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CHEMISTRY

Lead magnesium niobate, Pb(Mg; 3Nb,/3)O; (PMN), has been prepared from aqueous nitrate solutions by freeze-
drying and stepwise precipitation using an ammonia solution as the precipitant. Perovskite PMN powders with less
than 5% pyrochlore phase were obtained when the resulting precursors were calcined at temperatures in the range of
800 to 1000 °C. They exhibited a rounded powder morphology and an average agglomerate size of <1.0 um.
Freeze-dried PMN offered a lower formation temperature for the perovskite phase (700 °C) and a higher relative
permittivity than those of precipitated PMN. On sintering at 1150 °C, the maximum relative permittivity observed
for the precipitated PMN was 8019 at 1 kHz with a Curie temperature of — 11 °C, while that of freeze-dried PMN
was 14542 with a Curie temperature of — 3 °C at the same frequency.

Introduction

Lead magnesium niobate, Pb(Mg;;Nb,;3)O; (PMN), has
been extensively studied as a relaxor ferroelectric material due
to its wide applications in the field of multilayer capacitors
(MLC), actuators and many other electronic devices. It offers
excellent electrical properties including high relative permit-
tivity (¢>12000 at 20°C),=® large electrostrictivity?*~’ and
attractive physical properties such as low thermal expansion
and diffuse-phase transition (DPT).%° However the perform-
ance of PMN is often limited by the co-existence of a pyroch-
lore phase with the perovskite structure. Throughout the years
researchers in the field of electroceramics have been studying
the formation of monophasic PMN with minimal pyrochlore
phase present.

In an attempt to avoid pyrochlore phase formation as well
as to produce PMN powders of controlled morphologies, high
purity and narrow size distribution, wet chemical synthesis
has evolved as a major field of research in recent years. The
advantages of chemistry-based processing routes are obvious;
they increase the homogeneity of resulting powders by mixing
the reagents at the molecular level in solution. This is especially
useful in the preparation of a multicomponent system such as
PMN. The oxide powders derived from these chemistry-based
processing routes have high specific surface area and, conse-
quently, readily undergo the solid-state interaction and sinter-
ing.!® Techniques such as coprecipitation,!! sol-gel, !4 citrate
route,!>1® molten salt'” and partial oxalate methods!®® are
among those which have been developed. However, the success
of precipitation or coprecipitation of solutes from a homo-
geneous solution is controlled by parameters such as solution
pH, temperature, type and concentration of precipitant,
hydrolysis rate of cations, efc.?® The stoichiometry of a multi-
component compound may be lost when the precipitates
involved exhibit very different solubility in the aqueous solu-
tion. This may be prevented in the freeze-drying technique,
which has been advocated as a chemical process capable of
producing pure, chemically homogeneous and above all
ultrafine powders.?! It involves the preparation of an aqueous
or non-aqueous solution containing cations of interest, fol-
lowed by rapid freezing of the solution and subsequent subli-
mation of the solvent under high vacuum. The technique was
applied to produce fine ceramic powders three decades ago by
Schnettler et al.?? Since then it has been utilised to synthesize
a wide spectrum of ceramic materials such as hematite,?
lithium ferrite,?* and Y-Ba—-Cu-O superconductors®® among

many others. It has also been proven effective in controlling
the chemical homogeneity of multicomponent electroceramic
powders such as lanthanum-doped lead zirconate titanate
(PLZT)?® and PMN.?’

In this study, PMN powders of high perovskite content
were prepared via two chemistry-based powder preparation
routes, namely freeze-drying and stepwise precipitation. To
avoid the use of expensive metal alkoxides which are difficult
to handle due to their moisture sensitivity, inorganic metal
salts are used as starting materials for both of the processing
routes. A method of preparing an aqueous solution of Pb?*,
Mg2* and Nb®" ions in the form of nitrates will be described
in detail. Freeze-drying was hence carried out on the aqueous
Pb-Mg-Nb nitrate solution. Secondly, PMN precursors were
obtained via stepwise precipitation using aqueous ammonia
similar to the two-step hydrolysis process devised by
Yoshikawa and Uchino.?® However the aqueous nitrate solu-
tion was used in this study instead of a peroxo-niobium
complex solution. Though there have been independent studies
on processing of PMN via freeze-drying?” and stepwise precipi-
tation,?® there have been no reports on the dielectric properties
of PMN ceramics fabricated from such derived powders.
Hence it is the objective of this work to compare the two
processes of PMN formation and the properties of the resulting
powders. Powders derived from both processes were character-
ised and compared in terms of their thermal decomposition,
phase formation and particle characteristics. Dielectric proper-
ties, such as relative permittivity and dissipation factor of
sintered PMN ceramics, were also measured.

Experimental procedure
Preparation of PMN-nitrate solution

Niobium pentachloride NbCls (Fluka 99.9%) was added to
an excess amount of 2M NHj (aq) to form the hydrated
niobate Nb,Os+xH,0, which was filtered off and repeatedly
washed free of chloride ions when tested with silver nitrate
solution. The amount of niobium content in the hydrated
niobate was determined by thermogravimetric analysis based
on niobium oxide (Nb,Os) as the final form. The freshly
precipitated hydrated niobate was then dissolved in 1M hot
oxalic acid to yield a niobium oxalate solution.?’

With the subsequent addition of a lead nitrate solution to
the niobium oxalate solution, a white gel of lead oxalate,
Pb(C,0,), was immediately precipitated. Although lead oxa-
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Scheme 1 Preparation of a PMN aqueous solution.

late could be redissolved by adding concentrated nitric acid,
the resulting solution was not suitable for coprecipitation using
an ammonia solution as the precipitant, since lead oxalate will
again be preferentially precipitated.”® Hence a precalculated
amount of lead nitrate Pb(NO;), (Merck >99%) dissolved in
distilled water was added to the niobium oxalate solution to
fully precipitate the oxalate ions as lead oxalate and with the
required amount of lead ions remaining in the solution. A
lead—niobium nitrate solution was thus obtained after lead
oxalate was filtered off. An appropriate amount of magnesium
nitrate, Mg(NO;),-6H,O (Fisons 99.0-101.0%), was then
added to the lead—niobium nitrate solution, forming an aque-
ous PMN nitrate solution. A flow chart for the described
preparation of PMN nitrate solution is shown in Scheme 1.

Freeze-drying

The aqueous solution containing Pb?*, Mg?* and Nb’*
cations prepared as detailed above was frozen in a flask
immersed in a mixture of acetone and dry ice. The frozen
product was immediately adapted to a freeze dryer (Labconco,
Model 77400) and freeze-drying was carried out at a vacuum
of ca. 200 x 1073 mmHg (0.266 mbar) and a temperature of
—40°C until most of the water solvent was eliminated by
sublimation. The resulting precursor was dried in an oven
and then kept in a sealed container as it was highly
moisture-sensitive.

Stepwise precipitation

A one-step coprecipitation of the Pb—Mg—Nb nitrate solution
using either ammonia solution or NaOH solution resulted in
the formation of a precursor which did not produce any
perovskite phase after calcination even at 1000 °C. This was
due to the fact that the resulting precursor was magnesium-
deficient since magnesium hydroxide is highly soluble in the
presence of nitrate ions. The same problem was encountered
by other investigators.”® Hence the stepwise precipitation
method as devised by Yoshikawa and Uchino?® was adopted.
For this, a lead—niobium nitrate solution was initially prepared
as described before. An appropriate amount of 2 M ammonia
solution was then titrated into the solution to form lead—
niobium hydroxide precipitates, followed by filtration and
washing using distilled water before they were ultrasonically
dispersed in a magnesium nitrate solution to form a slurry. A
second precipitation was carried out by adding a desirable
amount of ammonia solution into the suspension. The resulting
coprecipitates were filtered off and washed repeatedly, followed
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Scheme 2 Preparation of PMN powders by stepwise precipitation.

by drying in the oven overnight. The procedure is depicted in
Scheme 2.

Precursor and powder characterization

The two precursors were investigated using thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) per-
formed on a Dupont 2100 thermal analyser. Samples of
10-15 mg were heated in air at a rate of 10°C min~! from
room temperature to 900 °C in both analyses. They were then
calcined at various temperatures ranging from ca. 700 to
1000 °C in a closed high alumina crucible for 2 hours, followed
by phase identification using X-ray diffraction (XRD, Cu-Ka,
Phillips 1729). The particle size and size distribution of the
resulting powders were measured using the laser light scattering
technique (Horiba-LA910). The calcined powders were also
characterized for particle size and morphology using a scanning
electron microscope (JEOL JSM 35CX) and a transmission
electron microscope (JEOL Model 100CX).
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Fig. 1 TGA curves of the two PMN precursors; (a) stepwise precipi-
tation, (b) freeze-drying.
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Fig. 2 DTA curves of the two PMN precursors; (a) stepwise precipi-
tation, (b) freeze-drying.



Ceramic fabrication and characterization

The calcined powders were ball-milled using zirconia balls as
the milling medium in ethanol for 48 hours to reduce particle
agglomeration prior to being pressed into pellets of 10 mm in
diameter. They were uniaxially pressed at a pressure of
100 MPa and then isostatically at a pressure of 345 MPa.
Sintering of the pellets was carried out in covered high alumina
crucibles at 1150 °C for 2 hours in air. The sintered pellets
were characterized using XRD for phase analysis on sintered
and polished surfaces. They were polished and coated with
silver paint as electrodes and annealed at 700 °C for ca. 15 min.
Dielectric measurements (relative permittivity and dissipation
factor) were made using an LCR meter (HP 4284A) at three
frequencies (1, 10, 100 kHz) as a function of temperature from
—45-125°C at a heating rate of 2°C min~!.

Results and discussion

TGA and DTA results for the two PMN precursors are shown
in Fig. 1 and 2, respectively. The stepwise precipitated precur-
sor shows a steady weight loss with increasing temperature
from room temperature to ca. 300 °C, where a minor fall in
specimen weight occurs. This is followed by a major fall in
specimen weight at 370 °C and a further small weight loss is
observed at temperatures above 400 °C. In contrast, the freeze-
dried precursor exhibits a much more drastic weight loss with
increasing temperature from room temperature to ca. 430 °C,
where there is a sharp fall in specimen weight. It also shows a
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Fig. 3 XRD patterns of the freeze-dried PMN powders calcined at

(a) 700 °C, (b) 800 °C, (c) 900 °C and (d) 1000 °C, respectively. O and
@ denote perovskite and pyrochlore phases respectively.

much larger overall weight loss (ca. 64%) than that of the
precipitated precursor (ca. 14%). This may easily be accounted
for by the fact that the nitrate-based precursor is highly
hygroscopic and is able to adsorb moisture quickly from the
atmosphere.

Corresponding to the fall in specimen weight, the precipi-
tated precursor demonstrates a broadened endotherm at
366 °C. This is related to the elimination of hydroxyl groups
from the precursor as a result of decomposition of hydroxides.
Similarly, the endotherm at 433 °C observed in the freeze-
dried precursor is due to the decomposition of nitrates and
the elimination of their residuals and water from the precursor.
This is supported by the large fall in specimen weight at the
same temperature. No noticeable DTA peaks are observed
above 500 °C and the weight remains constant from 500 °C to
ca. 850 °C when a slight drop in weight is observed for both
samples. This could be attributed to the loss of lead by
volatilization.

Fig. 3 and 4 show the XRD traces for the precursors derived
via freeze-drying and stepwise precipitation, respectively, when
calcined at various temperatures in the range from 700 °C to
1000 °C. The amount of perovskite phase present in each of
the powders was estimated using the following equation as
suggested by Swartz and Shrout,3® on the basis of relative
intensities of the major reflections for the pyrochlore and
perovskite phases:

Perovskite phase % = Ipyn/(Ipyro + Ipmn) x 100

o
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Fig. 4 XRD patterns of the stepwise precipitated PMN powders
calcined at (a) 700 °C, (b) 800 °C, (c) 900 °C and (d) 1000 °C respect-
ively. O and @ denote perovskite and pyrochlore phases respectively.
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Table 1 Percentage of perovskite phase in the powders calcined
at various temperatures

Calcination Stepwise
temperature/°C Freeze-drying (%) precipitation (%)
700 47 —
800 81 95
900 89 97
1000 96 93

where Inyy refers to the intensity of the perovskite (110) peak
and I, the intensity of the pyrochlore (222) peak. The
percentages of perovskite phase present in the powders calcined
at various temperatures are summarized in Table 1.

When calcined at 700 °C, the freeze-dried precursor exhibits
ca. 47% perovskite phase. The amount of perovskite phase
increases dramatically at the expense of the pyrochlore phase
with increasing calcination temperature from 700-1000 °C.
Only a trace amount of pyrochlore phase exists in the powder
calcined at 1000 °C. A higher percentage of perovskite phase
(ca. 80%) was obtained in the freeze-dried precursor prepared
in the present work than in that prepared by Ho et al.,>’” who
managed to obtain ca. 50% after calcination at 800 °C.
Furthermore, much cheaper starting materials, such as
niobium chloride, lead and magnesium nitrates, rather than
ethoxides and acetates, have been used in the present work.
As for the precipitated precursor, there is hardly any perovskite
phase noticeable in the powder calcined at 700 °C. Perovskite
PMN, however, becomes the predominant phase only when
calcined at 800 °C. The percentage of perovskite phase (95%)
formed at 800 °C is comparable to that obtained by Yoshikawa
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Fig. 5 The particle size distribution of the freeze-dried powder calcined
at (a) 800°C, (b) 900°C and (c) 1000 °C.
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Fig. 6 Particle size particle distribution of the stepwise precipitated
powder calcined at (a) 800 °C, (b) 900 °C and (c) 1000 °C.
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and Uchino?® via a stepwise precipitation route using different
starting materials. However, there is a slight decrease in the
amount of perovskite phase formed in the precipitated powder
calcined at 1000 °C when compared to that calcined at 900 °C.
This is probably due to the excessive loss of lead oxide at high
temperature as a result of the decomposition of PMN as
described in the following equation:*°

Pb(Mg, sNb, ;)03 —1/6 Pb;Nb,0,;+1/2 PbO+1/3 MgO

Research into the fabrication of PMN by the mixed oxide
method has shown that pyrochlore phases are inevitably
involved at the interface between PbO and Nb,O; particles
during the calcination process with the formation of the PMN
perovskite phase at the junctions of PbO-MgO-Nb,Os par-
ticles.3! The transformation of the pyrochlore phase into the
perovskite phase requires the diffusion of Mg?™* ions. In the
freeze-drying process, chemical homogeneity of the precursor
is preserved since little atomic movement is possible during
the low-temperature sublimation.®? Hence the formation of
perovskite PMN is easily accomplished in the freeze-dried
precursor as long distance diffusion of cations is not required.
In the stepwise precipitated precursor, however, the distri-
bution uniformity of cations is not as good since magnesium
hydroxide was precipitated separately at the second stage of
precipitation. This could explain the formation of perovskite
PMN at 700°C in the freeze-dried precursor, and why the
precipitated precursor requires a temperature of 800 °C.

Fig. 5 and 6 show the agglomerate size distributions of the
PMN powders derived via the two processing routes, when

@l HUSPD

Fig. 7 SEM micrographs (a) of the freeze-dried powder calcined at
900 °C and (b) of the stepwise precipitated powder calcined at 900 °C.



(b)

Fig. 8 TEM micrographs (a) of the freeze-dried powder calcined at
900 °C and (b) of the stepwise precipitated powder calcined at 900 °C.

calcined at 800, 900 and 1000 °C. All these powders show an
average agglomerate size of less than 1.0 pm although they
cover a size range from submicrons to ca. 5 um. As expected,
they demonstrate an increase in average agglomerate size with
increasing calcination temperature. As evidenced from the
micrographs shown in Fig. 7(a, b), for the powders calcined
at 900 °C, both PMN powders exhibit a rounded morphology
and they form agglomerates of ca. 1 to 5pum in size. The
primary particles in the agglomerates are, however, submicro-
metric in size. This is confirmed by the TEM micrographs
shown in Fig. 8(a, b) for the powders calcined at the same
temperature. Table 2 summarizes the average agglomerate sizes
in the two powders when calcined at 800, 900 and 1000 °C.
The powders calcined at 900°C obtained via the two
processes were pressed into pellets and sintered at 1150 °C in
air for 2h. XRD profiles for the sintered PMN ceramics
produced by freeze-drying and stepwise precipitation are illus-
trated in Fig. 9 and 10, respectively. The pyrochlore phase was
found to exist in the precipitated PMN on both the sintered
and the polished surfaces. The increased amount of pyrochlore
phase in the sintered PMN when compared to that present in
the calcined powders is due to the further loss of lead oxide
at the high sintering temperature. On the other hand, the
freeze-dried PMN shows a pure perovskite phase on both

Table 2 Average agglomerate sizes of the powders calcined at various
temperatures

Calcination Stepwise
temperature/°C Freeze-drying/pm precipitation/pm
800 0.417 0.417
900 0.510 0.544
1000 0.624 0.583
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Fig. 9 XRD traces of the (a) sintered and (b) polished surfaces of
freeze-dried PMN pellet sintered at 1150 °C.

20 / degrees

Fig. 10 XRD traces of the (a) sintered and (b) polished surfaces of
stepwise precipitated PMN pellet sintered at 1150 °C (O and @ denote
perovskite and pyrochlore phases respectively).

sintered and polished surfaces despite the presence of a minimal
amount of pyrochlore phase in the calcined powders. Hence,
the pyrochlore phase has been eliminated at the sintering
temperature. Similar observations were reported by Ho et al.,?’
who carried out freeze-drying on an alkoxide solution.
Dielectric properties of the sintered PMN are shown in
Fig. 11 and 12 for the materials derived from freeze-drying
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Fig. 11 Dielectric properties of the freeze-dried PMN sintered at
1150°C; (a) 1 kHz, (b) 10 kHz, (c) 100 kHz.
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Fig. 12 Dielectric properties of the stepwise precipitated PMN sintered
at 1150°C; (a) 1 kHz, (b) 10 kHz, (c) 100 kHz.

Table 3 Dielectric properties of PMN sintered at 1150 °C

Processing

route Frequency/kHz T./°C Emax &5
Freeze-drying 1 -3 14542 12678
10 -2 14232 12586
100 1 13896 12554
Stepwise 1 —11 8019 6914
precipitation 10 —6 7711 6174
100 -1 7344 6161

and stepwise precipitation, respectively. Table 3 is a summary
of Curie temperature 7,, maximum relative permittivity &m,,
and room temperature relative permittivity ¢,s at various
frequencies. Typical relaxor behaviour of decreasing maximum
relative permittivity with an increase in Curie temperature
upon raising the frequency is observed for both PMN pellets.
However due to the presence of pyrochlore phase as observed
in Fig. 10, the relative permittivity of the precipitated PMN is
much lower than that of the freeze-dried PMN. The former
reaches a maximum of 8019 with a Curie temperature of
—11°C at 1 kHz while the latter shows a maximum relative
permittivity of 14542 and a Curie temperature of —3°C at
the same frequency. A smaller dissipation factor (<0.09) at
all frequencies is also obtained for the freeze-dried PMN in
comparison to that of the precipitated PMN.

Conclusions

PMN powders with less than 5% pyrochlore phase have been
successfully prepared via two chemistry-based processing
routes, namely stepwise precipitation and freeze-drying, from
an aqueous Pb—Mg—Nb nitrate solution. The precursor derived
from stepwise precipitation forms PMN of 97% perovskite
phase when calcined at 900 °C and the freeze-dried derived
precursor forms 96% perovskite phase at 1000 °C. Both PMN
powders exhibit a rounded agglomerate morphology and an
average agglomerate size of <1.0 pm. PMN ceramics of pure
perovskite phase can be obtained when the freeze-drying
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derived powder is sintered at 1150 °C while the pyrochlore
phase persists in the PMN ceramics derived from stepwise
precipitation. Therefore the freeze-dried PMN shows a higher
maximum relative permittivity (14542) than that of precipi-
tated PMN which exhibits a maximum relative permittivity of
8019 at 1 kHz frequency.
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