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Abstract

A novel pyroelectric ceramic was successfully pre-
pared by means of a hot isostatic pressing (HIP)
technique using a mixture of two perovskite
PbZrO3-based powders. The temperature depen-
dence of the enhanced pyroelectric coe�cient,
9.4�10ÿ4Cmÿ2 �Cÿ1, of this ceramic was almost
¯at over a temperature range between 15�C and
70�C, while the two starting materials and their solid
solution were temperature dependent. Surface layers
of several hundreds nm thick were formed on the
grains and have a compositional gradient corre-
sponding to mutual substitution of B-site ions
between the starting materials. It was found that the
control of the temperature dependence of the pyr-
oelectricity resulted from overall integration of each
characteristic pyroelectric coe�cient in the compo-
sitional gradient region. Finally, the structural model
of the HIP sample could tentatively be proposed.
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1 Introduction

Ferroelectric lead zirconate based ceramics are
promising materials as pyroelectric detectors.1,2 It
is known that a strong increase in the pyroelectric
sensitivity can be observed around the phase tran-
sition temperature between the two ferroelectric
phases of rhombohedral Pb(Zr,Ti)O3 (PZT) cera-
mics, labeled as FLT(R) and FHT(R).3±6 A control
of this abrupt increase holding high sensitivity is
desirable for practical applications. Some attempts
for the reduction of the temperature dependence

have been made through the formation of a multi-
layered structure or the liquid-phase sintering,
however, the pyroelectric peak did not disappear
completely.7±9

The authors discovered the disappearance of this
peak, without the deterioration of the level of the
pyroelectric sensitivity for PbZrO3-based ceramics,
which were prepared using hot isostatic pressing
(HIP) technique.10 The microstructural character-
istic of this sample would be responsible for this
e�ect. In this study, the relationship between the
pyroelectricity and the microstructure of the hot
isostatic pressed PbZrO3-based ceramics have been
investigated and compared to the cases of starting
materials and conventionally sintered materials.

2 Experimental

Preparation procedure of samples in this study is
shown in Fig. 1. The nominal compositions of
starting materials for HIP were Pb(Mn1/3Nb2/3)0�1
Zr0�9O3+0.5wt% MnO2+0.5wt% Cr2O3 (abbre-
viated hereafter as P1) and Pb(Mn1/3Nb2/3)0�1
Zr0�875Ti0�025O3+0.5wt% MnO2+0.5wt% Cr2O3

(P2), showing respective phase transition tempera-
tures around 30�C and 50�C. First Pb (Mn1/3Nb2/3)0�1
Zr0�9O3 and Pb(Mn1/3Nb2/3)0�1Zr0�875Ti0�025O3

powders were obtained by calcining the mixtures of
corresponding oxides at 900�C for 2 h, then by
mixing withMnO2 and Cr2O3 for the preparation of
P1 and P2. The shaped samples were sintered at
1280�C for 3.5 h after the pre-sintering at 850�C
for 2 h. Two kinds of samples were prepared
through the hot isostatic pressing (900�C, 98MPa,
2 h; abbreviated hereafter as HIP) and the conven-
tional sintering (1280�C, 3.5 h; CS), respectively, of
the equimolar mixture of P1 and P2. The hot iso-
static pressing was performed in Ar atmosphere
with the glass encapsulation method using a Petri
dish.10
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The samples were cut into tablets of 20mm in
diameter and 0.5mm in thickness. Silver paste for
electrode was painted on the both sides of the
samples, and then the samples were polarized
under 2�106V/m bias at 80�C in a silicone oil bath
for 1 h. Pyroelectric current (i) was measured in an
electric oven at a heating rate of 2.0C/min, and
pyroelectric coe�cient (P) was calculated from the
following equation:11

P � dPs

dT
� i=A

dT=dt
�1�

where Ps is the spontaneous polarization, T the
temperature, A the surface area of the electrode,
and t the time.
The crystalline phases were identi®ed through X-

ray di�ractionmeasurement (XRD) usingNi-®ltered
CuK� radiation together with the silicon powder as
an internal standard. The fractured surfaces of the
samples were etched in 18%HCl solution at 20�C for
a period from 0 to 210 s, and then analyzed by X-ray
photoelectron spectroscopy (XPS). A photoelectron
spectrum from the Zr3d orbital was smoothed and
deconvoluted using a Gaussian ®tting program.

3 Results and Discussion

3.1 Pyroelectricity
The ferroelectricity of HIP sample has been con-
®rmed thanks to electric displacement curves as a

function of the applied ®eld (D±E) which don't
exhibit signi®cant distortion.10 The temperature
dependence of the pyroelectric coe�cient for the
di�erent samples is shown in Fig. 2. The starting
materials, P1 and P2, exhibit pyroelectric peaks at
27�C and 48�C, respectively, corresponding to their
phase transition temperatures. It was further
shown that CS sample has a clear peak at 37�C
between the transition temperatures of P1 and P2.
Thus, it can be assumed that CS is a complete solid
solution of P1 and P2. These three peaks were not
observed in HIP sample (hybrid of P1 and P2) and
then the pyroelectric coe�cient, which was con-
sistent with a simulated dotted line (Fig. 2), was
insensitive to any change in temperature. The
pyroelectric coe�cient ranging from 7.5 to
11.3�10ÿ4Cÿ1mÿ2�C between 15�C and 70�C is
more than twice as much as the one of typical
pyroelectric materials.12,13 In general, the pyro-
electric sensitivity is evaluated in terms of `®gure of
merit,' FM1, which is given by

FM1 � P

���C�"r� �2�

where P; �;C and "r are the pyroelectric coe�cient,
the density, the speci®c heat at constant volume
and the relative permittivity, respectively. The FM1
of this sample was calculated to be about
2�10ÿ12 CmJÿ1, which is high enough compared
with the values of 3.7 to 9.0�10ÿ14 CmJÿ1 reported
in the literature.12,13

3.2 Crystalline phase
In this study, the ionic radius of an A-site Pb2+

was 0.121 nm,14 and the reduced ionic radii of B-
site Zr4+, Ti4+, Nb5+ and Mn2+ were 0.0790 nm
for P2 and 0.0793 nm for P1. From the phase dia-
gram of A2+B4+O3 perovskite crystal structure
based on the ionic radii,15 the crystal form of all
the samples must belong to a pseudo-tetragonal
system. This was con®rmed from the complete

Fig. 1. Flow chart of sample preparation.

Fig. 2. Temperature dependence of the pyroelectric coe�-
cients corresponding to P1, P2, CS, and HIP samples. A dot-
ted line denotes a simulation curve by summation of the
curves for P1, P2, and their six solid solutions of which the
phase transition temperatures are 30, 33, 36, 39, 42, and 45�C.
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Miller indices of the XRD pro®les as a pseudo-
tetragonal system, as shown in Fig. 3(a). Figure
3(b) shows further the detailed di�raction pro®les
around 2y=67.5� for the (221) and the (212) planes
of the samples. The di�raction angles correspond-
ing to these planes in the case of P1 were notably
lower than those found for P2, as expected in tak-
ing into account the P1's large B-site ions, and the
di�raction angles in the case of CS located solely
between those of P1 and P2. Also, the pro®le of
HIP was broadened, di�erent from those of P1, P2,
and CS. It could be considered as the sum of the
contributions of the serial solid solutions between
P1 and P2, because a lower di�usion temperature
of 900�C here facilitated to suppress the formation
of a complete solid solution. This consideration
could be supported by a summation of the pro®les
for P1, P2, and CS, which was close to that for
HIP. These solid solutions could result from a
mutual substitution on the B-site ions. The serial
solid solutions in HIP sample were expressed to be
Pb(Nb2/3Mn1/3)0�1Zr0�9ÿxTixO3 with 0<x<0.025.

3.3 Microstructure
Figure 4 shows a Zr3d binding energy spectrum
obtained from the XPS pro®le of HIP sample. In
general, the Zr3d spectrum consists of two peaks

corresponding to two kinds of total angular
momenta of electrons, 3/2 and 5/2, and then the
di�erence between their binding energies and the
ratio of their peak areas are approximately 2.5 eV
and 2:3, respectively.16 The deconvolution of the
Zr3d spectrum of HIP sample based on the above
description gave two sets of peak-pairs denoted as
[A]; peak (181.3 eV) and peak (183.8 eV),
and [B]; peak (182.4 eV) and peak (184.8 eV).
A set of [A] appeared in all the samples, while a set
of [B] did only in the P1-containing samples; P1,
CN, and HIP. Here, CN sample was prepared by
calcination (800�C, 1 h) of the mixture of P1 and
P2 in order to obtain an XPS spectrum of the
mixture for avoiding the formation of a solid solu-
tion between P1 and P2. That is, the appearance of
the [B] must be an indicator of the contribution of
the starting material, P1, without the Ti compo-
nent to the XPS pro®le. The order of the area ratio
[B] : [A] was P1>CN>HIP>P2=CS=zero. It
was suggested that diverse changes of chemical
bonding between a mixture and a complete solid
solution occurred through the reaction of a part of
P1 and P2 during HIP.
After being etched for 60 s, a pimple-like mor-

phology was found only on the grain surface of
HIP sample, and was attributed to a di�erence of
the solubility between Ti and Zr components.17

The di�erence of the solubility was further con-
®rmed from inductively coupled plasma emission
spectrometric (ICP) measurements of eluted ion
concentrations in the etching solution. The pimple-
like morphology also disappeared on the surface
after being etched for 150 s. The thickness of the
reacted layer was roughly estimated to be 100±
500 nm from the mass of component ions eluted for

Fig. 3. X-ray di�raction pro®les of P1, P2, CS and HIP sam-
ples. (a) From 2�=20±80� (b) enlarged pro®les at around
2y=67.5�. (A dotted line denotes a simulation curve by sum-

mation of P1, P2, and CS curves.)

Fig. 4. XPS spectrum of Zr3d and its deconvolution of HIP
sample. [A] is attributed to all the PZT-related ceramics in this
study, and [B] is inherent in P1 together with [A], obtained by

deconvolution.
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the etching time of 150 s in consideration of the
elution behavior in this study. The percentage peak
area of the [B] in Fig. 4 increased gradually with
increasing etching time, and then saturated to the
value of 21% at the time of 150 s. This percent was
close to that of the mixture of P1 and P2, indicat-
ing that the reacted layer was thus eliminated
almost completely by the etching for 150 s.
Figure 5 illustrates the schematic reaction model.

The reaction layer of compositional gradient per-
pendicular to the grain boundary occurred on the
grain surface. This compositional gradient results
in the formation of a functional gradient material
with the serial phase transition temperatures, that
is, the diminishing of the temperature dependence
of the pyroelectric coe�cient was due to the overall
integration of these numerous pyroelectric compo-
nents in the compositional gradient layers. Further
intensive enhancement of the pyroelectric sensitivity
may be possible by means of the disordering of B-
site ions in the perovskite ferroelectric materials, the
same as the piezoelectricity reported by Yamashita
et al.18
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Fig. 5. Schematic drawing of reacted layer of HIP sample.

1258 O. Sugiyama et al.


