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A B S T R A C T  
A study of the preparative variables in the synthesis of 
ceramics based on Bi203-Er2 O- 3 solid solutions has 
shown that the best results are obtained with a copreci- 
pitatlon method. Critical parameters in the synthesis 
are found to be i) wet milling of the precalcined powder 
with an appropriate liquid and ii) calcining and sinter- 
ing temperatures. With the proposed method it is possible 
to produce monophaslc, contamination free, dense and mac- 
hineable ceramics suitable for practical applications. 

M A T E R I A L S  INDEX : bismuth, erbium, oxides 

I N T R O D U C T I O N  

Stabilised ~ - bismuth oxide based systems form a new 
generation of compounds capable of improved performance in oxygen 
pump and oxygen sensor applications compared to the conventional 
stabilised zirconia based materials. The high temperature 
isomorph of bismuth oxide, the ~ phase, is an excellent oxygen 
ion conductor (I). This phase can be stabilised to room 
temperature by the presence of several rare earth cations (2-7). 
Of the various solid solutions studied, erbium oxide stabilised 
bismuth oxide has the highest reported ionic conductivity (6,8). 
The solid solutions between bismuth oxide and erbium oxide are 
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stable in the range of 17.5 to 40.0 mole percent of erbium oxide 
(6,8). From this point of view, it is essential to optimise the 
preparative variables in the synthesis of bismuth erbium oxide 
solid solutions to yield dense, monophaslc, and machlneable 
materials for use in practical applications. This paper presents 
the efforts undertaken to produce such materials and consists of 
two parts. The first part deals with the aspects of synthesis and 
the second part with the details of the structural and mechanical 
properties of the materials. Mainly, coprecipitation has been 
chosen for the preparation of the compounds. For the sake of 
comparison, samples have also been prepared by a solid state 
reaction between the individual oxides. As will be shown in part 
II of this paper (9) the method described here yields materials 
with superior mechanical properties. 

EXPERIMENTAL 

The composition that has been tried out as representative is 
(Bi~0~)0.75 - (Er203)0.25 , henceforth indicated as BE25. The 
met~o~ is, however, standard for the entire range of solid 
solutions. The experimental details are given below. 

i. The coprecipitation method. 

Bismuth and erbium are coprecipitated as hydroxides from a 
solution of nitrates. First, the required amounts of the pure 
oxides Bi203 (99.99%) and Er.O 3 (99.999%) were separately 
dissolved In concentrated nitric acid. These solutions were 
mixed and then diluted to a concentration of 0.5 g/ml. The 
hydroxides were coprecipltated by adding simultaneously, with 
constant stirring, the mixed nitrate solution and 4 M ammonia 
solution to a buffer of 0.I M ammonia solution ( 70 ml/g of the 
oxide ) at 325 K and at pH around 9. Higher temperatures seemed 
to promote the formation of separate carbonates. Lower pH 
resulted in the separation of hydroxide layers. The precipitate 
was washed with water and oven dried at 375 K. Washing the 
coprecipitate with propanol-2 to remove water in order to 
suppress agglomerate formation was not suitable as discussed 
later. 

After preflrlng at an appropriate temperature, the powders 
were subjected to a milling process for 2 hours in a satellite 
type milling apparatus. Milling vessels of agate or zirconla were 
used. Dry milling and milling with water, ethanol, acetone or 
propanol-2 were applied. The milled products were compacted after 
drying in the form of cylinders of 16 to 25 mm dia~eter and I0 to 
20 mm length by isostatlc pressing at 4000 kg/cm-. The compacts 
were slntered in air at temperatures between 1035 and 1125 K for 
16 hours. The heating and cooling rates were 0.8 K/min. The 
circumference of the sintered cylinder was drilled off using a 
bronze coated tubular glass drill to remove any contaminated 
layers. The cylinder was then sliced into circular discs of the 
required thickness using a high speed diamond cutter. The discs 
were polished and finally annealed at I000 K for 12 hours to 
relieve any stresses developed during shaping and polishing. 
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ii. Malic acid and Solid state reaction method 

The malic acid method is an adaptation of the citrate method 

used for the preparation of stabilised zirconia reported earlier 
(i0). In this method, to a solution of bismuth and erbium 
nitrates, malic acid was added in the stoichiometric ratio 

required to convert the nitrates to malates. The solution was 
then heated to dryness. Further heating after drying resulted in 
pyrolysis of the mixture. The products were treated as mentioned 

in the previous section. 

In the case of the solid state reaction method, standard 

ceramic procedures were used to prepare solid solutions starting 

from pure oxides. 

R E S U L T S  AND D I S C U S S I O N  

A TGA recording of a fresh coprecipitate is shown in fig~ i. 

There is a continuous weight loss up to about 775 K, due to loss 
of free and bound water from the hydroxides. The total weight 

loss is about 9% against the expected loss of 11% for a BE25 

hydroxide. This is probably because bismuth is partly present as 
an oxyhydroxide, BiOOH, besides Bi(OH) 

3" 

The DTA curves of the samples are shown in fig.2. A freshly 
coprecipitated sample shows (fig. 2a), in addition to the loss of 

water (fig. 1) two endothermic peaks at 882 and 999 K. There ~ s 
no weight loss associated with these peaks and therefore they 
must correspond to some isomorphic transformations. In the normal 

time scales they do not seem to be reversible as these 
transformations do not appear in the cooling cycle (also figs. 2b 
& 2c). When the sample was heated at 900 K for 160 hours the 

height of the peak at 999 K was drastically reduced (fig. 2d) 

indicating that the transformation can occur at lower 
temperatures by prolonged heating. In addition a new peak was 

observed at 923 K. The significance of this will be discussed in 
part II of this paper (9). The mixed oxide precursors of the 
solid state reaction method also showed a peak at 999 K (fig. 2e) 

as expected from the above observations. The powders obtained 
from the malic acid method did not show any changes during the 
DTA run. This probably stems from the fact that the decomposition 

of the compound formed with malic acid is strongly exothermic 

which results in high local temperatures. Consequently the 
material has already passed through the above mentioned phase 

transition. 

To understand the changes observed in the thermal analyses, 
samples were heated isothermally to the temperatures of 

transformation and then characterised using X-ray powder 
diffraction A sample heated to i010 K is monophasic with the 

cubic fluorite phase having a cell parameter of 0.54838 nm. A 
sample heated to 900 K contained a mixture of BE25 phases, one of 
them being cubic. The poor crystallinity of the sample prevented 
determination of the exact nature of the other phase, which 
probably has a tetragonal symmetry. When the sample was heated at 
900 K for 160 hours it contained only the cubic phase with a cell 
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FIG. 1 
Thermogravimetric analysis of BE25 

coprecipitate. 
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FIG. 2 

DTA curves of BE25 samples; A. Fresh 
coprecipitate, B. A Heated at 900 K for 4 hrs, 
C. A Heated at 1010 K for 4 hrs, D. C Heated at 
900 K for 160 hrs, E. Mixture of oxides 
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parameter of 0.54832 nm. These observations, coupled with the 
earlier ones on thermal analyses lead to the following 
conclusions. The peak at 882 K corresponds to the reaction 
between oxides for the formation of the solid solution. This 
implies that the hydroxides decompose first to yield 
homogeneously mixed reactive oxides and the reaction takes place 
subsequently. The peak at 999 K corresponds to the complete 
transformation of BE25 into the cubic phase. The dynamic heating 
procedure in DTA simulates the short heating of four hours at 
900 K and hence the peak at 99!) K is observed. It seems therefore 
that the transformation to the cubic phase is kinetically a slow 
process at lower temperatures and is complete at 999 K. This 
indicates that the sample prepared by eoprecipitation first 
undergoes a reaction to yield a mixture of solid solution phases 
which transform further to the monophasic cubic material. In the 
case of the malic acid and solid state reaction methods these ~wo 
stages could not be observed. The main fact which emerges fcom 
these observations is that the calcination has to be carried out 
above 999 K to avoid transformations during final sintering which 
would produce materials having inferior mechanical properties. 

Washing the coprecipitate with the commonly used propano[-2 
was observed to produce an organic complex which decomposed 
exothermally on subsequent heating, resulting in less reactive 
powders for sintering. The diminished sinter reactivity is 
probably caused by agglomerate formation during the exethermic 
reaction. This has not previously been described in the 
literature 

The coprecipitates were calcined at i010 K and subsequently 
milled to break up agglomerates formed during calcination. 
Initially, milling was carried out in agate pots and this 
resulted in samples with poor mechanical properties. Fig. 3 shows 
a SEM photograph of such a sample and shows massive silica 
contamination. Incorporation of silica leads to sillenite type 
structures which extracts large amounts of bismuth, forming 
compositions of the type Bil2SiO_ 0. This alters the 
bismuth/erbium stoichiometry and destabi~fses the solid solution. 
Presence of silica is considered to be one of the causes for the 
poor mechanical properties of the samples. The problem of silica 
contamination has been overcome by subsequently using zirconia 
milling pots. 

Milling with acetone was always observed to give a green 
coloured powder compared to the starting yellow colour of the 
prefired powder. Transmission Infrared spectra in KBr of various 
milled samples are shown in fig. 4. The samples milled with 
ethanol, propanol-2 or water do not show any significant 
absorption bands, but the sample milled with acetone shows a 
spectrum similar to that of a secondary alcohol (11). It is 
probable that acetone reacts with the cubic bismuth erbium oxide 
forming a bonded secondary alcohol type complex. This reaction 
probably occurs due to the high surface active nature of ~he 
cubic bismuth erbium oxide phase. 

The densities of the samples after sintering were in the 
order of 98% of the theoretical densities. Densities of samples 
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FIG. 3 
SEM photograph of silica contamination in BE25. 
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FIG. 4 
Infrared spectra of BE25 samples after milling 
with, A. water, B. Propanol-2, C. Ethanol 

D. Acetone 
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obtaine~ after milling with acetone were larger than 99.5% 
whereas all other methods including solid state reaction or the 
malic acid method and involving milling with other solvents like 
water, ethanol or propanol-2 at best yielded densities in the 
order of 98%. The complex formed with acetone seems to produce a 
more sinter reactive powder. The details of the results obtained 

after each method are summarised in table i. From this it is 

TABLE I 
Summary of properties of samples obtained by different methods 

Method Milling Sinter temp- Density Grainsize 
medium erature (K) (%) (~) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Coprec- Acetone 

ipitation ,, 
method Water 

, , Propanol-2 
,, Ethanol 

~d Dry 
So~:L Acetone 

state method Others 

~,, Dry 
Mallc acid Acetone 

method Dry 

1125 99.5 15 

1035 98.2 04 
1125 97.0 -- 

1125 98.5 15 
1125 97.0 15 
1125 86.0 -- 
1125 98.5 50 

1125 96.0 50 
1125 84.0 -- 

1125 99.0 25 

1125 87.0 -- 

clear that the coprecipitation method incorporating a wet milling 
step with acetone produces samples superior to those obtained 
from the other methods, having higher packing densities and 

smaller grain sizes. A SEM photograph of such a specimen is shown 
in fig 5. The importance of a wet milling step with acetone is 
obvious from the results. In addition the microstructures which 

result from sintering a powder milled with acetone, has a very 

significant effect on the mechanical properties of the final 
material. This will be shown in part II of this paper(9). Fig.6 

shows; a photograph of BE25 shaped to the required sizes and 
geometries for investigations of these materials for oxygen 
sensor and oxygen pump applications. 

C O N C L U S I O N S  

I. Coprecipitation of bismuth and erbium as hydroxides provides 
an excellent way of producing a homogeneous starting material for 

the synthesis of bismuth erbium ceramics. Careful control of pH, 
temperature and washing procedure during coprecipitation is 

critical for obtaining thoroughly mixed and easily filterable 

precipitates. 

2. A calcining temperature of at least 1010 K is essential for a 

suitable material for sintering, as at this temperature the 
material is completely monophasic and in the required state. 
Calcining below this temperature results in undesired phase 

transitions during subsequent sintering. A minimum sintering 
temperature of 1035 K is recommended. The two temperatures are 
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FIG. 5 
SEM photograph of a finished BE25 sample. 

FIG. 6 
Photograph of finally shaped products. 
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close to each other indicating the easy sinterability of these 
compounds. 

3. These compounds are easily contaminated by silica and even 
platinum and hence contact with these materials during the 
heating should be avoided. Silica forms compounds of the type 
Bi.^SiO~^ with bismuth, extracting large amounts of bismuth. This 

Z z 
affects ~he local bismuth erbium stoichiometry and destabilises 
the solid solution. Silica contaminated samples have therefore 
been observed to show poor mechanical properties (9). 

4 Wet milling of the calcined powder with acetone before 
sintering results in superior quality of the finished product, 
probably by forming a complex on the powder surface and this 
yields final compact densities greater than 99.5% after 
sintering. No such complex formation has been observed with other 
milling media. 
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