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Abstract

The hot isostatic pressing (HIP) is used in this work as a post-sintering treatment to obtain piezoelectric ceramics with very low
contents of porosity. The method is applied to calcium modified lead titanate ceramics with a wide range of microstructures, cor-
responding to successive sintering stages. The effects of HIP on the various cases are quantitatively determined, checking the
effectiveness of the treatment to reduce the porosity without further grain growth. A combination of computer-aided image pro-
cessing and measurement with optical and scanning electron (SEM) micrographs and transmission electron microscopy (TEM) are
used to characterise the microstructures. The effect of HIP on the porosity is different depending on the sintering stage of the
ceramic. Their ferropiezoelectric behaviour is also evaluated in relation to the microstructural changes. © 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

The hot isostatic pressing (HIP) is routinely used to
obtain ceramics with very low contents of porosity in
high performance engineering ceramics and bio-
ceramics. HIP as a post-sintering treatment has been
used in the processing of piezoelectric ceramics.!?
However, and despite its interest, the effort devoted to
the study of HIP in piezoceramics is scarce.

Calcium and rare earth modified lead titanate ceramics
exhibit very interesting electromechanical properties, like
a high linearity of the piezoelectric response and an unu-
sually large anisotropy of the piezoelectric coefficients,’
which has resulted in extensive research on these com-
positions to understand these phenomena. These special
features make modified lead titanate ceramics good can-
didates for applications in high frequency bulk* and sur-
face acoustic wave (SAW) devices,” among others. For
both types of applications the scattering of acoustic
waves by grains and pores is a key issue, as it is the
source of propagation losses, which must be reduced by

* Corresponding author.

control of the ceramic microstructure during processing.
HIP, as a post-sintering treatment, has been applied®
to modified lead titanate piezoelectric ceramics with
relatively low porosity contents and in the final stage of
sintering, i.e., with small isolated pores. In that case, a
spectacular reduction of the porosity takes place and
porosity contents of less than 1% can be achieved,
without significant increase of the grain size. In this way
it was successfully improved the piezoelectric perfor-
mance as bulk transducers’”-® and as SAW devices® by
increasing the free surface velocity and the surface cou-
pling coefficient and reducing the propagation losses.
The question is whether the sintered microstructure is
a limiting factor to obtain better piezoelectric ceramics
or not, and if so to what extend. It was already pointed
out!® the importance of the type of porosity in the
achievement of further densification of Al,Os ceramics.
Nevertheless, that work does not consider other factors
that can also be affected and determine the performance
of the material, like the grain size seems to be for high
frequency bulk and SAW applications. This systematic
study of the HIP effect on the microstructure and
properties of lead titanate based ferroelectric ceramics
with different sintering stages aims to assess its effec-
tiveness to produce materials with improved properties
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for piezoelectric applications and will shed light on the
mechanisms that intervene in the densification process.

A series of Ca modified lead titanate ceramics with a
wide range of microstructures were HIP treated, and the
changes in their porosity and grain size quantitatively
determined. The use of computer-aided processing and
measurements of images from microscopy and a graphic
method to study the size distributions provide new and
useful information in the processing of piezoceramics.
To complete the microstructural study, information
from a deeper level, such as the ferroelectric domain
configuration, is obtained by transmission electron
microscopy (TEM). The ferro-piezoelectric properties
are also measured and correlated to the microstructural
changes observed.

2. Experimental procedure
2.1. Materials preparation and characterisation

Calcium modified lead titanate ceramics with nominal
composition:

Pby.74Ca.26[(Coo.sWo.5)g.05 Tio.05 |03 + 1%MnO

were prepared by a method reported elsewhere,!! under
different sintering conditions: 1000°C for 3 h (PTC-1);
1000°C-5 h (PTC-2); 1050°C-3 h (PTC-3); 1050°C-5 h
(PTC-4); 1100°C-3 h (PTC-5); and 1100°C-5 h (PTC-6).
Then some of the sintered pellets were hot isostatically
pressed, without encapsulation, in an atmosphere of
20% O, and 80% Ar at a pressure of 100 MPa, at
1000°C for 17 hours. Heating and cooling rates were
600°C/h.

The tetragonal distortion of the perovskite type
structure (c/a) of the ceramics was analysed by X-ray
diffraction (XRD). Quantitative Energy Dispersive
Spectroscopy (EDS) was used to study the final com-
position of ceramics.

2.2. Microstructural characterisation

The porosity contents and the pore size distributions
were determined by computer-aided image analysis of
optical micrographs from polished surfaces. The grain
size distributions were obtained by scanning electron
microscopy (SEM) of polished and thermally etched
surfaces. The image analysis was carried out using soft-
ware based on IMCOI0-KAT386 system (Kontron
Elektronik GMBH 1990) as reported elsewhere.®!? The
porosity is quantified by the fractional area occupied by
pores in the image. The equivalent diameter to a circular
shape was chosen as the parameter to quantify grain
sizes. This is defined as G = (4.4/7)"?, where A is the
area inside the grain. The type of distributions obtained

were analysed by a graphic method using probability
plots.!3 The average values and standard deviations
were calculated by linear fitting of these experimental
data in probability plots. The mixture of two distribu-
tion functions, i.e. bimodal distributions, was detected
by changes in the slope of the curves, and the two dis-
tributions, called parent distributions analysed sepa-
rately.

Specimens for transmission electron microscopy
(TEM) were prepared from 3 mm discs, which were
mechanically polished up to ~200 pum thickness and
then dimpled in the centre of the disc to ~20 um. This
was followed by further thinning to the electron trans-
parency by Ar™ ion milling, with a voltage of 5 kV and
an incident angle of 15°. Observations were carried out
with a Philips CM20 microscope working at 200 kV.

2.3. Dielectric and piezoelectric characterisation

For the dielectric and piezoelectric measurements,
thickness-poled rectangular bars, with length to width
and thickness ratio higher than 3:1, were prepared from
sintered pellets. The d;; piezoelectric coefficient was
measured in a Berlincourt piezo-meter. The dielectric
permittivity, 83T3, and losses, tandg, at 1 kHz were mea-
sured in an HP4192A LF impedance analyser. The
electromechanical coupling factor k3;, and the elastic
compliance st were calculated with high accuracy by an
automatic iterative procedure.'4

3. Experimental results and discussion

The tetragonal distortion of the perovskite structure
(c/a) obtained by XRD does not change significantly
from the as-sintered samples (¢/a=1.038) to the HIP
treated ones (¢/a=1.037). The quantitative EDS analy-
sis of these ceramics shows agreement with the nominal
composition (Table 1). Differences among the con-
centration values of the majority elements are found
insignificant. Therefore, we can conclude that the HIP
treatment does not produce any relevant effect on the
structure and composition of these ceramics, and then,
the variations in the macroscopic properties induced by
HIP can only be attributed to the microstructural
changes produced during that treatment.

Micrographs showing the variety of microstructures
of the HIP treated ceramics studied here are presented
in Figs. 1 and 2. Fig. 1 contains SEM micrographs of
etched surfaces revealing the grain size, while in Fig. 2
optical micrographs of polished surfaces show the por-
osity of the ceramics. From the computerised image
analysis and measurements on series of micrographs of
this type we obtain the porosity contents and the size
distributions (Table 2). Their probability plots are
shown in Figs. 3 and 4. For the sake of comparison the
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Table 1
Element ratios obtained by the EDS analyses of HIP treated PTC ceramics, compared to the nominal composition ones
Ratio Nominal composition PTC-1 HIP PTC-2 HIP PTC-3 HIP PTC-4 HIP PTC-5 HIP PTC-6 HIP
Pb/(Pb+ Ca) 0.74 0.76 0.77 0.73 0.74 0.74 0.74
Ca/(Pb+Ca) 0.26 0.24 0.23 0.27 0.26 0.26 0.26
Ti/(Co+W +Ti) 0.95 0.96 0.96 0.97 0.97 0.96 0.97
W/(Co+W +Ti) 0.03 - 0.01 - 0.01 0.01 0.01
Co/(Co+W +Ti) 0.03 0.04 0.03 0.03 0.03 0.03 0.03
(Pb+Ca)/(Co+ W +Ti) 1.00 1.07 1.05 0.97 0.99 0.99 0.99
Percentage of Mn 0.01 0.02 0.02 0.02 0.02 0.02 0.02

Fig. 1. SEM micrographs showing the grain size for HIP treated ceramics: (a) PTC-1 HIP; (b) PTC-2 HIP; (c) PTC-3 HIP; (d) PTC-4 HIP; (e) PTC-

5 HIP; (f) PTC-6 HIP.

probability plots of the corresponding as-sintered sam-
ples!? are also shown. A linear fitting is found for the
experimental data of all the HIP treated ceramics, which
reveals that the distributions are lognormal. Most of
them are single functions, but some pore area distribu-
tions are bimodal. The average values and the standard
deviations of the grain diameter (G and og) and pore
area distributions (P and op), obtained from the
probability plots, are summarised in Table 2, which
also compares results of as-sintered and HIP treated
ceramics.

Comparing the average values of the distributions and
excluding the ceramics with the highest porosity (PTC-1
and -2), there is either a moderate increase or an insig-
nificant change in the grain size [Table 2 and Fig. 3(c)-
(f)]. The temperature of HIP is lower than the one used
for sintering, and therefore, no further grain growth is
expected.® However, the long time used (17 h) results in
a moderate increase of the grain size. Grain size dis-
tributions are single lognormal functions for all the
samples (Fig. 3), before and after HIP, showing that a
process of normal grain growth has been followed for
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Fig. 2. Optical micrographs showing the porosity for HIP treated ceramics: (a) PTC-1 HIP; (b) PTC-2 HIP; (c) PTC-3 HIP; (d) PTC-4 HIP; (e)

PTC-5 HIP; (f) PTC-6 HIP.

all of them. This means that the application of the HIP
treatment does not produce preferential grain growth,
which would result in bimodal distributions.

The main microstructural change induced by HIP is
the reduction of the porosity content. However, the
amount of this reduction strongly depends on the start-
ing sample. In the as-sintered ceramics two advanced
sintering stages were identified. The so-called inter-
mediate sintering stage,'> which contains a significant
amount of porosity (~20%), is described as composed
of small (P~ 3 um?), often interconnected, elongated
pores. The smallest pores do not present this elongated
shape and are isolated. These are the characteristics
found for the as-sintered PTC-1 and 2 ceramics. As the
results in Table 2 clearly indicates, HIP has a relatively
small effect on ceramics with this type of microstructure,
producing the lowest reduction of the porosity, which,
however, cannot be considered negligible: up to 40%
reduction in PTC-2. A similar result was obtained in
Al,O5 ceramics,!? but in that work the authors were not
able to analyse the remarkable effect of the HIP on the
pore size, which produces a bimodal pore area distribu-
tion [Fig. 4(a) and (b)]. This is the consequence of a
different effect on the smallest isolated pores, whose size
distribution shifts to lower pore area (P~1um?), and on
the elongate-shaped ones, which remains unaltered.

The elongated pores observed are in fact a network of
interconnected pores in the ceramic, which ultimately

connect to the surface of the ceramic. As a result they
are filled with air, which is pushed inside the ceramic on
application of the high pressure during HIP, preventing
them from shrinking, as it was previously observed in
Al,O5 ceramics.!? This explains that their size distribu-
tion is not affected, while the area of isolated pores is
reduced. At the same time, the external applied pressure
is transmitted inside the ceramic through this network
of pores, and in the case that a closed pore is formed
from them, this will have high-pressure gas trapped. As
a result the individual grains are submitted to high ten-
sions, which eventually can result in fracture. This sce-
nario may explain the unexpected reduction of the grain
size of PTC-1 and 2 after HIP. Instead of grain growth,
these ceramics show fragments coming from the fracture
of the initial grains. Lower values of the applied pres-
sure and a shorter treatment time may eliminate this
effect, preserving the desired reduction of the porosity
content.

The second advanced sintering stage®!'? occurs when
all the pores become isolated, with a significant decrease
of the total porosity (~5%). This is the so-called ideal
final stage of sintering of the ceramic. This is the case of the
as-sintered PTC-3 and 4 ceramics, which show the greater
effect of the HIP treatment on the pore size distri-
butions [Table 2 and Fig. 4(c) and (d)]: up to 85% reduc-
tion of the porosity in PTC-4, giving place to the lowest
porosity (0.7%) and pore area (P=0.7 um?) after HIP.
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Table 2

Average values and standard deviations of the grain diameter and the pore area distributions, together with the porosity content, for both as-

sintered and HIP treated ceramics

Grain diameter Pore area
PTC ceramic G (um) oG (um) P (um?) op (um?) Porosity
(%)
PTC-1 Sintered 2.1 1.5 3.0 7.2 23.6
Parent disributions
HIP 1.5 0.9 1.1 2.5 21.2
3.0 7.2
PTC-2 Sintered 2.3 1.4 3.0 6.9 18.7
Parent distributions
HIP 1.5 0.8 0.9 2.2 11.3
3.0 6.9
PTC-3 Sintered 3.1 1.5 5.0 7.4 7.7
HIP 4.3 2.2 0.9 1.8 3.4
PTC-4 Sintered 3.3 1.6 2.9 4.7 4.7
HIP 3.6 2.1 0.7 0.9 0.7
Parent distributions
PTC-5 Sintered 4.5 2.6 5.0 7.4 10.8
17.0 16.5
Parent distributions
HIP 52 2.8 1.6 2.8 1.8
34 5.1
Parent distributions
PTC-6 Sintered 3.9 2.1 2.9 4.7 16.3
16.6 30.9
Parent distributions
HIP 3.3 2.0 1.0 1.8 3.1
2.9 4.7

The ceramics sintered at the highest temperatures, PTC-
5 and PTC-6, present a so-called deteriorated final sin-
tering stage, also previously identified and reported.®!?
This is characterised by bimodal pore area distributions
[Fig. 4(e) and (f)], caused by the appearance of very
large (P~15 pm?) isolated pores. The number of these
large pores is reduced during the HIP treatment, as can
be deduced from the comparison of the corresponding
probability plots in Fig. 4 (e) and (f). The value of the
pore area for cumulative frequency of 50% is the Ln of
the median, Ln (median)= M, and it is an appropriate
parameter to show the evolution of these bimodal dis-
tributions. It can be seen that the shift of the medians is
higher for the parent distributions of large pores, AM'P,
than those of the small pores, AMP. From this, we
deduce the HIP treatment has a stronger effect on the
larger pores, that allows to restore partially the deterio-
rated state of the microstructure, i.e. reducing the
bimodal character of the pore distribution in the as-
sintered sample.

All this reveals the importance, not only of the por-
osity value before HIP, but, also, of the initial sintering
stage, i.e., the shape and size distribution of the pores,
on the reduction of the porosity content by HIP.

Microstructural details at a deeper level can be
obtained by TEM. Fig. 5 shows bright field images of
ferroelectric domains for PTC-6 as-sintered and HIP.
Both micrographs were taken viewing the grain along
the [001] zone axis. The insets show the electron dif-
fraction patterns. In both cases they exhibit a row of
unsplit spots, while the rest are split in a direction par-
allel to this row and perpendicular to the (110) direc-
tion. This indicates the existence of (110) twin planes
parallel to the electron beam.!'> After cooling from the
paraelectric phase, ferroelectric crystals equilibrate the
strains associated with the transition by the formation
of dipolar domains, which are related to each other
through twinning. In tetragonal ferroelectrics, the pre-
dicted planes corresponding to 90° domain walls are
{110}. Therefore, the parallel lines observed in the
micrographs, can be identified as (110) ferroelectric
domain walls, separating bands of 90° domains. Apart
from a small variation of the domain width which can
be explained by differences in the size of the grain
observed, the general aspect for both as-sintered and
HIP samples does not show any significant changes. The
HIP treatment seems not to affect the ferroelectric
domain configuration of these materials. We can say
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Fig. 3. Comparison between the probability plots of grain size distributions for as-sintered and HIP treated ceramics: (a) PTC-1; (b) PTC-2; (¢)
PTC-3; (d) PTC-4; (e) PTC-5; (f) PTC-6.
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Fig. 4. Comparison between the probability plots of pore size distributions for as-sintered and HIP treated ceramics: (a) PTC-1; (b) PTC-2; (c) PTC-3;
(d) PTC-4; (e) PTC-5; (f) PTC-6.
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that it affects mainly the microstructural parameters at a
mesoscopic scale (porosity and grain size) and those will
be responsible of the possible variations of the ferro-
piezoelectric behaviour of the HIP treated ceramics.
These changes in the piezoelectric, dielectric and elas-
tic parameters induced by HIP can be analysed from the
results shown in Table 3. The reduction of the porosity
content after HIP results in an increase of the dielectric
permittivity, e1;, and a reduction of the elastic com-
pliance, s}, except for PTC-2. These tendencies agree
with the previously reported dependence of these para-
meters: !> the lower the porosity, the higher the per-
mittivity and the lower the elastic compliance. The
piezoelectric coefficient d33 and the electromechanical
coupling factor k3; also increase for the HIP ceramics.
The improvement of d;; with the reduction of the por-

010
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osity is only noticeable for the HIP ceramics, which are
the densest and have the smallest pores. At the same
time, no significant changes in the dielectric losses,
tan §, are observed, in agreement with its independence
on variations of microstructural parameters at a meso-
scopic scale, such as porosity or grain size.

Regarding the electromechanical coupling factor k3,
we expect it to decrease with the reduction of porosity
induced by HIP, following the tendency observed in the
as-sintered ceramics.”-!?> Previous studies of the ks,
temperature behaviour have revealed the inversion of
the microstructural dependencies at the temperature at
which k3, =0.1%2 For the as sintered PTC ceramics this
temperature is above room temperature, at which the
values shown in Table 3 were obtained. It was also
found that the temperature at which k3; =0 decreases

(b)

Fig. 5. Bright field TEM micrographs showing the ferroelectric domain structure of two ceramics before and after HIP: (a) PTC-6 as-sintered; (b)

PTC-6 HIP.
Table 3
Piezoelectric, dielectric and elastic parameters at room temperature of HIP treated PTC ceramics, compared to the values for the corresponding as-
sintered
PTC ceramic G (um) Poros. (%) ey (1 kHz) tan$ (1 kHz) ds3 (pC/N) k31(%) st (10712 m?/N)
PTC-2 Sintered 23 18.7 167 0.027 57 2.3 9.5
HIP 1.5 11.3 173 0.040 72 23 10.7
PTC-3 Sintered 3.1 7.7 206 0.027 58 0.8 7.8
HIP 4.3 34 228 0.030 69 1.6 6.7
PTC-4 Sintered 33 4.7 201 0.029 57 0.9 7.8
HIP 3.6 0.7 214 0.029 69 1.6 7.0
PTC-6 Sintered 3.9 16.3 185 0.025 60 1.6 8.5
HIP 33 3.1 207 0.028 70 2.1 7.6
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with the reduction of the porosity content. The low
porosity induced by HIP may reduce this temperature
to values below room temperature, inverting the micro-
structural dependencies of the measured values of ks,
and resulting in the observed increase of the values of
this parameter.

The ceramic which shows a reduction of the grain size
after HIP, PTC-2 HIP, presents with respect to the as-
sintered an important change in tand, an anomalously
high ds; and an increase in the elastic compliance s%
opposite to the trend of the rest of the series. The sug-
gested appearance of fractured grains in this ceramic
will be the origin of the observed dielectric losses, and
may alter the mechanical and piezoelectric properties,
producing values different to the rest of the analysed
HIP samples.

It can be concluded that the dielectric and piezo-
electric properties of all the ceramics are generally
improved as a result of the HIP treatment regardless of
the initial sintering state, due mainly to an important
reduction of the porosity in all cases, even when this
reduction is much lower for ceramics in early stages of
sintering. It is for the last observation that other phe-
nomenon, different from densification, has to be taken
into account: the fracture of the grains. This may be
avoided by changing the pressure or time of HIP, and
can make this post sintering treatment a successful pro-
cedure for improving the properties of ferroelectric
ceramics sintered in a wide range of conditions.

4. Conclusions

A study of the microstructure and properties
improvement of sintered Ca modified lead titanate
ceramics by post-sintering HIP has been carried out.
The induced changes in the porosity content and the
grain and pore sizes are studied quantitatively by the
use of probability plots, together with the variations of
the ferro-piezoelectric properties are also analysed. The
results obtained give a new insight on the effects of the
HIP treatment on lead titanate based piezoelectric cera-
mics sintered under different conditions, and can be
summarised as follows:

1. The HIP treatment affects neither the composition
of the bulk of the grains nor their crystalline
structure, but does affect the microstructure at a
mesoscopic scale, i.e. porosity and grain size.

2. The main effect of the HIP treatment is the reduc-
tion of the porosity. However the effectiveness of
the process is dramatically dependent on the char-
acteristics of the pre-existing porosity, determined
by the sintering stage of the initial ceramic:

a. Intermediate sintering stage (high porosity con-
tent; small and frequently interconnected pores).

HIP achieves only a small reduction of the por-
osity, affecting mainly the smallest isolated
pores. Grain fracture is observed due to the
high-pressure gas, which goes inside the ceramic
through the interconnected pores.

b. Ideal final stage of sintering (porosity constituted
by a relatively small number of isolated pores).
For these ceramics, HIP achieves the highest
reductions of the porosity content, up to 85%,
reaching values of less than 1%.

c. Deteriorated final stage of sintering (development
of large isolated pores). HIP has the main effect
on the largest pores, allowing the elimination of
the pre-existing bimodal character of the pore
size distributions, and therefore restoring the
deteriorated microstructure.

3. HIP has a small effect on the grain size, with only
a moderate increase due to the long treatment
time. The ferroelectric domain configuration seems
not to be affected by the treatment.

4. The dielectric and piezoelectric properties are
improved by HIP due mainly to the reduction of
the porosity content. The dielectric permittivity,
the piezoelectric coefficient ds; and the coupling
factor ks; increase, and the elastic compliance st
decreases.
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