,45 With decreas-
ng grain size, the characteristic banded structures disappear,
he domain size decreases and the domain density increases.
he empirical correlation found for barium titanate applies in
eneral for PZT and lead titanate but is not valid in every
oint. The domain size of extremely fine grained PZT decreases
ore strongly than expected. Domains smaller than 10 nm were

bserved in PZT ceramics with a grain size of 150 nm.45 The
omain formation is completely inhibited in 60 nm grains of lead
itanate.46

We investigated the domain configuration at a sample series
ith a zirconium to titanium ratio of 46/54, i.e. in the tetragonal

omposition region. The typical herringbone domain pattern of

hese samples is in good agreement with the observations of
rlt44 and Cao and Randall.45 The granular structures observed

t our samples after etching of the small grain size samples are
ikely related to the very small domains.
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We have no definite explanation why domains could not be
bserved in the high grain size samples at the morphotropic
hase boundary. We conclude, that possibly the coexistence
etween the rhombohedral and the tetragonal phase diminishes
he domain size so that they cannot be observed by SEM.

.3. Sample homogeneity

The superior properties of PZT are closely connected with
he morphotropic phase boundary, i.e. the composition depen-
ent transition between the tetragonal and the rhombohedral
hase. Strictly spoken, this phase boundary in the PZT sys-
em is a coexistence range of both phases. The width of the
oexistence range is a function of the process parameters. Chem-
cal inhomogeneities can generate a broadening of the range.2

or the investigation of the correlation of the position of the
orphotropic phase boundary and the microstructure, chemical

nhomogeneities of the material have to be excluded. But chem-
cal fluctuations in the zirconium–titanium distribution were
bserved even in ceramics produced via a sol gel process.47

he reason is a difference in the formation enthalpies of lead
itanate and lead zirconate. It was also shown that a preorgan-
sation of Ti–O–Zr chains lowers the activation energy for the
ormation of PZT.47 The sol–gel method used for our sample
reparation generates such a preorganisation of the Ti–O–Zr
hains due to the carboxylation of the alcoholate precursors prior
o hydrolysis.40,48

.4. Location of the morphotropic phase boundary

The coexistence of the tetragonal and the rhombohedral phase
s connected with a significant increase in the dielectric constant
nd the remanent polarisation of the material. The MPB of PZT
eramics doped with 2 mol% neodymium is located at a zirco-
ium to titanium ratio of 56/44.7 Our results for the samples
ith the high grain sizes correspond with these data.
The sample with the lowest zirconium content in our sample

eries is located at the MPB and thus the values of the dielectric
onstants and the remanent polarisation decrease with increasing
itanium contents.

In contrast to that, the small grain sized samples show a differ-
nt behaviour. Although the chemical composition is identical
o the large grain sized material, the dependence of the dielec-
ric constant and the remanent polarisation show clear peak
hapes. This suggests a shift of the morphotropic phase boundary
owards higher titanium contents. The shift is more pronounced
t smaller grain sizes of the ceramics.

The results from the dielectric and ferroelectric measure-
ents were confirmed by the investigation of the phase content

y X-ray diffraction. The ratio between the tetragonal and the
hombohedral phase determined from Rietveld refinements of
he data shows a shift of the phase boundary into the titanium rich
omposition range with decreasing grain size of the ceramics.
The discrepancy of between our results and the data reported
n the literature results from the difference in the grain size ranges
xamined. The mean grain size of about 1 �m seems to be an
pper limit for size effects on the morphotropic phase boundary.

G

mic Society 27 (2007) 2567–2576 2573

Remarkably, the fine grained material shows clamping effects
espite a finely distributed pores with sizes in the range of the
rain size and a volume fraction up to 25%. One could expect
hat the pores enable the ceramic grains to relax into the open
pace.10 Our observation that the fine grained porous samples
how compressed unit cells whereas the dense ceramics with
igher grain sizes do not demonstrates that a possible relaxation
t grain surfaces does not play a significant role and is not able
o compensate clamping occurring within the grains.

As a reason for size effects internal stress is assumed.7,10 The
nternal stress emerges from the phase transformation from the
ubic high temperature phase to the low temperature phases. In
eramics with sufficiently large grain sizes, the stress is reduced
y the formation of domains. As the domain formation is sup-
ressed in low grain size ceramics, the remaining stress increases
ith decreasing grain size.49

The result of internal stress is a deformation of the crystal
tructure25 and thus the stability of the phases may be affected.10

andall et al. showed that internal stress in low grain size nio-
ium doped PZT ceramics causes a deformation of the tetragonal
nit cell. The crystallites are compressed along the c-axis.25

hese results correlate well with our findings about the tetrag-
nal phase in the small grain size ceramics. The material with
mean grain size below 1 �m shows a uniaxial compression of

he unit cell along the c-axis whereas the a-axis is slightly elon-
ated. The tetragonal distortion is reduced suggesting directional
tress.

As shown in the following model calculations, the directional
tress on the tetragonal unit cell is responsible for the destabili-
ation of the tetragonal phase and the shift of the morphotropic
hase boundary towards higher titanium contents.

.5. Model calculations

It was assumed that internal stress is responsible for the desta-
ilisation of the tetragonal phase. We used calculations on the
asis of the Devonshire theory to verify our hypothesis. From
he compression of the tetragonal c-axis and the small elonga-
ion of the a-axis in the fine grained ceramics was concluded
hat a compressive stress acts upon the c-direction and a smaller
ensile stress on the a-directions of the unit cell. For the calcu-
ations was assumed that the tensile stress is half of the amount
f the compressive stress which is a rough estimation of the
rue values. The rhombohedral phase was assumed to be under
ompressive stress along the three-fold axis of the unit cell.

We calculated the free energy of the tetragonal and the rhom-
ohedral phase at room temperature under mechanical stress
etween 0 MPa and 200 MPa based on the following equations
sing the coefficients published by Amin et al.38 Adjustments
o the influences of the neodymium dopant were not made:

rhb = (3a1 − 3Q11X3 − 6Q12X3)P2
3 + 3(a11a12)P4

3

+ (3a 6a a )P6 − 1.5s
p

X2 − 3s
p

X2 (1)
111 112 123 3 11 3 12 3

tet = (a1 − Q11X3 − 2Q12X1)P2
3 + a11P

4
3 + a111P

6
3

− 0.5s
p
11(2X2

1 + X2
3) − s

p
12(X2

1 + 2X3X1) (2)
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Fig. 15. (a) Free energy of the rhombohedral and the tetragonal phases of PZT at
the morphotropic phase boundary, calculated after the Devonshire model for the
stress-free case. (b) Free energy of the rhombohedral an the tetragonal phases
of PZT at the morphotropic phase boundary, calculated after the Devonshire
model. The mechanical stress was set to compression along the c-axis and the
r
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b
b
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Fig. 16. Position of the morphotropic phase boundary of PZT calculated after the
Devonshire model. For the calculation the compressive stress along the tetrag-
o
t
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w
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b
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hombohedral three-fold axis (50 MPa). A tensile stress was assumed along the
-axes of the tetragonal unit cell. The value was set to 25 MPa. Note the shift of
he intersection point of the curves in comparison to (a).

The calculations were limited to a section of the phase
iagram between 30 mol% and 70 mol% lead titanate. The rhom-
ohedral low temperature phase was not included.

Fig. 15a illustrates the free energy of the tetragonal and the
hombohedral phase for the stress free case. The intersection
f the curves represents the position of the morphotropic phase
oundary. For the undoped material which is calculated here the
oundary is located at 47 mol% lead titanate.

In Fig. 15b, the free energies of the tetragonal and the rhom-
ohedral phase for a compressive stress of 50 MPa is depicted.
he free energy of the tetragonal phase increases and thus the

ntersection point is shifted towards titanium rich compositions.
s shown in Fig. 16, the shift of the coexistence point of both
hases increases with increasing stress.
The model calculations are in accordance with the experi-
ental observations. As the tetragonal phase elongates in the

-direction and contracts in the a-direction after the transition to

R

nal c-axis was accompanied by a compressive stress along the rhombohedral
hree-fold axis and a tensile stress along the a-axes with a value assumed to be
alf of the compressive stress.

he low temperature phases, directional stress can be assumed.
nly a directional stress generates a destabilisation of the tetrag-
nal phase and shifts the MPB towards higher titanium contents
hereas a hydrostatic pressure, i.e. an isotropic compression was

hown to shift the phase boundary into the opposite direction.39

. Conclusion

The investigation of neodymium doped lead zirconate titanate
eramics samples showed that a significant change in the phase
tability occurs below a critical grain size of 1 �m. It was found
hat the morphotropic phase boundary between the rhombohe-
ral and tetragonal phase shifts towards higher titanium contents.
he observations are in correspondence with model calculations
ased on the Devonshire theory. Directional stress is responsi-
le for the destabilisation of the tetragonal phase and thus the
PB is shifted. As a consequence, the material properties of

mall grain size ceramics like thin films or fine scale fibres can
e improved by the adjustment of the chemical composition.
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