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Abstract 

The solubility of Pr in barium titanate was studied within the framework of a final 
undergraduate project. Two series of samples were investigated. The first one was a 
Ba-rich series. In this series it was found that the solubility limit is between 4-mol% 
and 10-mol% Pr, and the second phase that was found above the solubility limit was 
(Pr doped) Ba2TiO4. The second one had Ba/Ti ratio equals 1. In this series the 
solubility limit was between 15-mol% and 20-mol% Pr. DSC test on a sample with 
10-mol% Pr and Ba/Ti=1 shows a very broad peak in the temperature range –50ºC to 
50ºC. This can be a result of either valence change of the Pr ions on the Ti sites within 
that temperature range, in accord with earlier results, or a broaden rhombohedral-
tetragonal phase transision of the barium titanate. 

Introduction 

Doping of Barium titanate is of great 
importance in the electronic devices industry. 
Many cation dopants are highly soluble in 
BaTiO3, and are used to engineer the 
electrical properties of the material. The 
BaTiO3 material is used for a number of 
electro-optic, electromechanical and dielectric 
applications. The largest commercial markets 
are positive temperature coefficient resistors 
(PTCR) and multilayer capacitors (MLC).1 
Both PTCR and MLC BaTiO3 materials often 
have formulation involving the incorporation 
of rare-earth cations to control conductivity 
and electrical degradation, respectively.2,3 A 
detailed account of rare-earth cations in 
barium titanate can be found elsewhere.4 Ba+2 
ions occupy the A site and Ti+4 ions occupy 
the B site using the generic perovskite 
formula ABO3. If a +3 dopant occupies the A 
site, it behaves as a donor and if it occupies 
the B site it behaves as an acceptor. In order 
to predict which site a dopant will prefer we 
have to consider some factors:�  

1. Tolerance factor considerations – this 
factor deals with the fitting of an ion into 

the lattice site, due to its size. There is an 
ideal size where the ion has a perfect 
fitting to its cavity (tolerance=1). The 
Goldschmidt tolerance factor for 
perovskites is defined by:5  
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For pure barium titanate, the tolerance 
factor equals 1.06. Here the tolerance 
factor is greater than one because Ti+4 is 
smaller than its cavity and/or Ba+2 is 
larger than its cavity. For Pr doping of 
barium titanate on the A site, the tolerance 
factor is 0.945. For the B site, when Pr 
enters as +4 the tolerance factor is 0.946, 
while when Pr enters as +3 the tolerance 
factor is 0.888. Hence from this point of 
view, Pr would enter barium titanate 
either as +3 on the A site or as +4 on the 
B site.4 

2. Thermodynamics considerations - the 
local electric neutrality in the (bulk) 
material must be kept. Using the Kröger-
Vink notation for point defects6 – the 



incorporation reactions of Pr into the A 
and B sites respectively can be written as: 

'
2 6 11 2

2 6 11 2

1 5
Pr Pr 3 ( )

6 12
1 1

( ) Pr Pr
12 6

Ba Ti O

Ti Ti

TiO O Ti O O g e

Ti O g O TiO

� � �

� �

� � � � � �

� � � �
(2) 

The site occupancy ratio depends on the 
Ba/Ti ratio through the activity of titania, 
where Ba-rich will drive the occupancy 
towards the B site and vice versa. 

3. Valence – in reference 4 (figure 4 there) it 
is shown that unit cell volume of barium-
rich barium titanate doped with Pr at room 
temperature is larger than the predicted 
cell volume according to the tendency of 
the other rare earths.  This was explained 
by the assumption that in the sintering 
temperature Pr will prefer to be +4 while 
in the B site, but on cooling to room 
temperature the valence of Pr is changing 
to +3. During the cooling, Pr remains in 
the titanium site due to low mobility of 
the defects in the material and therefore 
the unit cell volume is increased. In 
addition, Buscaglia et al.7 have shown 
(see figure 10 in reference 7) that at 
250ºC, the doped lattice parameter (a) is 
smaller than the lattice parameter of 
undoped material. This we can explain by 
the assumption that Pr in that temperature 
is +4 and therefore decrease the unit cell 
volume.  

At high temperature, Pr can be forced to enter 
the B site as a +4 ion in large concentration 
since it is isovalent and has a tolerance factor 
close to one. The incorporation should be 
done in a Ba-rich system. When the sample 
cools down, the valence of Pr is changed from 
+4 to +3. This transition can increase the unit 
cell volume because of the fact that Pr+3 is 
larger than Pr+4.  If the assumption that Pr 
valence is +4 at the sintering temperature is 
correct, then the solubility limit of Pr in 
barium titanate should be high. The solubility 
limit is also influenced by the chemical 
potentials of the possible second phases that 
precipitate above the solubility limit.8 

Exper imental Procedure: 

In order to find or estimate the solubility limit 
of Pr in barium titanate - two series of Pr 
doped BaTiO3 have been prepared by solid-
state reaction, using the starting materials 
BaCO3, TiO2 and Pr6O11. The first one was 
with Ba/Ti>1 (Ba-rich) and Pr concentrations 
of 1-15-mol%, according to the formula 
Ba1.001Ti1-xPrxO3-� . The second one was with 
Ba/Ti=1 and Pr concentrations of 10-20-
mol%, according to the formula BaTiPrxO3-� .  

The samples preparation procedure was as 
follows:  

1. Mixing the starting materials in a plastic 
jar, containing zirconia balls with addition 
of 150 ml deionized water – and milling 
for 20 hours. 

2. Drying the slurry in an oven at 80ºC for 
about one day. 

3. Mixing and milling using agate mortar 
and pestle. Pressing at 200 MPa for 1 
minute to form pellets of 0.55g. 

4. Calcining - 4 hours at 1200ºC. 
5. Mixing with binder (methacrylic acid and 

methanol), and pressing at 200 MPa for 1 
minute to form pellets of 0.5g, 10mm in 
diameter. 

6. Binder burnout – heating for 4 hours at 
800ºC. 

7. Sintering for 6 hours at 1400ºC with 
heating rate of 3º/min. 

To make an additional sintering, stages 5-7 
are preformed again. A search for a second 
phase was performed using SEM (examining 
of the samples’  morphology) and x-ray 
powder diffraction. Chemical analysis was 
done by EDS and x-ray investigation. In cases 
where second phase was found, additional 
sintering was performed in order to examine 
whether there are kinetic limitations or the 
solubility limit has been reached. 

Results 

In order to examine the assumption that the 
irregular size of Pr doped barium titanate is 
due to the transition of Pr +4 to Pr+3 on the B 
site (where in the sintering temperature Pr is 



 
Fig 1:DSC results – 10% Pr – in series Ba/Ti=1, i.e., about 5% Pr on the B site 

 

+4) a DSC (differential scanning calorimetry) 
examination was done. In figure 1 it can be 
seen that there is a very broad peak in the 
temperature range –50ºC to 50ºC. This may 
be interpreted as an endothermic transition 
due to the valence change. Other options are 
that this is either part of the baseline or results 
from the rhombohedral-tetragonal phase 
transition, that is broaden due to the Pr 
presence. Further experiments should be done 
to clarify that. 

For the first series (Ba rich) in the samples 
with 4% Pr and above, a second phase of 
Ba2TiO4 was found after the first sintering. 
This second phase can be clearly seen in 
figure 2 (compare to figure 3 for a single 
phase sample). A second and third sintering 
were preformed in order to eliminate 
possibility of kinetic problems. The samples 
were also examined by XRD (see for instance 
figures 4,5 for the Ba-rich series). 

This second phase- Ba2TiO4- is in accord with 
the phase diagram of Ba-Ti-O, and that 
supports the assumption that the solubility 
limit has been reached, i.e., the solubility limit 
is below 10% Pr. The second phase was 
eliminated after the second sintering of the

Fig 2: phase separation, SEM of Ba-rich with 
15% Pr after first sintering. 

Fig. 3: SEM, Ba/Ti=1, 15% Pr after second 
sintering 



 
Fig 4: X-ray results – 10% Pr, Ba-rich, after third sintering. 

 

 
Fig 5: X-ray results – 15% Pr, Ba-rich, after third sintering. 

 

4% Pr, hence the solubility limit of the first 
series (Ba-rich) is above 4% Pr. Since the 
separated phase was barium rich and not a 
praseodymium oxide one, it can be assumed 
that the Pr concentration in the background 
barium titanate phase is larger than the 
nominal concentration. Therefore, second 
series of samples with Ba/Ti=1 were 
investigated by SEM and XRD, and a 
different second phase was found. From the 
quantitative analysis of the SEM it can be 
learnt that this phase is Ba rich. Yet no known 

phase was found using ASTM cards. In figure 
6 it can be seen that after the first sintering the 
second phase is Ba2TiO4. After the second 
sintering the Ba2TiO4 is almost eliminated, 
and on the left of the main barium titanate 
peaks there are additional peaks of an 
unknown phase. Those peaks can therefore be 
assumed to result from a second perovskite 
phase with a larger lattice constant than the 
barium titanate phase. After a third sintering 
of the same sample it can be seen (figure 6) 
that there is no secondary phase, and the 
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Fig 6: X-ray results – 10% Pr , Ba/Ti=1, the intensities are given in logarithmic scale and shifted 
arbitrarily for convenience. 

 

barium titanate peaks are shifted to smaller 
angels – suggesting that in these conditions, 
10% Pr is below the solubility limit and the Pr 
is enhancing the average lattice constant. The 
intensities in figure 6 are in logarithmic scale, 
to emphasis small amounts of minority 
phases. The intensities of the three different 
treatments are arbitrarily shifted for 
convenience. 

A similar procedure as described above for 
the 10% sample was done for samples 
containing 15% and 20% Pr. It was concluded 
that the solubility limit for this series is 
between these two concentrations of Pr. 

 

Conclusions 

1. The solubility limit of Pr in barium 
titanate with Ba/Ti=1 is between 15 mol% 
and 20 mol% Pr. 

2. The solubility limit of Pr in the barium 
rich series is 4< %Pr<10. The second 
phase that precipetate is Ba2TiO4.  

3. Due to low mobility of the defects in the 
material, especially in the cation 
sublattice, it is hard to obtain equilibrium. 
Therefore several sintering steps were 
needed. 

4. The DSC experiment show a broad peak 
in the temperature range of –50 to 50ºC. It 
is unclear at the moment the exact origin 
of this peak and further experiments 
should be performed to clarify whether it 
originate from valence change of the 
dopant or from phase transition of the 
host. 

5. Due to the assumption that at high 
temperatures the Pr is isovalent to the Ti4+ 
, it was expected that the solubility limit 
will be quite high for Ba-rich samples. It 
seems, however, that at the ratio Ba/Ti=1 
the solubility limit is higher. This is 
probably a result of lower chemical 



potential of the barium in Ba2TiO4 as 
compared to its chemical potential in the 
Ba-rich barium titante. More experimental 
results are needed to map the solubility of 
Pr in barium titanate using the available 
degrees of freedom. 
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