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Effect of Alkaline-Earth Ion Substitution on Phase Development
and Dielectric Properties of Pb(In,,.Nb,,.)O;
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= = Pb* ion in Pb{In, .Nb, .)O, (PIN) ceramics was partially replaced by Ca®", Sr*" or Ba®

jons, and resultant phase development and diclectric characteristics were studied. Optimum prepartion

conditions of PIN with only perovskite phase was investigated in terms of calcination, species and

amount of substituents, sintered density, and dielectric properties. For the development of perovskite

phase in PIN, Ba - ion was found to be the most effective among the three substituents.
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1. Introduction

Lead indium niobate, Pb(IN, .Nb, .)O; (PIN), is
a ferroelectric compound with a dielectrric
constant of 550 at room temperature’’. PIN
possesses a pseudocubie perovskite structure
(a =4.11A) at room temperature and exhib-
its broad dielectric maxima around 90°C'". The
dispersion of dielectric constant(diffuse phase
transition, DPT) 1s considered to be due to
microstructural inhomogeneities arising from
compositional disorder in the B-site occupa-
and Nb™

DPT behavior of temperature-stable dielectric

tion between In* ons. The resultant
characteristics would allow for PIN to be
utilize and potential capacitive elements, if the
dielectric constant could be increased suffi-

ciently. PIN also exhibits a relaxor charater,
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which 1s typified by a frequency dependence of
dielectric constant and loss, ie., dielectric con-
stant decrease and temperature of maximum
dielectric constant (T,.,.. increase, with the in-
crease of measuring frequency. In lead indium
niobate-lead titanate (PIN-PT) solid solution,
the dielectric constant of 2000 and electrome-
chanical coupling coefficient of 0.4 were re-
ported at the morphotropic phase boundary
(37mol% ot PT) between pseudocubic and te-
tragonal structure=,

The synthesis of lead-based perovskite com-
pounds based on Ph(B,, B.)O, is difficult. Met-
astable pyrochlore phases that 1s detrimental
to the dielectric properties are generally form-
ed 1 the reaction process. The columbite meth-
od propesed by Swartz and Shrout” showed

that the intermediate pyrochlore phase reac-
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Fig. 1. XRD patterns of specified coraposition, fired at
1150°C for 2Zh.

tion can be bypassed, but this method also
failed to yield pure perovskite phase. In our re-
cent research, considerable improvements in
the sinterability and the extent of perovskite
formation were observed with increasing the
Ba*" ion substitution for Pb* 1on on Pb(Cd,
Nb.,5)0," and Pb(Zn,,;Nb.;;)Q,” compounds.

Batch Composition(by mol)

Table 1. Compositions studied in Pb,- M (IN,;,;Nb,,)O, [M = Ca, Sr, Ba] system.

@ perovskite plase
Q: pyrochlore phase
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Fig. 2. XRD patterns of BI~1 specimen, fired for 2h at

specified temperatures.

So far, however, preparation of PIN in pure
perovskite phase has not been accomplished by
conventional mixed oxide or columbite pro-
cesses either™”. In the current study, there-
fore, stoichiometric compsotion of PIN as well
as modified compositions by alkaline-earth ion

of Ca, Sr or Ba was examined to investigate
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Fig. 3. Change in relative amount of perovskite phase
with mole fraction of MO[M = Ca, Sr, Ba] in MI
system, fired for 2h at 1075°C for pure PIN and at
1250°C for the others.

the development of perovskite phase and the
effect of substituents on dielectric properties.

2. Experimental Procedure

Starting materials were analytical reagent
grade chemicals of PbO, In,0; Nb,O,; CaCO,,
SrCo; and BaCO., with purity of over 99%,
Table 1 lists the nomerclature of compositions
studied. Raw chemicals were weighed accord-
ingly and wet-milled for 24 hours in ethyl al-
cohol in a polyethylene jar with ZrQ, media.
Three different sized of balls(5, 10 and 15¢)
were used to promote mixing efficiency. After
mixing, the slurries were dried for 24 hours in
an electric over and calcined in an MgO cruci-
ble at 750°C for 8 hours. Calcined preduct was
then crushed, pulverized, granulated with 5wt
% PVA solution, and unioxially pressed into
pellets of 15¢ at a pressure of 300MPa. The
pellets were then heated in two stages; first
stage of binder Burm-~out at 500°C for 2hours
and second stage of sintering at 1000-1350°C

for Zhours.
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Fig. 4. Variation of lattice constant with mole fraction
of MO[M = Ca, Sr, Ba] in MI system.
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Fig. 5. Changes in bulk density and linear shrinkage of
Bl-series with firing temperature.

Sintered specimens as well as calcined pow-
ders were analyzed by X-ray diffraction
(XRD) to examine the phase development and
to obtain lattice parameters. Densities of sin-
tered pellets were estimated by Archimedes
method (ASTM standard C373-72) with dis-



Fig. 6. Fractographs of I-0 specimen, fired for 2h at (A) 1000°C, (B) 10757, (C) 1125C, (D) 1200C.

tilled water as displacement liquid. Microstruc
ture and regional composition of the sintered
bodies were examined by using scanning elec
tron microscope (SEM) with EDAX.

Circular pattern electrodes of silver paste
were applied to the sintered, face—polished,
and ultrasonically cleaned specimens by screen
printing and were heat-treated for 10min at
600°C for curing. Dielectric constants and loss-
es were measured at 1, 10 and 100kHz using a
computer(HP 9826) interfaced low-frequency
impedance analyzer (HP 4192A) over a tem
perature range of -10°C to 1207C at an inter-
val of 5°C on heating. Capacitance change
with temperature( AC/C) was also measured
over a range of ~30°Cto 100°C at the same in

terval.
3. Results and Discussion

In case of pure PIN composition(I-0),

creasing firing temperature(within range of
1000-1200°C) was observed to hinder the for
mation of perovskite phase and a relative
amount ov pyrochlore(Pb,Nb,0,,) phase was
calculated to be as high as 70%. Ca substitu-
tion up to b0mol% also seemed to hinder the
development of perovskite phase. On the con-
trary, replacement by Sr or Ba enhanced the
phase formation and only the perovskite phase
was detedcted by XRD in both cases when
50mol% of Pb was substituted. In Figure 1,
XRD patterns of Bl-series speciimen are pre-
sented, where well-developed perovskite phase
can only be seen in both B1-2 and BI-3 speci
mens. The case of Sr substitution showed pat-
terns similar to Figure 1. Figure 2 shows de-
velopment of phases in Bl-1 specimen, where
disapperance of pyrochlore phase with firing
temperature increase can easily be seen. After

firing at 1300°C, only the clean pattern of
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Fig. 7. Fractographs of (A) BI-1, (13) BI-2, and (C)
BI-3 specimen, fired at 1150°C for 2h.

perovskite phase resulted. From the XRD data
of each composition, relative amounts of per-
ovskite phase were estimated, by comparing
the diffraction peak heights between per-
ovskite(110 and pyrochlore (222) peaks, and
are plotted In Figure 3 against species and
mole fraction of the substituents. The eliminat-

ed results of pyrochlore phase by substituting
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Fig. 8. Temperature and frequency dependence of die-
lectric constant and loss of BI-1 specimen, fired at
1200°C for 2h.

Sr'" and Ba*

erance factor and electronegativity difference.

lon I1s due to the increase of tol-

Actually, by substituting Pb-complex perovs-
kite compounds with A-site ions such as Sr*
and Ba”', tolerance factor and electronega
tivity difference increase, it is concided with
the result that stable perovskite phase was
gained”™. Also from the XRD data, lattice
constants of pyrochlore and perovskite phases
were calculated and the results are presented
in Figure 4. Though both Sr and Ba played af-
firmative roles in the development of per-
ovskite phase in PIN, as shown in Figure 3,
the lattice parameter increased with Ba substi-
tution while decreased with Sr and decreased
by a greater degree with Ca. The opposite
trend of lattice parameter change with substi-
tution can be Interpreted in terms of lonic
sizel 1, (1,06 A)>r(1.49 A)>r, (1,44 A)
>re (1,35 A)7.

Substituent amount and firing temperature
dependencies of bulk density and linear shrink-
age of Bl-series specimen are plotted in Fig-
ure 5. As shown, bulk density of pure PIN
sample decreased gradually with increasing
firing temperature. When Ca was substituted,
overall densification became worse with substi-

tution. In contrast, Ba replacement promoted
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Fig. 9. Species and amount of substituent dependence
of temperature of maximum dielectric constant(T,..),
maximum dielectric constant, and diffuseness coeffi-
cient at 1kHz.

densification by increasing the values of densi-
ty and linear shrinkage(Figure 5). Results of
Sl-series specimen were quite similar to the BI
—series.

Sintered specimens were examined using
SEM to observe the microstructure morphology.
Figure 6 shows the microstructure of pure PIN
composition where internal microstructure was
observed not to be improved much with firing
temperature increase up to 1200°C. When Ca
was substituted into, pyrochlore phase was ob-
served to develop, as confirmed by EDAX. In
contrast, substitution of Ba enhanced the
densification and internal microstructure com-
prised intirely of uniformly sized grains(Figure
7). The Sr-substituted case showed similar
trend.

Figure 8 1llustrates a relaxor behavior, ob-
served in the BI-1 specimen, T,,. variation as
functions of amount and species of substitu-
ents is presented in Figure 9, where decrease
T.. is prominent in the cases of Sr and Ba
substitution. Figure 9 1is also plotted the
amount and specles of substituent dependen-
cies of maximum dielectric constant and dif-
fuseness coefficient, where Ba definitely and

Sr somewhat increases the dielectric constant

Diffuseness Coefficient (K)
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Fig. 10. Capacitance change with temperature of SI-2
and BI-1 specimen.

at a substitution level of 0.1mol. When more
amount of Ba or Sr was replaced into, the die-
lectric constant decreased afterwards. Mean-
while, Ca substitution decreased the maximum
dielectric constant monotonously.

Diffuseness coefficient is the measurement
of broadness in the dielectric constant-temper-
ature relationship (e.g., Figure 9), and has
the

‘))' In

been defined In several ways®
paraelectric region, dielectric constant of DPT
materials decreases at a different mode, as
compared with normal ferroelectric materials
with Curie- Weiss behavior. Assuming that K
o I/(T-T)? and also distribution of phase
transition temperature near the Curie tempera-
ture (7)) follows the Gaussian distribution'”,
dielectric constant(K) of DPT material at a

temperature (7) can be expressed as follows,

I T-TY

K=K,/ 1 <f : ] 1
a5 ®

where K, is the maximum dielectric constant

and ¢ is the diffuseness coefficient. In Figure

9, diffuseness coefficient was observed to In-

crease gradually, in general, with substitution.

Two representative cases of capacitance
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change with temperature of specimens are pre-
sented in Figure 10, together with two charac
teristics of X7R and Z5U. Bl-1 specimen was
observed to almost satisfy the less rigorous
Z5U requirement, while SI-2 was deviated sig-

nificantly.
4. Conclusion

Preparation of PIN of only perovskite phase,
which has not yet been reported in the stoichio-
metric composition using conventional mixed
oxide or columbite process, was accomplished
by partial replacement of Sr or Ba into Pb-
site. Ca substitution, on the contrary, was harm-
ful and increased the deleterious pyrochlore
phase. The two substituents were also found to
enhance densification during sintering process.
Among the two, however, Ba was more effec-
tive In increasing dielectric constant. Diffuse-
ness coefficioent was observed to increase, in
general, with substitution by all of the three ele-

ments.
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