Journal of the European Ceramic Society 20 (2000) 983-990
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Abstract

A sodium niobate precursor was prepared by evaporating a solution of an oxalato-niobium complex, sodium nitrate, oxalic acid
and ammonium hydroxide. The thermal evolution of the precursor powder, to the point of formation of the NaNbOj; phase, was
followed by thermal analysis and powder X-ray diffraction. Calcination of the precursor above 500°C for 5 h in air yielded a pure
single phase NaNbO;. The non-isothermal densification behaviour was followed by dilatometric measurements. Highly sinterable
powders were prepared by this new chemical route. Densities higher than 95% of the theoretical one were reached after sintering at
1250°C for 2 h in air. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sodium niobate is a dielectric material of the per-
ovskite group. This material undergoes a series of
structural transitions between 200 and 640°C.! At
room temperature, NaNbOj presents an orthorhombic
symmetry,?> while above 640°C, it has the ideal per-
ovskite structure with a cubic symmetry.’> At room
temperature, NaNbQj is antiferroelectric and ferroelec-
tricity has been observed below 0°C.* The addition of
LiNbO; to NaNbOs;, even in small amounts, produces
a new ferroelectric phase which makes polycrystalline
lithium sodium niobate ceramics suitable for high fre-
quency device applications.>® The variations of the
Curie temperature of NaNbO; based solid solutions
caused by different concentrations of LiINbO;® suggest
that piezoelectric, pyroelectric, electrooptic and ferroe-
lastic applications may be expected. Despite these pro-
mising electrical properties, few studies have so far
been carried out on the synthesis and sintering of
polycrystalline sodium niobate. Such an investigation
would be relevant since the electrical and optical prop-
erties of dielectric ceramics strongly depend on their
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microstructure,'®!! which is mainly influenced by the
powder synthesising method and sintering process.
Alkali metal niobates powders are usually synthesized
via a solid state reaction route using sodium and/or
lithium carbonates and niobium pentoxide.'>"'> One of
the characteristics of this classical method is that it is
rather difficult to achieve an homogeneous mixture of
the components. Moreover, high sintering temperatures
are required because of the low surface area of raw
powders. Indeed, this method does not always allow for
the production of dense, homogeneous single phase
ceramics. High sintering temperatures can also enhance
the volatilization of the alkali metal, which leads to
stoichiometric variations in the sintered material.
Increased sinterability of mixed powders and higher
densification rate of green compacts were attained
through pressure sintering and/or by adding selected
sintering additives.'®'° Fired densities ranging from 94
to 98% of the theoretical ones were thus reached. The
firing temperature was decreased by one hundred
degrees using pressure sintering. However, a calcination
step at a temperature of around 900°C and a subsequent
annealing in an oxygen flow were sometimes required.5’
A method to prepare transparent ferroelectric glass-
ceramics based on metal alkali niobates by a direct
crystallization of a batch of oxides was recently pro-
posed.?? The reported results suggest that as-prepared
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materials are suitable for electrooptical applications,
but the temperatures required exceed 1350°C.

In recent years, a wide variety of chemical routes for
powder synthesis have been developed and optimized
for preparing niobate-based electroceramics. The most
popular routes are coprecipitation and sol-gel pro-
cesses.?! Other alternative methods to prepare ceramic
powders have been described in the literature, such as
hydrothermal synthesis>> and a polymeric precursor
process derived from the Pechini method.??"2°

This work reports on a new chemical route to prepare
highly sinterable sodium niobate powders to produce
dense ceramic bodies. This method uses a precursor
powder obtained by evaporation of a starting solution
containing an oxalato-niobium complex, sodium nitrate,
oxalic acid and ammonium hydroxide. After evapora-
tion, calcination of the precursor powder yielded the
single phase NaNbO;. Calcination temperatures were as
low as 900°C. The thermal decomposition of the pre-
cursor was followed by thermogravimetric analysis
(TGA), differential analysis (DTA) and X-ray diffrac-
tion (XRD). The sintering behaviour of compacted
bodies was studied by dilatometry and the micro-
structure of sintered samples was examined by scanning
electron microscopy (SEM). This evaporative method,
employing the same niobium soluble complex has been
already proposed for lithium niobate.?

2. Experimental procedure
2.1. Powder preparation

The sodium niobate precursor powder was prepared
according to the following procedure. A saturated solu-
tion of oxalic acid was initially added to 1 M solution of
sodium nitrate (Merck, Germany) in deionized water until
pH =1 (the pH values of the solutions were monitored by
pH-metry). The pH value was raised to 3 by addition of a
1:1 ammonium hydroxide solution, which resulted in the
formation of sodium oxalate. A solution of 0.7 M ammo-
nium dihydrogen tri(oxalato) oxoniobate (V) trihydrate,
NH4H, [NbO(C504)3].3H,O (Companhia Brasileira de
Metalurgia e Mineragao, Brazil) was then added. The final
pH value was 2. Low pH values are needed to prevent
the precipitation of sodium oxalate and niobium pent-
oxide.?”-?® Moreover, no precipitation of ammonium
oxalate was observed. The final solution was then refluxed
at 80°C for 3 h. After refluxing, the solution was main-
tained at 70°C until complete evaporation of the solvent
and formation of the precursor powder was achieved. This
powder was then ground in an agate mortar. After the
grinding step, the powder was stored in a dessicator owing
to the hygroscopic nature of sodium. The as-prepared
powder was deposited on an alumina substrate and then
calcined between 250 and 900°C for 5 h in air.

2.2. Powder characterization

The thermal decomposition of the precursor powder
was followed by thermogravimetry and differential ther-
mal analysis using a differential thermal analyser (STA
409, Netzch) under dry air between room temperature and
900°C. The heating rate was fixed at 10°C/min.

The as-prepared and calcined powders were char-
acterized by X-ray diffraction using Cuk, radiation
(D5000, Kristalloflex-Siemens). The crystallite mean
size, D, was calculated from the Scherrer equation:?°

0.94
D= 1
BcosH M

where /4 is the wavelength of the CuK, radiation, 6 the
diffraction angle and B8 the width of the diffraction peak
at half-maximum intensity at the selected angle given by
the following equation:

p=(B,—)" @

where By, is the measured breadth at half-maximum of
the selected diffraction line of the sample and b is that of
an internal standard mica crystal in the plane (001).

2.3. Compaction and sintering behaviour

Sodium niobate powders used for compaction and
densification studies were calcined at 900°C for 5 h in
air. The compaction behaviour was studied by varying
uniaxial pressure from 40 to 450 MPa. The non-iso-
thermal sintering behaviour was monitored using dila-
tometry (DI24, Adamel) at constant heating and
cooling rates (2°C/min), in air, from room temperature
to 1250°C with an isothermal dwell at 1250°C for 1 h.
Isothermal densification behaviour was also examined
in air by varying temperatures between 1100 and
1250°C, for soaking times up to 2 h. The heating rate to
the dwells was 10°C/min and the cooling rate was fixed
by the thermal inertia of the furnace.

Green compact and sintered body densities were
determined from the measurements of the sample size
parameters and weights. Sintered compact micro-
structures were examined by scanning electron micro-
scopy (JSM 6400, Jeol) on polished surfaces of the
samples. The crystalline structure of sintered sodium
niobate was characterized by X-ray diffraction.

3. Results and discussion

3.1. Thermal analysis

Fig. 1 illustrates the thermal decomposition of the
precursor. The overall weight loss was 80.8% from



S. Lanfredi et al. | Journal of the European Ceramic Society 20 (2000) 983-990 985

20 ¢ 40

» T 1 -151% —
g ] aa89% 10
2 -60 i ,,J/\‘ \ :\\\fjf¥<i_/,&o/il; 20 %
5 -100 / [ 18
k%) E \ E =
2 140 \ 1-30 <

: -40

- 1 80 B e bon v b v v b b bl
0 200 400 600 800
Temperature /°C

Fig. 1. TGA/DTA curves (10°C/min) of NaNbOj3 precursor powder.

room temperature to 900°C. Between 25 and 200°C, the
initial weight loss was 15.1%. Generally, the departure of
water molecules during thermal decomposition of an
oxalato-niobium complex is depicted by one or more
endothermic peaks in this temperature range, the magni-
tude of which depends on the synthesis process.?-3! The
corresponding endothermic effect is likely to be lower in
the case of the precursor stored in a dessicator before
measurements. Moreover, this peak can be viewed as
overlapping with the exothermic effect observed at 158°C
(Fig. 1). This latter thermal effect is likely related to the
combustion of organic groups. A partial thermal decom-
position of an oxalate group of the precursor might be
considered although this reaction was generally observed
at higher temperatures.’*32 On the TGA curve (Fig. 1),
the highest weight loss (44.8%) occurred between 200 and
300°C, indicating a large elimination of organic material.
The DTA analysis shows a corresponding intense
endothermic peak at 247°C. This endotherm may be
related to the release of water molecules, ammonium
ions and CO and CO, molecules developed by the
combustion of organic ligands, which led to the forma-
tion of an intermediate oxalato-niobate complex.3°

Heating above 300°C caused a weight loss of 20.9%.
In this temperature range, the DTA curve evidences a
weak endotherm at 340°C and a stronger exothermic
effect at 431°C. The former may be attributed to the
thermal decompostion of the intermediate complex into
partly amorphous sodium niobate, as confirmed by
XRD analysis (Fig. 2), and to the departure of carbon
monoxide and carbon dioxide. The thermal decompos-
tion of simple or complex oxalates occurred with for-
mation of CO and CO,, which may remain adsorbed on
the surface of solid products.3? This decomposition was
accompanied by adsorption of carbon monoxide on the
vitreous NaNbOj. Further heating led to the desorption
of CO above 400°C. Exothermic crystallization of the
sodium niobate phase was observed at 431°C (Fig. 1).

No weight loss and no thermal effect was observed
above 500°C, indicating that no decomposition occurs
above that temperature. Increased temperatures enhan-
ces the crystallinity of the calcined powder as confirmed
by XRD analysis.
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Fig. 2. XRD patterns of NaNbO; precursor powder heat treated at
various temperatures for 5 h.

3.2. X-ray diffraction analysis

The XRD diffraction patterns of the NaNbO; pre-
cursor powder heated at temperatures up to 900°C for 5
h are given in Fig. 2. Uncalcined powder (not shown in
Fig. 2) and powder calcined at 250°C were both amor-
phous. The diffraction peaks of powder calcined at
350°C suggest the onset of crystallization of the sodium
niobate phase, which was confirmed by further heat-
ings. The NaNbO; nucleation temperature is close to
that determined for powder synthesized via a polymeric
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precursor.?? This temperature is much lower than by
using a mixed oxide powder process!®!* which lies in
the 700°C range. During the course of calcination, an
increase in the temperature resulted in a simultaneous
increase in diffraction peak intensities and a decrease in
their breadths. The higher the calcination temperature,
the higher the crystallinity of the powder.

From Eq. (2), the mean crystallite size D of calcined
powders was determined as a function of calcination
temperature. The corresponding values are reported in
Table 1. Even after calcination at 900°C, D is lower
than 100 nm, which is the usual lowest limit of most
commercial powders.?® The crystallite sizes obtained
were almost identical to those measured by Nobre et
al.,?3 at least up to 800°C. The low D values suggest that
the surface area of the as-calcined powders were suffi-
ciently high to promote a high sinterability. The sinter-
ing behaviour of the calcined powders support this
assumption.

The XRD patterns of calcined powders are char-
acteristic of the orthorhombic phase of NaNbO5.3* The
XRD analysis showed that no additional crystalline
phase formed during calcination up to 900°C. The Iat-
tice parameters (of the powders calcined at 900°C)
determined at room temperature via a least-square
method were: a=15.598 A, h=15.523 A and ¢=5.505 A.
These values are in agreement with previously published
data on orthorhombic NaNbO;.%2

The as-prepared powder was white, as were the cal-
cined powders (regardless the firing temperature). This
indicates that the powders investigated were devoid of
carbon chars.

3.3. Chemical analysis

A chemical analysis of the sodium niobate precursor
heated at 900°C confirmed that the NaNbO; phase was
stoichiometric, displaying 57.2 wt% Nb and 14.2 wt%
Na, which corresponds to a % mole ratio of 0.98. These
values are in agreement with the expected ones: 55.7
wt% Nb and 14.0 wt% Na. After sintering at 1250°C
for 2 h in air, the same E—E mol ratio was found indicat-
ing that the stoichiometry of NaNbO; did not vary by
firing at temperatures above 1000°C.

3.4. Compaction behaviour

The compaction behaviour of the NaNbO; powder
was studied using a compaction response diagram?®

Table 1
Mean crystallite size, D, of NaNbO; powder calcined at different
temperatures for 5 h

Calcination temperature®C 350 450 600 800 900

D/nm 30 32 41 60 85

which relates the relative density (expressed in % of the
theoretical one) of the compacts to the logarithm of the
uniaxial applied pressure. A typical response diagram
shows several straight line segments. The intersection of
two linear portions, or the changes in slope of these
straight line segments, are the most important fea-
tures.3*3° Fig. 3 shows the relationship between the
green density and the pressure logarithm for a sodium
niobate powder. Four linear regions and three intersec-
tions in the relations can be seen in the pressure range
investigated. Between 40 and 175 MPa, the relative
density is an increasing function of the applied pressure.
Assuming a linear variation, a slope of 9.2%/MPa was
determined. In the case of ZrO,~Y,03; powders synthe-
sized by wet chemical processes, the slope of the linear
part corresponding to the deformation and/or the
breaking of agglomerates was reported to vary between
8 and 23%/MPa.33373° Below the low pressure break-
point, which can be viewed as an estimation of the
agglomerate strength, the slope was typically lower than
5%/ /MPa. Therefore, the observed breakpoint around
175 MPa (Fig. 3) does not correspond to the yielding
point of agglomerates in calcined powders. Moreover,
the low pressure linear variation corresponds to the
rearrangement occuring during and after crushing or
deformation of soft agglomerates. All these results sug-
gest that the strength of soft agglomerates is lower than
or close to 40 MPa.

The line slope was smaller between 175 and 250 MPa
(Fig. 3). In this pressure range, the compaction beha-
viour is similar to that of agglomerated raw powder.
This can be explained in terms of rearrangement of hard
agglomerates.®® Fig. 3 shows a further increase of the
line slope above 250 MPa. Between 250 and 320 MPa,
the compact density increases from 59 to 65% of the
theoretical one. Such high green densities values (as
well as those reached by the compaction sequence
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Fig. 3. Compaction response diagram of NaNbO; powder calcined at
900°C for 5 h.
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described below) indicate the excellent packing ability
of the calcined powders. According to Matsumoto,3¢
such a large change in green density with pressure is
indicative of gross residual porosity because of the
higher strength of hard agglomerates. No increase in the
green density was achieved by exceeding 350 MPa.

3.5. Densification behaviour

The sodium niobate powders were pressed uniaxially
at 100 MPa and then isostatically at 210 MPa. The
green density was 59% of the theoretical one. Increasing
the isostatic pressure did not yield to significantly higher
green densities. The non-isothermal densification beha-
viour of NaNbO; powder is illustrated in [Fig. 4(a)] by
the linear shrinkage curve and its derivative versus tem-
perature. As can be seen, a small expansion occurred up
to 900°C owing to the dilatation of the material. A sig-
nificant shrinkage was achieved in the short temperature
interval of 250°C between 1000 and 1250°C. At 1250°C,
the total linear shrinkage is 17.7% for isopressed pow-
ders. Narrow temperature ranges of high densification
have also been observed during sintering of metal alkali
niobates synthesized by other wet chemical pro-
cesses.”>*? The sintering process is not ended at 1250°C,
as revealed by the shrinkage that occured during the
isothermal dwell [Fig. 4(b)]. After 1 h at 1250°C, the
total linear shrinkage is 18.7%. The relative density was
then as high as 96% of the theoretical density. It is
worth noting, that sodium niobate nearly fully densified
only by using pressureless sintering. No dedensification
step was observed on the dilatometric curves during
sintering. In the case of a mixed powders process, hot-
pressure or activated sintering are required to achieve
such high density values.®10719:41

The shrinkage rate increased gradually at tempera-
tures higher than 1000°C, reaching a maximum around
1070°C [Fig. 4(a)]. Subsequently, the sintering process
slowed down until reaching the vicinity of 1130°C and a
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second maximum appears at 1200°C, followed by
another decrease at higher temperatures. The maximum
densification rate was determined at a temperature as
low as 1200°C, demonstrated the high sinterability of
powders calcined at 900°C. Such successive peaks on the
shrinkage plot have already been observed for NaNbO;
powders prepared from polymeric precursors.?3

The occurrence of two maxima on the linear shrink-
age rate curve has been reported in the literature and
can be considered as typical features of a duplex
shrinkage. These maxima have been attributed to a
regular shrinkage of the monolithic matrix and to either
the formation of a new phase,*>* the phase transfor-
mation of a component,***° or to a heterogeneous den-
sification of the matrix.*® Powder compact pore size
distributions and powder morphology were not deter-
mined in this study. However, the observed sintering
behaviour may be related to the agglomeration state of
calcined powders,*” as suggested by the compaction
behaviour (Fig. 3). The strong influence of green com-
pact density and pore size distribution on sintering
kinetics has already been mentioned in the literature.*3->2
The derivative curve of shrinkage versus temperature
exhibits only one maximum for deagglomerated BaTiO5
powders. When the powders are non-deagglomerated,
the sintering curve shows a second maximum connected
to the agglomeration state of powders.>” The presence
of only one maximum in the densification rate curve of
nanocrystalline Y-TZP powders confirmed the single
mode and narrow pore size distribution in the com-
pacted samples.>® The sintering behaviour of green
samples would, thus, be affected by the agglomerates in
powders. Another conceivable sintering mechanism can
be considered. A two-step shrinking can also be viewed
as characteristic of a liquid-phase-assisted sintering.>?
The first densification peak observed on the shrinkage
rate curve of commercial BaTiO3 powders>* was ascri-
bed to normal grain growth. An abnormal grain growth
(resulting from the presence of a liquid phase at grain
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Fig. 4. Dilatometric curves for NaNbOj powder. (a) Heating and cooling stages; (b) isothermal level at 1250°C.
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boundaries), corresponding to the final stage of sintering,
may account for the second densification peak.
According to Fig. 6, samples sintered at 1250°C for 2 h
in air were highly dense but contained regions of exag-
gerated grain growth. Moreover, there was a large
increase in the densification rate at temperatures above
1150°C (Fig. 5). The possible formation of an eutectic
compound within this temperature range is another
factor which might lead to both an increase of the den-
sification rate and a reduction of the densification tem-
perature. If one refers to the phase diagram of the
Nb,Os-Na,O system,> one would expect an eutectic
reaction at 1230°C, with Nb,Os as a second phase. The
XRD analysis confirmed that no additional crystalline
phase (e.g. Nb,Os) formed during calcination (see Section
3.2). However, composition fluctuations of trace impu-
rities can give rise locally to sufficiently concentrated
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Fig. 5. Isothermal densification behaviour of NaNbO; compacts as a
function of time.

Fig. 6. SEM micrograph of a polished section of a NaNbO; compact
sintered at 1250°C for 2 h in air. The relative density is 98% of the
theoretical.

zones to form a liquid phase at the boundaries. After
sintering at 1250°C for 2 h in air, no traces of second
phase was detected on the polished surfaces (Fig. 6).
Moreover, no rounded grains, suggesting liquid-phase
sintering, were evidenced. We should point out that no
quenched samples (from the sintering temperatures)
were examined. Hence, only a transient liquid-phase
sintering might be considered.

Fig. 5 shows the isothermal densification behaviour of
calcined powders, compacted according to the chosen
compaction sequence, at temperatures varying between
1100 and 1250°C for soaking times up to 2 h, in air. The
green densities were of the order of 60% of the theore-
tical one. For all temperatures, the relative density is an
increasing function of dwell time. In agreement with the
dilatometric study [Fig. 4(a)], the higher the sintering
temperature, the higher the density, whatever the soak-
ing time was. Moreover, an increase in the temperature
led to an increase in the densification rate. The relative
density was 68% of the theoretical one after 1 h firing at
1100°C, reaching a value of 96% at 1250°C for the same
duration. Further heating increased the density slightly.
After 2 h at 1250°C, the relative density was 98% of the
theoretical one.

3.6. Final microstructure

Fig. 6 shows the final microstructure of a NaNbO;
compact sintered at 1250°C for 2 h in air. The relative
density of the sintered sample is 98% of the theoretical
density. The micrograph was taken on a surface
polished with alumina powders down to 0.3 um. The
grain boundaries were revealed by thermal etching in air
for 30 min at 1150°C. The microstructure consists
mainly of large grains but smaller grains can also be
seen. The size of large grains can reach 80 pm and that
of small grains varies between 10 and 40 pm. Very few
intergranular and intragranular pores can be observed,
which is compatible with the final density.

4. Conclusion

Dense NaNbO; ceramics were prepared from pow-
ders obtained by evaporation of a solution. This eva-
porative method is an excellent way to prepare
stoichiometric, homogeneous and fine powders, requir-
ing neither drastic experimental conditions nor costly
products. However, low pH values of the solution are
needed to prevent the sodium and ammonium oxalates
or niobium pentoxide from precipitating. The thermal
decomposition of the precursor and the XRD study
showed that the crystallization of the orthorhombic
sodium niobate phase occured around 400°C. For cal-
cination temperatures ranging between 450 and 900°C,
the mean crystallite size was found to increase from 32
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to 85 nm. The as-prepared powders exhibited an
attractive compaction behaviour. The green density
reached approximately 53% of the theoretical density
for a pressure of 100 MPa, and about 60% for a pres-
sure of 210 MPa. Two duplex shrinkage peaks were
evidenced by dilatometric measurements, but high sin-
terability was achieved within a narrow temperature
interval. The maximum shrinkage rate was found at
1200°C. Moreover, the density was at least 95% of the
theoretical one after sintering at 1250°C for 2 h in air.
This preparation method was also used successfully to
prepare (Na,Li)NbO3 and (Na,K)NbOj; solid solutions.
The study of the electric and dielectric properties of
these electroceramics is currently underway.
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