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Sequential Combination of Constituent Oxides in the Synthesis of
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Pb(Fe,,,Nb,,,)O5 (PFN) hasbeen successfully synthesized viaa
novel mechanical activation of mixed oxides and columbite
precursor consisting of lead oxide and FeNbO,. A nanocrys-
talline perovskite phase 5-15 nm in crystallite size was for med
after 30 h of mechanical activation at room temperature for
both types of starting materials. However, the nanocrystalline
PFN phase derived from the mixed oxides of PbO, Fe,O, and
Nb,O5 is unstable, and develops pyrochlore phases when
calcined at 500°-900°C, while no pyrochlore phaseis observed
for the material derived from the columbite precursor consist-
ing of PbO and FeNbO.. Different sintering behavior and
dielectric properties were also observed between the two types
of PFN. These differences are accounted for by the composi-
tional inhomogeneity in the material derived from the mixed
oxides, as was revealed by Raman spectroscopic studies. This
suggests that mechanical activation is analogous to thermal
activation, wher e the phase development is strongly dependent
on the sequence of combining the constituent oxides.

I. Introduction

EAD IRON NIoBIUM OXIDE (Pb(Fe,,,Nb,,,)O;) (PFN) is one of the

important candidate materials for multilayer capacitors and
other electronic devices because of its excellent dielectric proper-
tiesand low firing temperature.™> Moreover, it undergoes a diffuse
ferroelectric phase transition at ~380 K and an antiferromagnetic
phase transition at ~145 K,3* thus making it a ferroelectromag-
netic material.® Studies on the coupling of the electrical and
magnetic ordering of PFN could lead to insights into the mecha-
nism of ferroelectricity and magnetism in this complex perovskite
structure, which may be used for many applications in new
electronic devices.

Considerable efforts have been made to enhance the dielectric
properties of PFN. Several processing techniques, including solid-
state reaction,® the columbite method,® sol—gel,” molten salt,? and
the coprecipitation method,®*° have been attempted to refine the
required microstrucure. However, a relatively high sintering tem-
perature is needed for obtaining a high density and desirable
dielectric properties for the materials derived from most of these
processing techniques.

Mechanical activation is a novel synthesis technique for nano-
crystalline materials. Following the pioneering work of Benjamin,**
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mechanical aloying was extended to several nanocrystalline ma-
terials.***® Recently, mechanical activation has been successfully
devised for the preparation of lead-based relaxor ferroelectrics,
such as Pb(Mg,,5sNb,,5)05,* Pb(Zn,,5sNb,,5)05 (PZN),*® and
Pb(Fe,;sW,,5)0; (PFW).*® Compared to conventional ceramic
processing, it can dramatically refine the particle and crystalite
sizes, enhancing the activity of solid phases and lowering the
sintering temperature of ceramic materials. Moreover, the
pyrochlore phases, which exhibit a low dielectric constant and
always occur as intermediate phases in the conventional solid-
state reaction of relaxor ferroelectrics,® can be bypassed by
mechanical activation, hence, dramatically improving the di-
electric properties.***>

A considerable difference has been observed between mechan-
ical activation and thermal activation in triggering a new ceramic
phase.*~*® However, few investigations have been made into the
effects of the sequence of combining constituent oxides in me-
chanica activation, athough a dramatic effect on the phase
formation and the resulting characteristics of the nanocrystalline
phase have been observed in the case of thermal activation.’® To
the best of the authors' knowledge, there is no report on the
synthesis of PFN by mechanical activation. In this paper, we
investigate the formation of PFN via mechanical activation from
two different types of starting materials, mixed oxides and a
columbite precursor consisting of FeNbO, and PbO, to understand
the effects of the sequence of combining the oxides in mechanical
activation on the phase formation and characteristics of nanocrys-
talline PFN. Its effects on the phase stability, sintering behavior,
and the resulting dielectric properties are also of interest.

II. Experimental Procedure

The starting materials used in this work are commercially
available PbO (99% purity, J. T. Baker, Inc., Phillipsburg, NJ),
Fe,O5 (99% purity, J. T. Baker, Inc.), and Nb,O5 (99% purity,
Sigma-Aldrich Corp., St. Louis, MO). To prepare the mixed oxides,
appropriate amounts of PhO, Fe,O, and Nb,Og were mixed accord-
ing to the stoichiometric composition of Pb(Fe,,,Nb,,,)O5 by ball-
milling in ethanol using zirconia balls as the media for 12 h. The
resulting oxide mixture was sieved and consequently loaded in a
cylindrical vial of stainless steel 40 mm in diameter and 40 mm in
length, with one stainless steel ball 12.7 mm in diameter inside.
Mechanical activation was conducted for various time periods in
the range of 0—30 h using a shaker mill operated at ~900 rpm. To
prepare the columbite precursor, Nb,Og and Fe,O; were mixed
and then calcined at 1000°C for 4 h. Mechanical activation of PbO
with FeNbO, was conducted in the same manner as the mixed
oxides. The ceramic compositions derived from the two types of
starting materials were pelleted and then sintered at temperatures
ranging from 900°-1200°C for 2 h at a heating rate of 2°C/min,
followed by phase identification using X-ray diffractometry
(XRD). For dielectric measurement, silver paste was applied on
both sides of the pellets and fired at 600°C for 30 min.
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Fig. 1. XRD patterns of the oxide mixture of PbO, Fe,Os, and Nb,Os
subjected to various periods of mechanical activation from 0to 30 h (“0”:
perovskite of PFN; “P’: PbO; “N”: Nb,Os; “F’: Fe,03).

The powders derived from mechanical activation were also
examined using XRD (CuKa radiation, Model X'pert, Philips,
Eindhoven, The Netherlands). Their thermal behaviors were char-
acterized using differential thermal analysis (DTA; DuPont, Wil-
mington, DE) and differential scanning calorimetry (DSC; Du-
Pont). A transmission electron microscope (TEM; Model 100 CX,
JEOL, Tokyo, Japan) was used to study their particle and crystal-
lite characteristics. A scanning electron microscope (SEM; Model
XL 30, Philips) was also used to determine the particle character-
istics as well as the microstructures of sintered ceramic bodies.
Micro-Raman spectra were measured at room temperature in the
backscattering geometry using a single-grating Raman spectrom-
eter (Model Spex 1702/04, Jobin Yvon, France). The sintered

Fig. 2. TEM micrograph showing nanosized particles of the PFN derived
from PbO, Fe,O5, and Nb,Og subjected to 30 h of mechanical activation.
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Fig. 3. XRD patterns of the columbite precursor of PbO and FeNbO,
when subjected to various periods of mechanical activation from0 to 30 h
(“0": perovskite PFN; “P’: PbO; “FN”: FeNbO,).

density was measured using the Archimedes method in deionized
water. An LCR meter (Model HP 4284A, Hewlett—Packard,
Tokyo, Japan) was used to measure the dielectric properties of the
sintered PFN over the temperature range of 20°-160°C. A high
resistance meter (Model HP 4339B, Hewlett—Packard) and an
impedance gain/phase analyzer (Model Sl 11260, Solatron,
Bloomington, CA) were used to measure the dc conductivity
and impedance spectrum, respectively.

100 nm

Fig. 4. TEM micrograph showing the nanosized particles of PFN derived
from the columbite precursor of PbO and FeNbO, subjected to 30 h of
mechanical activation.
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Fig. 5. DTA traces of the PFN derived from mixed oxides and columbite
precursor, respectively, along with those of unactivated oxide composi-
tions: (a) mixed oxides of PbO, Fe,O; and Nb,Og and (b) columbite
precursor of PbO and FeNbO,.

I11. Results and Discussion

Figure 1 shows the XRD patterns of the mixed oxides of PbO,
Fe,Os, and Nb,O. subjected to mechanical activation for various
time periods. The starting oxide mixture exhibits the peaks of lead
oxide, iron oxide, and niobium oxide. After 5 h of mechanical
activation, a perovskite PFN phase occurs, as is indicated by the
broad peak centered at 26 of ~32°, although PbO (111) is still the
principal phase that has undergone a degree of amorphization.
Further mechanical activation enhances the amount of perovskite
phase formed at the expense of lead oxide. After 20 h of
mechanical activation, a well-established perovskite phase was
evident, athough a trace amount of residual lead oxide fill
existed, asisindicated by the small hump centered at 26 of 29.0°.
Extending the mechanical activation to 30 h sharpens the XRD
peaks, indicating an increasing crystallinity of PFN with the
extension of mechanical activation time. The average crystalite
size at 30 h of mechanical activation was calculated to be ~12 nm
using Scherrer’s equation, based on the haf-width of the PFN
(110) peak.*” As can be seen from the TEM micrograph in Fig. 2,
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Fig. 6. XRD traces of the compositions calcined at varying temperatures
showing the thermal stability of: (a) PFN derived from mixed oxides of
PbO, Fe, 04, and Nb,O4 subjected to 30 h of mechanical activation and (b)
PFN derived from PbO and FeNbO, subjected to 30 h of mechanical
activation.

the activation-derived PFN powders consist of nanosized particles
~15-35 nm in size, athough they occur as particle agglomerates,
which can be observed in the TEM and SEM micrographs.

The X-ray spectra of the powders derived from the columbite
precursor after mechanical activation for various durations are
shown in Fig. 3. As expected, the unactivated precursor exhibits
peaks of lead oxide and FENbO, phase. After 5 h of mechanical
activation, a notable amount of perovskite phaseis observed, along
with the broad peaks of PbO and columbite phase. The nanocrys-
talline PFN phase is well-established after 20 h of mechanical
activation. Further extending of mechanical activation to 30 h
resulted in an improvement of the crystalinity of the perovskite
phase, as is indicated by the sharpened diffraction peak at 26 of
~32°. Similar to the PFN composition derived from the mechan-
ical activation of mixed oxides, there was a trace amount of
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residual lead oxide after 30 h of mechanica activation, as is
indicated by the small hump centered at 26 of 29.0°. The particle
size and morphology of the PFN phase derived from the mechan-
ical activation of PbO and FeNbO, are illustrated by the TEM
micrographin Fig. 4. It consists of nanosized particles ~20-35 nm
in size with a degree of particle agglomeration, which is similar to
that derived from the mixed oxides. The average crystallite sizeis
~12 nm, using Scherer’s equation.*”

The phase stability of the two powders mentioned above was
examined using DTA, the results of which are shown in Figs. 5(a)
and (b). In Fig. 5(a), two strong exotherms and three main
endotherms are observed for the unactivated mixed oxides. The
exotherm at ~294°C isrelated to the phase transition of lead oxide
with increasing temperature, and the one at ~618°C is attributed to
the formation of the pyrochlore phase. The endotherm at ~743° is
caused by the conversion of one pyrochlore phase into another, and
the endotherm at 885°C is related to the formation of perovskite
PFN. These thermal events are in agreement with those in a
previous study,*® and were also confirmed by the phase analyses
using XRD in this work. Moreover, there is a small endotherm at
~325°C, which can be accounted for by the burn-off of residua
ethanol derived from the milling solvent.*® After 30 h of mechan-
ical activation, the endotherms and exotherms related to the phase
transition of lead oxide and the formation of pyrochlore phases and
a perovskite phase have disappeared, indicating the formation of
PFN, triggered by mechanical activation, as is shown by XRD
phase analysis. Only one minor endotherm, caused by the burn-off
of ethanol residuals at ~325°C, and a broad exotherm at ~266°C,
were observed. The broad exotherm was caused by the phase
transition of residua PbO from the Massicot to the Litharge
phase.?® Compared to that in the unactivated composition, the
transition temperature was broadened and lowered dightly, as the
mechanical activation had significantly refined the crystallite size
and created defects in the PbO.%* Asis shown in Fig. 5(b), aDTA
trace of the unactivated mixture of PbO and FeNbO,, exhibits two
exotherms, thefirst one, at ~304°C, relating to the phase transition
of lead oxide, and the second one, at ~712°C, relating to the
formation of a perovskite phase, which agrees with a previous
report.® As was confirmed by phase analysis using XRD in this
work, the pyrochlore phase evolved little as a transitional phase
before the formation of the perovskite phase with increasing
temperature. After 30 h of mechanical activation, the broad
exotherm, at ~260°C, caused by the phase transition of residual
lead oxide, was the only one left, indicating that the formation of
the perovskite phase was largely completed by mechanical activa-
tion, as was shown by the results of XRD phase analysisin Fig. 3.

Figure 6(a) shows the XRD patterns of the compositions
derived from the mechanical activation of mixed oxides after
calcination at various temperatures. The pyrochlore phase was
observed at temperatures above 500°C, and it peaked at ~600°C.
A higher cacination temperature steadily eliminates the pyro-
chlore phase. In comparison, the nanocrystallite PFN phase de-
rived from columbite precursor remains the only crystalline phase
over the entire calcination temperature range of 400° to 900°C, as
is shown in Fig. 6(b).

To understand the difference between the thermal stabilities of
the two PFN phases derived from mixed oxides and columbite
precursors, Raman spectroscopic studies were conducted. For
comparison purposes, a single-phase perovskite PFN prepared by
solid-state reaction was also characterized using the Raman spec-
trometer. Asis shown in Fig. 7, the a-Fe,O5 phase was observed
with the perovskite PFN phase in the material derived from the
mixed oxides,?*> although Nb,Os was not detected. In contrast,
only the PFN phase was observed for the material derived from the
columbite precursor. It is obvious that Fe,O, was left out in the
former, although this was not revealed by phase analysis using
XRD. Upon calcination with increasing temperature, the compo-
sitional inhomogeneity, in association with residual oxides, led to
the formation of the pyrochlore phase.

Mechanical activation has been observed to be fundamentally
different from thermal activation in several aspects. For example,
it skips the transitional pyrochlores, indicating that the phase
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Fig. 7. Raman spectrum of the PFN: (&) derived from mechanical
activation of mixed oxides of PbO, Fe,O;, and Nb,Og; (b) derived from
mechanical activation of columbite precursor of PbO and FeNbO,; and (c)
perovskite PFN phase prepared by solid-state reaction.

formation occurs via a completely different mechanism. It has
been proposed that the formation of the nanocrystalline perovskite
phase, triggered by mechanical activation, is not a consequence of
traditional interfacial reactions and diffusions.®®* The observed
inhomogeneity in phase distribution of the material derived from
mixed oxides can be accounted for by the lower reactivity of
Fe,Os, in comparison to those of PbO and Nb,Og, athough the
growth of PFN nanocrystallites triggered by mechanical processes
may not be a result of long distance diffusion, as was proposed by
Bellon and Averback.?* Fe,0O, is much more inert than either PbO
or Nb,O.. For example, the therma diffusion rate of Fe3*
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Fig. 8. Sintered density as a function of sintering temperature for PFN
derived from mixed oxides and columbite precursor, respectively.
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Fig. 9. Fracture surfaces of PFN derived from mechanical activation of mixed oxides of PbO, Fe,O5, and Nb,O5 sintered at (a) 950°, (b) 1000°, (c) 1100°,

and (d) 1150°C.

(activation energy in Fe,O4 of 469 kJ/mol and a frequency factor
D, of 1.3 X 106 cm?/s at 760°-1300°C)* is much lower than that
of Nb* (activation energy in Nb,Og of 118.1 kJmol and a
frequency factor of 0.38 cm?/s a 500°-900°C).>®> Therefore,
certain Fe,O5; was not combined into the perovskite structure by
mechanical activation. Residual Fe,O5 remains as fine crystallites,
as has been detected by Raman spectroscopy.

The sintering behaviors of the PFN derived from the mixed
oxides and columbite precursor are illustrated in Fig. 8. The
material derived from mixed oxides shows an increase in sintered
density over the temperature range of 950°-1150°C. However, the
maximum sintered density is limited to <93% theoretical density
(TD). In contrast, the PFN derived from the columbite precursor
shows an increase in sintered density to 99% TD at 1050°C. A
further increase in the sintering temperature led to a slight drop in
density at 1150°C. Therefore, its sintered density is much higher at
each sintering temperature than that of the PFN derived from the
mixed oxides.

Figures 9(a)—(d) show the fracture surfaces of PFN sintered at
the temperatures ranging from 950°-1150°C, derived from me-
chanical activation of mixed oxides of PbO, Fe,0,, and Nb,Os. At
950°C, a very porous surface with an average grain size of ~1.5
wm was observed. With an increase in the sintering temperature,
the average grain size increases steadily to ~4 um at 1000°C and
~7 pum at 1100°C. At the same time, the fracture surface becomes
less porous. However, there exists a network of intergranular pores
of ~2 pm in size, even when sintered at 1150°C. The fracture
surfaces of the PFN derived from mechanical activation of
columbite precursor are shown in Figs. 10(a)—(d). Compared to
those in Figs. 9(a)—(d), they exhibit amuch denser fracture surface
at each sintering temperature, with few pores occurring at the
intergranuar positions. The grain size is also smaller than that of

the material derived from mixed oxides at each sintering temper-
ature. It increases gradually from ~0.8 wm at 1000°C to ~4 pm
at 1100°C. At 1150°C, coarsened grains and intergranular pores
were observed, which can be ascribed to the over-sintering, such
that loss of lead and grain coarsening occur at a high temperature.
The above difference in sintering behaviors and microstructure
between the PFNs derived from mixed oxides and columbite
precursor, respectively, can be accounted for by their differencein
particle and crystallite characteristics in the as-synthesized state
from mechanical activation. Aswas discussed earlier, a pyrochlore
phase was involved as a transitional phase with increasing tem-
perature for the material derived from mixed oxides. Because the
molar volume of the pyrochlore phase is larger than that of the
perovskite phase, the conversion from the pyrochlore phase to the
perovskite phase can create pores. At the same time, the compo-
sition heterogeneity can also result in Kirkendall swelling®®—28
because of the different diffusion rates of the remaining phases. In
comparison, no pyrochlore phase was involved in the PFN derived
from the columbite precursor, and the composition is also homo-
geneous, leading to a higher sintering density.

The dielectric constant and dielectric loss of PFN derived
from the two types of starting materials at various sintering
temperatures are summarized in Table |I. For the ceramic
derived from mixed oxides and sintered at 950°C, a peak
dielectric constant of ~5000 was measured at 1 kHz. The
dielectric constant increases dramatically with a sintering tem-
perature above 1000°C, e.g., a dielectric constant of 11 700 at
1000°C and 17 500 at 1050°C can be observed. At sintering
temperatures of >1100°C, the material became very conduc-
tive, leading to an unrealistically high dielectric constant and
extremely large dielectric loss. In comparison, a more realistic
dielectric constant and a lower value of dielectric loss were
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Fig. 10. Fracture surfaces of PFN derived from the columbite precursor of PbO and FeNbO, sintered at (a) 950°, (b) 1000°, (c) 1100°, and (d) 1150°C.

observed for the PFN derived from the columbite precursor,
although they also increase steadily as the sintering temperature
increases. A peak dielectric constant of ~17 000 and dielectric
loss of ~0.36, and a dielectric constant of ~27 000 and
dielectric loss of ~0.45, were measured for the ceramic sintered
at 1000° and 1100°C, respectively. These dielectric constants
and dielectric losses are comparable to those of the materials
derived from other processing routes. For example, a dielectric
constant of ~20000 and a dielectric loss of ~0.2 at the
sintering temperature 1075°C, and a dielectric constant of
100 000 and dielectric loss of ~6 at the sintering temperature of
1175°C, were reported).

The high dielectric constant and dielectric loss listed above
can be ascribed to the trapped charge carriers, the hopping of
which can result in an extra dielectric response in addition to
the dipole response. A relatively high conductivity can also
result in an extremely high dielectric loss, as was discussed by

Table|. Maximum Dielectric Constant and Corresponding
Dielectric Loss at 1 kHz for PFN Derived from
Mixed Oxides and Columbite Precursor at
Various Sintering Temperatures

Mixed oxides Columbite precursor
Sintering Dielectric Dielectric Dielectric Dielectric
temperature (°C) constant loss constant loss
950 5005 0.455 5008 0.462
1000 14499 0.257 17284 0.362
1050 15520 0.584 19377 0.482
1100 86489 5.674 27028 0.452
1150 98464 7.274 36548 0.597

Jonscher.*® The high conductivity and hopping of charge
carriersin association with Fe**/Fe*" in PFN was shown in the
Mossbauer study®:3? in the PFN and impedance analysis of
PFW-PFN-PZN. In this work, iron contamination from the
stainless steel ball and activation vial was calculated to be
equivalent to 0.2% iron oxide. For example, the following
equilibrium can occur, generating further conductivity from the
oxygen vacancies:

1
0o = V5 + 2Fef. + 5 O4(0)

The occurrence of charge carriers is strongly affected by the
compositional homogeneity of PFN and sintering temperature. In
the nanocrystalline PFN derived from the mechanical activation of
columbite precursor, little residual Fe,O; was detected, and no
transitional pyrochlore phase developed with an increase in tem-
perature. Therefore, Fe** are largely locked in the B-sites of the
perovskite structure, making the hopping process difficult, al-
though the iron contamination can result in the formation of Fe**
a the sintering temperature. In contrast, there is a considerable
degree of compositional inhomogeneity in the PFN derived from
the mechanical activation of mixed oxides, as was confirmed by
the experimental results of Raman spectrometry. Any residual
Fe,O; with iron contamination in sintered PFN will create an
opportunity for the Fe**/Fe** hopping to take place and, there-
fore, lead to a high conductivity. As a result, the resistivity from
the dc measurement of the former is much higher than that of the
latter (3.4 X 107 Q-cm for the PFN derived from the columbite
precursor and 1.9 X 10° Q-cm for the PFN derived from the mixed
oxides).
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Fig. 11. Cole-Coleimpedance plots for the PFNs (a) sintered at 1000°C derived from mechanical activation of mixed oxides, (b) sintered at 1100°C derived
from mechanical activation of mixed oxides, (c) sintered at 1000°C derived from mechanical activation of the columbite precursor, respectively, and (d)
sintered at 1100°C derived from mechanical activation of the columbite precursor, respectively

The impedance plots for PFN derived from both types of
starting materials are shown in Fig. 11. Two depressed semi-
circles were observed in the PFN derived from mixed oxides
sintered at 950°C. The smaller one can be ascribed to the bulk
effect, corresponding to the bulk resistance ~7.0 X 107 Q-cm.
The bigger one is caused by the grain boundary effect, the
resistance of which is ~3.7 X 10® Q-cm and is much higher
than that of the bulk effect. When sintered at 1100°C, only one
depressed semicircle at ~1.4 X 10° Q-cm was observed. For the
PFN derived from the columbite precursor and sintered at
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950°C, the impedance plot also shows two semicircles, corre-
sponding to the bulk resistance of 7.3 X 107 Q-cm and grain
boundary resistance of 1.8 X 10® Q-cm, respectively. For the
PFN derived from the columbite precursor and sintered at
1100°C, the bulk resistance is ~4.0 X 10”7 Q-cm and the
grain-boundary effect has disappeared. These experimental
results show that there is an increase in conductivity with an
increasing sintering temperature for both types of PFN, in
association with a decrease in resistance from both bulk and
grain boundary. This is expected based on microstructure
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Fig. 12. Dielectric constant and dielectric loss as a function of test temperature for the PFN sintered at 1050°C and (a) derived from mechanical activation
of mixed oxides of PbO, Fe,O, and Nb,Og; and (b) derived from mechanical activation of the columbite precursor of PbO and FeNbO,.
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evolution with increasing temperature, as is shown in Figs.
9(a)—(d) and 10(a)—(d). On the other hand, the bulk resistance of
the PFN derived from mixed oxides is much smaller than that of
the PFN derived from columbite precursor. As a result of the
high conductivity and Fe3*/Fe** hopping, the former demon-
strates an unrealistically high dielectric constant and extremely
high dielectric loss.

The dielectric constant and dielectric loss, as a function of test
temperature for the PFN sintered at 1050°C and derived from the
mixed oxides and columbite precursor, are shown in Figs. 12(a)
and (b), respectively. Both materials exhibit an apparent frequency
dispersion in dielectric constant, confirming their relaxor behavior.
A Curie temperature of 105°C was measured for the PFN derived
from the mixed oxides, in contrast to 107°C for the PFN ceramic
derived from the columbite precursor when both were measured at
100 Hz. The former exhibits a lower dielectric constant and a
dlightly higher dielectric loss than those of the | atter, because of the
higher conductivity in association with the compositional inhomo-
geneity, as described above.

IV. Conclusion

Mechanical activation has been successfully applied to the
synthesis of nanocrystallite PFN from mixed individual oxides
and a columbite precursor. A well-established nanocrystallite
PFN phase of ~5-15 nm in size was obtained from both types
of starting materials. However, the material derived from the
mixed oxides is unstable during calcination at temperatures
between 500° and 900°C, and partially decomposes into a
pyrochlore phase. Therefore, it exhibits alower sintered density
at sintering temperatures ranging from ~950°-1150°C. In
contrast, the nanocrystalline PFN phase derived from the
columbite precursor is stable against the thermal treatment, and
it remains a crystaline phase in the temperature range of
500°-900°C. Improved sintering behavior and different dielec-
tric properties are observed in the PFN derived from the
columbite precursor, in comparison to those of the PFN derived
from mixed oxides of PbO, Fe,O; and Nb,Os. The above
differences between the PFN derived from the two types of
starting materials can be accounted for by the composition
inhomogeneity in the PFN derived from mixed oxides, as was
confirmed by studies using Raman spectrometry.
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