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Abstract

A polymeric gel combustion method was employed for the lower temperature synthesis of 1, 2, 3, 5, 7.5, 10 and
15 mol.% SrO doped ThO; solid solutions. After final sintering of these samples at 1573 K in Ar, the solubility limit was
found to be 1 mol.%, giving rise to a composition-independent value of (559.84 + 0.02) pm (at 300 K) for the CaF,-type
unit cell. AC impedance measurements carried out on discs of 1, 2, 3 and 5 mol.% SrO in ThO, discs in flowing Ar,
yielded values of 116, 115, 128 and 96 kJ/mol, respectively as the activation energies for the bulk ionic conductivity. The
thermodynamic activities of SrO in the 1, 2 and 3 mol.% solid solutions were measured using [SrO]mmo,,5rF,,0,,Pt as
the test electrodes and SrZrOs,ZrO,,SrF,,0,,Pt as the reference with sintered SrF, as the electrolyte over the range of
approximately 650-800 K. The activity values differed marginally from each other, but were indicative of the combined
(and not free) state of SrO. Hence, only a limiting value of as,o for the just saturated (mole fraction of SrO = 0.01)

thoria solid solution could be derived as log as,o = 0.36 —4602/T (K).

© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Thorium is expected to play an important role in the
third stage of the Indian Nuclear Energy Program. The
physico-chemical properties of dilute solutions of alka-
line-earth (AE) oxides in the thoria matrix are of con-
siderable relevance to Advanced Heavy Water Reactors,
since Ba and Sr are among the predominant fission
products [1]. The electrical properties of the fluorite
structured solid solutions of AE and rare earth oxides in
ThO, and ZrO, reported in the literature prior to 1969
were reviewed by Etsell and Flengas in the light of their
applications as solid electrolytes [2]. Since the solubility
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of BaO in ThO, was reported to be rather restricted to
less than 1 mol.% as compared to 3-5 mol.% of SrO, the
present studies were undertaken on the latter to identify
systematic trends if any, in the properties with dopant
concentrations. It should be mentioned that there is a
considerable scatter in the crystallographic lattice pa-
rameters reported in the literature based on which the
solubility limits were predicted [3,4]. Hence, there is a
case for redetermining the lattice parameters to assess
the solubility limit. Moreover, there are no reliable re-
ports available in the literature on the conductivity of
ThO,-SrO solid solutions. In addition, the high tem-
perature thermodynamic activity of SrO in these solid
solutions though important, has not hitherto been re-
ported even by solid electrolyte emf measurements. The
difficulties in identifying a suitable oxide electrolyte have
precluded such measurements by the emf technique. The
present investigation is aimed at addressing the above-
mentioned issues by devising suitable experimental
strategies.
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2. Experimental
2.1. Materials

Reagent grade Sr(NO3), (s.d. Fine Chem., India) and
Th(NO;), - 6H,O (Fisons, USA) with total metallic
impurities less than 0.02% were used as the starting
materials for the solid solutions. In addition, SrCOs;
(Loba-Chemie, India) and ZrO, (Johnson Matthey,
UK) of purity better than 99.99% were used for the
solid-state synthesis of SrZrO;. Polycrystalline SrF,
(Aldrich, USA) of purity 99.99% was used for making
the electrolyte discs. Other chemicals such as nitric acid,
citric acid and ethylene glycol were of reagent grade.

2.2. Synthesis

The solid solutions of compositions 1, 2, 3, 5, 7.5, 10
and 15 mol.% SrO in ThO, were prepared as per the
procedure depicted as a flow chart in Fig. 1. The final
sintering was carried out at a temperature of 1573 K for
24 h under Ar (purity better than 99.99% with respect to
free oxygen as impurity).

The interoxide SrZrO; was synthesized through the
solid-state reaction route by intimately grinding a mix-
ture of ZrO, and SrCOj; in the mole ratio 1.1:1 which
was heat-treated at 1523 K for 72 h with intermittent
grinding and compacting. Since SrZrO; coexists with
Zr0O, as per the phase diagram available in the literature
[5], an excess of ZrO, (10 mol.%) was taken to ensure
completion of the reaction of SrCO; with ZrO,.

Some of the routine phase identifications were carried
out by Rigaku Model, powder X-ray diffractometer
(XRD) with Cu target and graphite monochromator,
within its 5 mass% threshold limits of detection of im-
purity phases. However, for accurate lattice parameter
calculations, a STOE precision X-ray powder diffrac-
tometer using Bragg—Brentano parafocussing geometry
was made use of. The ambient temperature during XRD
measurements was around 300 K. The diffractometer
had a diffracted beam monochromator with an over-
all instrumental resolution of 20 = 0.14° at the 28.442°
Si(111) line. The sub-micron powders of ThO,-SrO
solid solutions resulting from the soft chemistry (poly-
meric gel combustion, PGC) route had to be subjected
to the particle size analysis by measuring the line broad-
ening. The crystallite size was calculated using the Debye—
Scherrer formula

t=10.971/fcos Og, (1)

where ¢ indicates the particle size in nanometer and 4 the
incident X-ray wavelength. f§ is a radian measure of full
width at half maximum (FWHM) and 203 is the angle
subtended at maximum intensity. FWHM was calcu-
lated after correcting for the contribution by the X-ray
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Fig. 1. Flow sheet for the synthesis of ThO, doped with SrO.

machine. The background subtraction, Ko, stripping,
peak search, indexing, lattice parameter calculation
and crystallite size analyses were accomplished using
WinXPow suite of powder diffraction data analysis
package. The duration of the heat treatment at 1573 K
was optimized to be 24 h to minimize the surface energy
contributions to thermodynamic properties. After sin-
tering, the pellets were stored in a desiccator except
while in use. This precaution was taken to avoid disin-
tegration of pellets on interaction with humid (70% RH)
environment. The pellets with more than 7.5 mol.% SrO
were found to disintegrate into fine powder on exposure
to humid environment if not stored in vacuum or under
a dried inert gas.

The electrolyte discs were made by compacting
polycrystalline SrF, into those of 15 mm diameter and
34 mm thickness at a pressure of 300 MPa. These
pellets were gradually heated to 1523 K and soaked for
5 h under the cover of Ar gas, followed by slow cooling
to 1473 K where it was isothermally maintained for 12 h
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and subsequently cooled to the ambient. This heating
schedule was planned to avoid any porosity due to
vapourization. The density of the pellets was measured
with dibutyl phthalate as the pycnometric fluid by em-
ploying a density kit (M/s. Precisa Instruments, Swit-
zerland). The average density of four such discs was
found to be 3.918 Mg/m? (>93% theoretical).

2.3. Methods

Electrical conductivity measurements were carried
out on ThO, doped with 1, 2, 3 and 5 mol.% SrO over a
frequency range of 1 MHz to 50 Hz and an AC voltage
of 10 mV using a frequency response analyzer (Eco-
Chemie, The Netherlands). Platinum ink (Engelhard,
USA) was applied over the parallel surfaces of the sin-
tered discs and baked in air at 1023 K for 3 h to ensure
complete elimination of organics from the suspension
thereby forming a porous network of adherent plati-
num. The temperature range employed was 620-900 K.
The atmosphere during the measurements was main-
tained to be dry Ar gas with a p(O,) of the order of 1073
bar to ensure the measurements to be within the elec-
trolytic domain (#(0*") > 0.99) of ThO,-SrO. Since the
measurements are prone to AC pick-up, the impedance
cell was enveloped with an Inconel foil and was suitably
earthed.

An open-cell stacked-pellet assembly as described
elsewhere [6], was employed for the emf measurements.
Pure O, at 1 bar pressure was used as the cover gas after
passing through suitable drying columns. All emf mea-
surements were made over the temperature range of
about 650-800 K. The temperature range was rather
restricted by many factors. For instance, the upper limit
was dictated by the sintering of finely divided Pt (which
otherwise functions as a catalyst for electron transfer)
and also by the probable vapourization of SrF,. The
lower temperature was restricted by the kinetics of at-
tainment of equilibrium. All temperature measurements
were made using a pre-calibrated Type-S (Pt/Pt-10%
Rh) thermocouple whose hot junction was located in the
proximity of the galvanic cell, which in turn was placed
in the uniform temperature zone to minimize thermo-
electric contributions. All other experimental precau-
tions were the same as described elsewhere [6,7]. The test
electrode pellets were made by compaction as described
earlier from an intimate mixture of the solid solutions
with an equal mass of SrF,. In the case of reference
electrode, an additional quantity of ZrO, was added to
the pre-equilibrated (1:0.1 mole ratio) mixture of SrZrOs
and ZrO, in order to make it roughly equimolar and
then mixed with SrF, before compacting into an elec-
trode disc.

The following galvanic cell configurations were as-
sembled and the emf of the cells was measured as a
function of temperature.

(=)Pt,0,(1.013 bar), ZrO,, SrZrOs, SrF,|SrF,|
ThO,-1 mol.% SrO, SrF,, 0,(1.013 bar), Pt(+) )

(—)Pt, 0,(1.013 bar), ThO,-2 mol.% SrO, SrF,|
Ser\ZrOZ, SI‘ZI'C);7 SI'F2, 02(1013 bar), Pt(+) (II)

(—)Pt,0,(1.013 bar), ThO,-3 mol.% SrO, SrF,|SrF,|
Z1r0,, SrZr0s, SrF,, 0,(1.013 bar), Pt(+) (111)

(—)Pt, 0,(1.013 bar), ThO,-3 mol.% SrO, SrF,|SrF,|
ThO,-2 mol.% SrO, SrF,, 0,(1.013 bar), Pt(+) (IV)

(—)Pt, 0,(1.013 bar), ThO,-15 mol.% SrO, SrF,|SrF,|
Zr0,, SrZrOs, StF, 0,(1.013 bar), Pt(+) (V)

Galvanic cell IV was used for checking the reversibility
as well as the consistency between the emf data from the
galvanic cells II and III.

3. Results and discussion
3.1. Solubility

The lattice parameters of the seven solid solutions as
well as that of pure thoria were computed by a non-
linear regression analysis of the XRD results. The cubic
cell parameter, a of these fluorite-structured matrices is
listed in Table 1 and plotted against mole fraction in Fig.
2. Prior to comparing the solubility limit of SrO in ThO,
and the corresponding lattice parameter of the solid
solutions, the reliability of the a value reported in Table
1 for pure thoria has to be checked. The accepted lattice
parameter for pure thoria reported in the literature is
(559.72 + 0.02) pm [8] based on about 20 original data
and it compares well with the presently reported value
of (559.76 + 0.02) pm (Table 1). In another compilation
[9] on the physical properties of thoria, a value of
(559.75 £ 0.03) pm is recommended for a at 298 K.
Taking into account the assessed value of 5 x 107> for

Table 1

Lattice parameters of SrO doped thoria
Mol.% SrO a (pm) Figure of merit

559.76 +£0.02 133.6

1 559.83£0.02 102.8
2 559.86+0.02 149.1
3 559.82+£0.03 100.6
5 559.87+0.02 169.4
7.5 559.83£0.02 100.8
10 559.86+0.01 156.8
15 559.824+0.02 97.5
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Fig. 2. Lattice parameter against mol.% of SrO in ThO,—SrO.

the thermal expansion coefficient, AL/L of thoria at
298 K, the difference between the above three values in
the lattice parameter should be considered as negligible.

Within the limits of experimental scatter (+£0.01 to
0.03 pm), the results presented in Table 1 and Fig. 2
revealed the invariance of @ with composition giving rise
to a mean value of 559.84 pm for the fluorite structured
thoria saturated with about 1 mol.% of SrO. No attempt
was made to synthesize solid solutions between 0% and
1% for identifying the exact composition of saturation
solubility owing to analytical limitations. A comparison
has also been made with the results reported by Mobius
et al. [3] (up to 12.82 mol.% only instead of up to 49.79
mol.% SrO, reported by them) and Tyagi et al. [4] (above
559.5 pm only instead of up to 559.2 pm reported by
them for 1 mol.% SrO) in Fig. 2. These authors reported
solubility limits of 4 and 5 mol.% respectively for SrO in
thoria with the mean values of (560.13 & 0.02) pm and
(559.7+0.1) pm for the lattice parameter of thoria
saturated with strontia. The difference in the values of a
between the three sets could be attributed mainly to the
difference in the sintering temperatures and perhaps to
the starting materials and the gaseous environment
during sintering. In the present work, the solid solutions
were obtained by sintering the sub-micron powders
(resulting from the PGC method) at 1573 K for 24 h in
Ar. In contrast, Tyagi et al. heated the mechanically
mixed powders of SrCO; and ThO, at 1923 K for 4 h in
flowing N,-8% H, mixture, while Mobius et al. had
heated the oxide mixtures at 2073 K for 0.3 h in air. It
appears that higher temperatures of sintering resorted
to, for solid solution formation from mechanically
mixed powders might be resulting in supersaturation
of thoria lattice with the solute, SrO. However, upon
subsequent cooling, kinetic factors could have played a
role in restricting ex-solution of the excess solute from
reaching the equilibrium limits. Incidentally, the value of
(560.13 +0.02) pm for the 4 mol.% solid solution by

Mobius et al. was arrived at from those for the five solid
solutions ranging from 4.84 to 49.79 mol.% SrO (ex-
cluding 8.63 mol.% with a =560.23 pm). The data
reported by Tyagi et al. [4] indicate a value of
(559.7+0.1) pm for a for the 5 mol.% solid solution.
The rather lower value of « for the saturated solid so-
lution is also reflected in that of 559.3 pm reported by
them for pure ThO, in contrast to the assessed values
cited earlier.

The sintered discs of compositions 7.5, 10 and 15
mol.% of SrO disintegrated into powder on exposure to
laboratory ambient (70% RH) at 300 K and the rate of
disintegration increased with the SrO content. The 10
and 15 mol.% solutions were nearly fine powders, whose
examination by XRD on the expanded scale revealed the
presence of Sr(OH), - H,O. The absence of disintegra-
tion of pellets corresponding to 1-3 mol.% SrO on ex-
posure to the ambient environment could not be taken
as an evidence for solid solution formation, but might
nevertheless preclude free SrO.

3.2. Electrical conductivity

A typical plot of the imaginary component (—Z") of
the impedance of ThO,-5 mol.% SrO disc at 773 K
against the real component (Z) is shown in Fig. 3. It is
evident from this figure that the data points fit into a
single arc, characteristic of bulk conduction. Further,
the samples under investigation were highly resistant
materials, which obviate the need to subtract the con-
tribution of the lead resistance from the measured one.
By collecting the earlier points of intersection of such
arcs with the x-axis, a plot of logo7 against the recip-
rocal temperature was constructed for each sample and
the least-squares regression lines for the four composi-
tions are shown in Fig. 4. The overall temperature range

250
200
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3150'
N
100+
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o) SO
50 1 éo@o O(Z)O o
10 1)
0 Q&@oo
0 50 100 150 200 250

Z' (kohm)

Fig. 3. Plot of —Z" against Z for 5 mol.% SrO in ThO, at
773 K.
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Fig. 4. Inverse temperature dependence of the electrical con-
ductivity of ThO,-SrO solid solutions.

covered was 600-900 K for these samples. From these
expressions, the activation energies were calculated and
the conductivity values interpolated at a mean temper-
ature of approximately 800 K are listed in Table 2. The
extrapolated values at 1273 K are compared with those
reported in the literature [10,11]. The values of isother-
mal conductivity at 800 K (Table 2) reveal only a mod-
erate increase with dopant concentration for the first
three compositions while that for the 5 mol.% sample is
slightly lower than the 3 mol.%. The effect of SrO as
dopant on the conductivity is found to be not quite
significant. In the light of the fact that the saturation
solubility of SrO is about 1% or less, the contribution of
doubly ionized oxide ion vacancies to the ionic con-
ductivity should be more or less constant in the biphasic
regime, which commences right from 1%. Further, the
contribution due to hole conductivity should not be
significant since the measurements were made in an en-
vironment of inert gas (with p(O,) < 1073 bar). There-
fore, these conductivity results should be considered as
almost those for bulk ionic conductivity registering only
a marginal increase in the biphasic regime.

The limited solubility of SrO could be understood by
computing the critical dopant radius (suggested by Kim
[12]) using the expression:

dry, (nm) = 0.5596 + (0.0212 Ar; + 0.00011 Azy)my, (2)

where dy, 1s the lattice constant of the fluorite oxide
solid solution at room temperature, Ar; is the difference
in ionic radius (r; — ry,) of the kth dopant and the host
cation in eight-fold coordination, Az; is the valency
difference (z; — z,) and my is the mole percent of the kth
dopant in the form of MO,. The critical ionic radius is
calculated by setting the slope in Eq. (2) to zero. Ac-
cordingly, the critical ionic radius derived for the diva-
lent dopant for Th** in fluorite structured ThO, is
0.1294 nm (129.4 pm). The lower the difference between
the true ionic radii and the critical ionic radius, the
greater the enhancement in conductivity. In other words,
dopants which cause very little expansion or contraction
in the host lattice will lead to enhancement in conduc-
tivity. Obviously, this is not the case since the ionic ra-
dius of 140 pm for Sr>* is much greater than the critical
value, perhaps accounting for its limited solubility in the
host matrix.

From the foregoing considerations, one should ex-
pect a greater conductivity (also ionic) in the case of
Ca’* and lower values for Ba?>* as dopants for similar
concentrations. Since such results are not available in
the published literature, only a qualitative comparison is
made in Table 2 for 5 mol.% Ca’>* and 15 mol.% Ba>*
solid solutions (or mixtures?), that too in air atmo-
sphere.

3.3. Thermodynamic activity

The emf results on cells [-1V are plotted as a function
of temperature in Fig. 5. The least-squares expressions
corresponding to this plot are listed in Table 3 along
with the respective temperature ranges of emf measure-
ments. The reference electrodes used for the cells I-111
were identical, viz: Pt,0,(1.013 bar),ZrO,,SrZrO;,SrF,.
However, the configuration of cell IV was designed to
eliminate the use of SrZrO; bearing reference electrode

Table 2

Electrical conductivities of CaO, SrO and BaO doped ThO,
Composition E, (kJ/mol) aso0 k (ohm™'cm™) o173 k (ohm~'em™) Ref.
(Sr0)g.01(ThO3)0.99 116 5.9 x 1077 2.4 x 107 This work
(Sr0)0.02(ThO2)o.05 115 2.8 x 1076 L1x 107 This work
(Sr0)g.03(ThO3)g.97 128 4.9 x10°° 3.8 x 1073 This work
(Sro)o_os(ThOZ)o_gs 96 4.5%x10°° 6.1 x 10~ This work
(Ca0)o,05(ThOy)g.95 106* - 7.5x 107* [10]
(Sro)o_lj(ThOZ)(]_gj 77* — 14 x 1073 [1 1]
(BaO)y15(ThOy)o s 722 - 4.4 % 1073 (1]

#Measured in air.
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Fig. 5. Temperature dependence of the emf of cells I-1V.

by employing the test electrode configurations of cells I11
and II as those of anode and cathode (of cell 1V), re-
spectively. The purpose of assembling such a galvanic
cell was to check the internal consistency among the emf
results from cells II-1V. For instance, if the cells II and
IV were connected in series, the resultant emf (which is
the algebraic sum of the emf values of the two cells at the
corresponding temperature) should agree with those for
cell 11T within the limits of quoted precision. Thus, at
650 and 750 K, the algebraic sum of the values of emf
for cells IV and II were 55.7+ 1.6 (24.3 +31.4) and
68.8 1.6 (30.4+38.4) mV in good agreement with
those of 53.44+ 1.5 and 70.4 £ 1.5 mV respectively by
interpolating from the least-squares expressions for the
three cells from Table 3. This upholds the internal
consistency among the emf results from the different
cells. The emf results on cell V are not included in either
Fig. 5 or Table 3 because a value of 373 mV lasting for
several hours with a drift of less than 0.2 mV/h could be
recorded only at one temperature namely 795 K. Below
this temperature, the build-up of emf was very slow
without reaching a steady value and at temperatures
significantly beyond 800 K, there was a rapid drop in the
emf as was observed in the case of other cells.

The half-cell reactions and the overall virtual cell
reaction corresponding to two faraday of electricity for
cell I may be represented as

[S0l5 00, 210, + 2F~' — SrF, + 1/20, + 2¢™! (3a)

StF, +1/20, +2¢7" — [1 mol.% SrOly,, + 2F
(3b)

[Sf015r2r03,2r02 — [l mol.% SrO]ThOZ (3)

For this virtual cell reaction, the Gibbs energy change,
A,G° was calculated using the Nernst equation:

AG® = —2FF,, (4)

which corresponds to

A.G(1) = AG([1 mol.% St0ly0,) — AG([StO] $1710, 210, )-
(5)

For computing the partial molar Gibbs energy of SrO,
AGs,o in the coexisting SrZrOs/ZrO, mixture, use is
made of the solid-solid reaction

SrO + ZrO, — SrZrO; (6)

The standard Gibbs energy change for the reaction (6) is
identical with the standard Gibbs energy of formation,

ArG®, of SrZrO; from the constituent binary oxides.
Thus,
ArGO (6) = AngX(SI'ZI'O3) =RTIn asro, (7)

((i.e) AGs;0 in SrZrOs3/ZrO,).

Owing to the higher activity of SrO in the test elec-
trodes of cells IT and III, the overall virtual cell reactions
would correspond to the reversal in direction to that of
Eq. (3) namely

[2 mol.% SrO]Tho2 — [SrO]SrZr03,Zr02 (8)
and
[3 mol.% STO]Th02 - [SrO]SrZrO3.Zr02 ©)

Substituting the emf results on cells I-1II (Table 3) in the
Nernst equation (4), the numerical expressions for A,G°
were calculated.

AG'(1) £ 0.1 (kJ/mol) = —13.2+0.0093T (K),  (10)

Table 3
Coefficients of linear fits of the emf data for cells I-IV
Cell E (mV) =4+ BT (K) Precision (mV) T range (K) E (mV) at 750 K
A (mV) B (mV/K)
1 68.4 —0.0482 +0.3 668-757 323
11 -14.1 0.0700 +0.8 678-782 384
111 -57.1 0.1700 +1.5 657-795 70.4
v -14.8 0.0602 +0.8 688-780 30.4
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AG°(IT) £ 0.2 (kJ/mol) = 2.7 — 0.01357 (K), (11)

AGO(III) £ 0.3 (kJ/mol) = 11.0 — 0.03287 (K).  (12)
The A,G° for cell IV was likewise derived to be
AGY(IV) £ 0.2 (kJ/mol) = 2.9 — 0.0116T (K)  (13)

by combining Ejy (Table 3) with Eq. (4). Eq. (13) could
be used for comparing the consistency between the ex-
pressions (11) and (12).

To facilitate the calculation of AGs,o in the 1, 2 and 3
mol.% SrO solid solutions, an expression for Angx
(AGs;o in SrZrO;/Zr0,) valid over the range 600-800 K
was required. For this purpose, Gibbs energy data
compiled by Knacke et al. [13] for the relevant oxides
were made use of to derive the following linear fit:

ArG® (SrZrO;) (kJ/mol) = —74.9 — 0.0024T (K).
(14)

The numerical expressions for AGso for the three
compositions of ThO,-SrO derived by combining Egs.
(10)—(12) and (14) using the equality AGs;,0 = RT In as;o
are listed in Table 4. It is seen from this Table that the
value of as,0 (as seen for instance that interpolated at
750 K) increases from 0.17 x 1075 to 4.1 x 107> for 1-3
mol.% SrO. This observation is not consistent with the
expectation of constancy of isothermal activity over the
biphasic region (vide XRD results from Table 1) com-
mencing from about 1 mol.% SrO. Even if SrO existing
in excess of 1 mol.% precipitates out from the host
matrix as a stable ternary oxide phase say SrThO;, it
should still give rise to an isothermal activity of SrO
independent of composition.

However, Ali et al. [14] estimated the A;GY of
SrThO; from high temperature (1670-2040 K) Knudsen
effusion forward collection technique on SrThO;/W/
Sr;WOs/ThO,/Sr(g) equilibrium. This estimate shows
SrThO; to be only marginally stable, (—2.7 +4.0) kJ/
mol if extrapolated down to 750 K, and its formation
need not be considered. Likewise, Sr(OH), is also too
unstable to account for the lowering of SrO activity as
inferred from a temperature of 476 K [13] for the dis-
sociation of Sr(OH), (in the galvanic cell atmosphere of
O, gas dried to a level of 1 vpm (volume part per mil-
lion) of H,O vapour). However, the possibility of a
carbonate complex formation by SrO in excess of satu-
ration solubility of about 1 mol.% could not be ruled out

because of the higher stability of SrCO; and the ubig-
uitous nature of CO, formed from the carbonaceous
impurities present in otherwise dried O, cover gas. The
CO, trapped in the grains could result in the lowering of
SrO activity by three orders at 600-700 K corresponding
to about 1 vpm of CO, in O,.

When the SrO content is 7.5 mol.% or more, the
pellets were observed to disintegrate into powder on
exposure to humid ambient atmosphere (cf: Section 2.2).
The XRD examination on the expanded scale revealed
the product to contain Sr(OH), - H,O. The presence of
free SrO in the pellets bearing more than 7.5 mol.% of
the same is further corroborated by the only emf value
recorded for cell V as mentioned earlier. Thus, the value
of 373 mV recorded for cell V at 795 K is close to a
theoretical value of 398 mV corresponding to the emf of
the following hypothetical cell

(—)Pt,0,(1.013 bar), SrO, SrF,|SrF,|ZrO,,
SrZrOj;, SrF,, 0,(1.013 bar), Pt(+) (VD)

This again helps to confirm qualitatively the presence of
free SrO in the 15 mol.% sample.

From the foregoing discussion, it is inferred that
nearly unit activity of SrO could be identified only for
that sample with 15 mol.% SrO, even though one would
expect this behaviour even for the sample with 1 mol.%
SrO if the results were to be consistent with crystallo-
graphic observations. The internally consistent set of
emf data among cells [-III amounts to a dissociatable
form of SrO in the combined (and not free) state in 1, 2
and 3 mol.% compositions. Hence, only the following
activity expression for ThO,-1 mol.% SrO could be
taken as conveying the limiting value of SrO activity in
the saturated single phase of thoria.

logas;,o = 0.36 — 4602/T (K). (15)
Making use of the Raoult's law standard state,
asro = Xsr07s10, (16)

where 7g, is the activity coefficient. For a composition
of 1 mol.% SrO, logys,o could be derived to be

10g pg0 = 2.36 — 4602/ T (K). (17)

The negative deviation from ideality for the limiting
activity coefficient of SrO in ThO, just saturated with 1
mol.% solute is indicative of the tendency for compound

Table 4
Comparison of AGs;o in ThO,-X SrO system (Xs;0 = 0.01, 0.02 or 0.03)
Xsro AGso (kJmol™') = 4 + BT (K) AGso (kImol™') at 750 K agro x 10°
0.01 —88.1 4+ 0.0069T -82.9 0.17
0.02 -77.6+0.0111T -69.3 1.5
0.03 —85.9 4 0.0304T -63.1 4.1
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formation. This indeed is the case as seen from the ex-
istence of marginally stable SrThO; reported in the lit-
erature [14].

4. Conclusion

The PGC method paved the way for the synthesis of
ThO,-SrO solid solutions at lower temperatures, which
did not result in the supersaturation of the single phase.
The precise measurement of the fluorite cubic cell pa-
rameter a at ambient temperature for the compositions
1, 2, 3,5, 7.5, 10 and 15 mol.% SrO indicated the at-
tainment of saturation solubility in all the solutions. A
constant value of (559.84 + 0.02) pm was determined for
a of ThO, saturated with about 1 mol.% SrO. The re-
liability of this value is corroborated with the agreement
of (559.76 £0.02) pm at 300 K measured for a of pure
thoria with the value of (559.75 +0.03) pm at 298 K
assessed in the literature.

The limited solubility of SrO (1 mol.%) in ThO, is
understandable in the light of critical ionic radius con-
siderations. The AC impedance measurements yielded
nearly constant values of activation energy for the 1-3
mol.% SrO compositions which again reflect the limited
SrO solubility consequent to the limited formation of
the conducting species (doubly ionized oxide ion va-
cancies).

The fluoride electrolyte emf measurements under O,
at 1 bar facilitated the determination of limiting activity
of SrO near its saturation limit in the thoria matrix.
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