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Abstract

Magnesium—europium solid solutions of uranium dioxide, Mg Eu.U,_,_.O,,,, with y = 0.05, 0.1 and z = 0.05, 0.1
were prepared, and their oxygen potential, AGo,, was measured as a function of O/M ratio (M =Mg+ Eu+ U) at
temperatures of 1000°C, 1100°C and 1200°C. The O/M ratio which gave the steepest change of AGo, (referred to as
GOM) was 1.955 for y = 0.05, z = 0.1 (and y = 0.05, z = 0.05), but it decreased to 1.908 at higher Mg”" concentrations
of y=0.1,z = 0.05. The GOM did not change with temperature in the range 1000-1200°C. The solid solutions showed
distinct ASO2 peaks of near 0 J mol™' K~! at GOM, which was the same for AHo, though the peaks were much smaller.
The rates 0a/0y and Oa/0z for the lattice parameter change were —0.162 and —0.154 A, respectively. At GOM, the Mg**
ions of a fraction of 0.473 of total Mg>" ions occupy the interstitial position of the fluorite lattice. The averaged
numbers of U*" ions bonded to one Mg?" ion, o, were very small, i.e. 0.1-0.4. The large leftward shift in the curves of
AGo, vs. O/M ratio for this quarternary solid solution was considered to be caused by these small o values. © 2001

Elsevier Science B.V. All rights reserved.
PACS: 28.41.Bm

1. Introduction

Magnesium dissolves in uranium dioxide forming
solid solution on heating the oxide solid mixture under
suitable reaction conditions. The thermodynamic prop-
erties of this solid solution are not so simple [1-3]. In
oxygen partial pressures of about 1 Pa, the solid solution
is of substitutional type and the solubility of magnesium
is as high as y = 0.33 with the formula Mg U,_,0,.,
[4,5], whereas the solubility decreases with decreasing
oxygen partial pressure. If the oxygen partial pressure
continues to decrease to 10~ Pa, however, the solubility
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turns into an increase up to about y = 0.1 [6]. In this
state, a part of the magnesium ions occupy the intersti-
tial sites of the fluorite structure (4b position in space
group Fm3m) [7,8].

Uranium dioxide doped with magnesium is expected
to show better fuel performance during irradiation until
high burnups. First, it is supposed to exhibit more
preferable thermodynamic properties of less suscepti-
bility to the accumulated fission products, the amount of
which is considerable at high burnups. The dissolved
magnesium would lessen the oxygen potential change by
the fission products. Second, the addition of a small
amount of MgO in UO, is known to increase the grain
size in the fuel pellets on fabrication. Then, if the dif-
fusion coeflicients of the fission gases do not change
greatly by the dissolution of MgO, the release rate of the
fission gases from the magnesium doped pellets de-
creases due to longer paths to attain grain boundaries. A
large reduction factor of 2.5 has been obtained for UO,
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doped with 5 mol% MgO [9,10]. The measured diffusion
coefficient of '**Xe for the UO, pellet doped with 3.4
mol% MgO did not alter significantly from that of the
undoped UQO,; pellet [11].

The use of europium solid solution, Eu,U,_,0,,,, as
a burnable poison fuel has been discussed in the same
way as gadolinium solid solution which is usually used
for this purpose. The neutron cross-section of *'Eu
(isotopic abundance 48%) is large in the epithermal re-
gion. The oxygen potential (AGp,) of europium solid
solution has been measured [12-17]. It shows a signifi-
cant increase with the addition of europium. Also, the
steepest change of AGo, occurred at the O/M ratios in
the range of O/M < 2 similar to the AGo, behavior of
magnesium solid solution. For Eu,U;_,0,,, of y = 0.3,
the steepest change takes place at O/M=1.974 at
1400°C [17].

This work was undertaken in order to study the
change of thermodynamic properties of europium solid
solution when magnesium is doped to it. Namely, the
aim of the present work is to know whether the fuel
performance of europium solid solution, which is pos-
sibly used as a burnable poison fuel, could be improved
in a thermodynamical sense by the addition of magne-
sium. As for magnesium-gadolinium solid solution,
Mg, Gd.U;_, .0z, AGO2 has already been measured.
According to the result, the O/M ratio for the steepest
AGo, change lowered largely with increasing concen-
tration of magnesium, whereas the ratio did not change
with temperature in the range 1000-1200°C [8]. The
above behavior for Mg, Gd.U;_, .O,,, should be com-
pared with AGo, for ngEuZUl,y,ZOzH. For each of
magnesium solid solution and europium solid solution, a
number of oxygen potential data have been reported.
Then, the thermodynamic properties of the present
Mg Eu.U,_, .O,,, solid solution were discussed in
comparison with these data.

2. Experimental
2.1. Materials used

Uranium metal turnings were dissolved in 6 M nitric
acid, and uranium was purified by extracting into 100%
TBP, where the impurity metals were left in the aqueous
phase. The extracted uranium was scrubbed first with
water and then with dilute ammonium carbonate solu-
tion. By adding ammonium hydroxide, ammonium di-
uranate precipitate was formed which was filtrated using
a G4 glass filter under suction. After the precipitate was
dried, it was converted to UOj; by heating in air at 500°C
[18]. Stoichiometric UO, was obtained by heating the
UO; in a stream of hydrogen at 1000°C for 6 h. The
main metallic impurities in UO, as analyzed with ICP
method are shown in Table 1.

Table 1
Metallic impurities in UO,

Element Amount (ppm)
Pd 54
Y 2
La 4
Tm 94
Th 4

Heavy MgO of guaranteed reagent-grade
(CaO < 0.05%, heavy metals <0.005%) was purchased
from Wako Pure Chemicals Industries Co. Europium
sesquioxide with 99.9% purity was obtained from Nip-
pon Yttrium. Hydrogen of extra high purity (nominally
99.999%) was produced with a Whatman Model 75-
34JA-100 hydrogen generator. Carbon dioxide and N,
(99.99%) gases were obtained from Nippon Sanso and
used as received.

2.2. Preparation of solid solution

The calculated masses of MgO, Eu,0; and UO, were
intimately mixed in an agate mortar for about 40 min.
The mixture was heated in air in a muffle furnace at
800°C for three days to obtain the oxides of magnesium-—
europium—uranium in an oxidized form. The cycle of
mixing and heating was repeated three times in order to
produce homogeneous products.

The air heated product (~1 g) was pressed into
10 mm¢ pellets, and heated on an alumina boat in a
horizontal SiC tube furnace at 1250°C for two days in a
stream of CO,/H, mixed gas of which the mixing ratio
was controlled to 450:1 ml min~' with two mass-flow
controllers (Kofloc, Type-3510 1/4 SW-500 SCCM and
1/4SW-10 SCCM). Calculation shows that the oxygen
partial pressure of 1.0 Pa was obtained with this gas
ratio at 1250°C [19]. After the reaction, the pellet was
crushed and mixed. The mixture was heated again as
pellets under the same conditions as mentioned above.
The solid solutions formed were subjected to oxygen
potential measurements after performing X-ray diffrac-
tion and chemical analyses.

2.3. X-ray diffraction analysis

X-ray powder diffractometry was carried out with a
Rigaku Type RAD-IC diffractometer using CuKo ra-
diation (40 kV, 20 mA) monochromatized with curved
pyrolytic graphite. The slit system used was 1°-0.5
mm-1°-0.15 mm. The measurement was performed in
the range 10°<260<140° with a scanning rate of
1°(26) min~'. The cubic lattice parameter of the solid
solution was calculated by the least-squares method
using the LCR2 program [20]. The precipitation of
MgO phase from solid solution was examined by step
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scanning (18 s counting time and 0.01°(20) step width)
in the range 40.88° < 20 < 44.88° to detect the strongest
MgO peak which should appear at ~42.8°(20).

2.4. Chemical analysis

Solid solution powder (10-20 mg) was weighed with
an accuracy of £10 pg and dissolved in 5 ml Ce(IV)
solution in 1.5 M sulfuric acid by warming the solution.
The x value of the solid solution was determined by ti-
trating the remaining (excess) Ce (IV) with Fe(Il) am-
monium sulfate solution using ferroin indicator [21,22].
The concentrations of Ce(IV) and Fe(II) solutions used
were obtained by titrating stoichiometric UO,. The es-
timated standard deviation in the titrated x values is
within 40.005.

2.5. Oxygen potential measurement

2.5.1. Method 1

Solid solution powder (2-3 g) was pressed into pel-
lets. The pellets with three different magnesium con-
centrations were placed on an aluminum boat.
Subsequently, they were heated in a horizontal SiC re-
sistance tube furnace in a stream of CO,/H, mixed gas.
The mixing ratio of the gases was controlled by means of
two mass-flow controllers in order to attain the intended
oxygen partial pressure, where the mixing ratio of the
gases was calculated by the use of the literature AG}
values for H,O (g), CO, (g) and CO (g) [19]. The sam-
ples were heated at a fixed temperature and oxygen
partial pressure for 3-4 days to attain equilibrium. After
the reaction, the whole system was evacuated, and the
current to the furnace was turned off. The O/M ratios of
the cooled samples were determined by chemical anal-
ysis.

2.5.2. Method 2

The solid solution sample (400-800 mg), whose O/M
ratio had been determined by chemical analysis, was
precisely weighed. The sample in a quartz basket was
suspended from a Cahn-RG electrobalance by a plati-
num wire. The whole system was evacuated with a ro-
tary pump. After evacuating for 1 h, the stopcock
connected to the rotary pump was closed, and no leak-
age of vacuum was found for several hours on a mercury
manometer. Then, N, gas was slowly introduced into
the system up to the ambient pressure. The CO,/H,
mixed gas was led to flow over the sample. The mixing
ratio of the CO,/H, gases was controlled with the mass-
flow controllers to have an intended oxygen partial
pressure at the heating temperature.

The sample was heated in a flow of the mixed gas.
After no weight change of the sample was recorded for
several hours, the mixing ratio of the gases was changed
for the next measurement. For the measurements at a

higher temperature, 1200°C, a platinum basket was used
instead of quartz basket. Below the oxygen partial
pressure of 10~!! Pa, nickel suspension wire and basket
were used. After a series of experiments to measure the
weights at various oxygen partial pressures were fin-
ished, the sample was equilibrated with the mixed gas of
Po, = 1078 Pa at 1200°C, followed by evacuation with a
rotary pump and furnace cooling. It is generally ac-
cepted that the solid solutions give the steepest change in
the curve of AGo, versus O/M ratio around this oxygen
pressure at 1000-1200°C [23]. Therefore, after this O/M
ratio was obtained in the thermogravimetric curve, the
sample was cooled and chemical analysis was per-
formed. The O/M ratios that had been measured by
thermogravimetry were corrected using the O/M ratio
for the steepest AGo, change determined by titration.

3. Results and discussion
3.1. Oxygen potential as a function of OIM ratio
The AGo, data for Mg,EugesU;_y—005O2 (x%O)

measured by method 2 are plotted against O/M ratio in
Fig. 1. The right two (1 and 2), middle two (3 and 4) and
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Fig. 1. Oxygen potential, AGo,, as a function of O/M ratio
(M=Mg+Eu+U) for magnesium-europium solid solution,
ngEuZUl,VOZH, at 1000°C and 1200°C. Curves 1 and 2:
y =20, z=0.05; Curves 3 and 4: y = 0.05, z = 0.05; Curves 5
and 6: y = 0.1, z = 0.05; Solid lines: 1000°C; Dash—dotted lines:
1200°C.
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left two (5 and 6) curves indicate AGo, for y = 0, 0.05
and 0.1, respectively. The solid and dash-dotted lines
show the AGo, change at 1000°C and 1200°C, respec-
tively. From the figure, it is seen that the oxygen po-
tential curve shifts leftward largely as the concentration
of magnesium increases. This feature is the same as has
been observed for (Mg, Gd, U)O,., [8] and (Mg, Ce, U)
O,., [24] solid solutions. The oxygen potential of curves
2, 4 and 6 for 1200°C lowers more slowly than that of
curves 1, 3 and 5 for 1000°C with decreasing O/M ratio
below the O/M ratios which give rise to the steepest
AGo, change; the latter ratios will be referred to as
GOM hereafter in this paper. Let us compare the O/M
ratios at AGOZ = —600 kJ mol ™", for example. The O/M
ratio for curve 2 (y = 0, 1200°C) is retrieved to be 1.95
from Fig. 1, which is lower than the GOM, viz. 1.995, by
0.045. On the other hand, the corresponding O/M ratio
for curve 1 (y =0, 1000°C) is 1.979. This value is lower
than the GOM only by 0.016. In other words, the slope
is much steeper for the 1000°C curve. However, it might
be worthwhile to note that the curves obtained by
thermogravimetry tend to give gentler slopes below
GOM at 1000°C. In our earlier work, for europium solid
solution [13], the oxygen potential was obtained by
measuring the weight of the quenched sample with an
ordinary microbalance after taking out from the fur-
nace, where AGOZ for the europium concentration of 0.1
almost vertically decreased from AGo, = —200 to —500
kJ mol™! both at 850°C and 1050°C. In method 2, there
remains a possibility of small systematic error which
gave slightly lower O/M ratios. The thermogravimetric
measurements should be made for the samples in equi-
librium with the oxygen partial pressures of the gas
phase. However, it was often the case that the baseline of
the thermogravimetry curve shifted on long time heating
under the fixed experimental conditions, which made it
difficult to have precise data. Then, the measurements
were made after the equilibration time of about one day,
though some change might appear in the slopes below
GOM by this method [8]. Also, vaporization of metallic
components in the sample during heating, if any, induces
change in the O/M ratios, the effect of which is negligibly
small in method 1.

Fig. 1 shows that the AGO2 curve shifts leftward with
increasing magnesium concentration but it does not shift
upward. This result means that the oxygen potential
does not increase largely with the addition of magne-
sium if discussion on AGo, is made after GOM is cor-
rected to that of y = 0 for each solid solution containing
magnesium. In addition to this, the GOM does not
change with temperature in the range 1000-1200°C.
These AGy, properties are very similar to those observed
for quaternary solid solutions ngGdzUl_y_202+x [8]
and Mg Ce.U,_,_.O,y, [24]. On the other_hand, some
differences seem to be present when the AGo, values of
the present solid solution are compared with those of

Mg U, 0., [3.4] and Eu, U, , 0, [13,1_5] solid solu-
tions, for which the leftward shift of the AGo, curve was
accompanied by the significant AGo, increase with the
addition of magnesium or europium.

3.2. Partial molar entropy and enthalpy of oxygen as a
Sfunction of OIM ratio

Partial molar entropy of oxygen, ASOZ, was calcu-
lated from the temperature dependence of AGo,, as-
suming that ASp, and partial molar enthalpy of oxygen,
AHo,, are independent of temperature. This is nearly
correct for most solid solutions [23]. Using the relation
ASo, = —0AG), /3T, ASo, was calculated by dividing the
difference —{AGo,(1200°C) — AGo,(1000°C)} by 200
for each O/M ratio. The partial molar enthalpy of
oxygen, AHo,, was obtained using the relation,
AI:IOZ = AGOZ + TA§02~

Fig. 2 shows the variation of ASo, with O/M ratio.
Curves 1, 2 and 3 in the figure express the ASo, change
for y= O, 0.05 and 0.1 of MnguO.(ﬁUl,y,o.o502+x, re-
spectively. It is seen from the figure that ASo, for y =10
does not change largely with O/M ratio in the range
2.01-2.08 showing the values near —50 J mol™' K.
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Fig. 2. Partial molar entropy of oxygen, ASo,, as a function of
O/M ratio for Mg Eu.U,_, .O,,, (Dotted and broken lines for
Mg Gd.U,_,_.05,,). Curve 1: y=0, z=0.05 Curve 2:
y =0.05 z = 0.05; Curve 3: y = 0.1, z = 0.05; Dash-dotted line:
y=0.05, z=0 [3]; Dotted line: y =0, z=0.14 [25]; Broken
line: y = 0.1 z = 0.142 [8].
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However, it increases as the O/M ratio decreases below
2.01, yielding a maximum of ~0 J mol™ K~' at O/
M =2.0. Then, the ASp, curve rapidly decreases with
decreasing O/M ratio. The present result is a little di-
verted from the earlier data for europium solid solutions
where the distinct peak was not observed for
Eug 05U 9505, although a sharp peak was observed for
Euy U9O,., [15]. This difference is thought to be
caused by a slight shift of the measured O/M ratios in
the AGo, curve. This effect on ASo, is large at the O/M
ratios in the vicinity of the peak position, because ASo,
values are calculated from the temperature dependence
of the AGo, .

Curve 2 (y = 0.05) in Fig. 2 gives essentially the same
trend as curve 1, but curve 2 is shifted leftward as a
result of magnesium addition. The shift of curve 3 for
y=0.1 is larger with a broadened peak. For all three
curves, the maximum values of AS‘O2 are near zero since
the GOM does not change with temperature.

The present partial molar entropies can be compared
with those of the other solid solutions. Curve 1 (Mg=0,
Eu=0.05) of this work is seen to be in fairly good
agreement with ASp, of gadolinium solid solution
(Gd =0.14) reported by Une and Oguma [25] shown by
dotted line, except that the O/M ratio giving the ASo,
peak is lower for the present solid solution (Mg=0,
Eu=0.05) to a small extent. The AS‘O2 curve for mag-
nesium solid solution (Mg=0.05) [3] shown by dash-
dotted line is also close to curve 1, although the peak
position (O/M ratio) is distinctly lower than 2.0 for the
magnesium solid solution. The reference broken line for
ngGdZUl,y,ZOzﬂ (Mg=0.1, Gd=0.142) [8] does not
show a peak. However, it would show one if the data
acquisition is successfully made to the lower O/M ratio,
since this curve is close to curve 3 of this work
(Mg=0.1, Eu=0.05) which exhibits a maximum. It
seems likely that the curve is basically prescribed by the
concentration of magnesium. In [§8], the concentration of
gadolinium was 0.142, and in this work that of europium
is 0.05. The two curves for these solid solutions with the
same magnesium concentration (Mg=0.1) are nearly
overlapped.

The variation of AHp, with O/M ratio is shown in
Fig. 3. Curves 1, 2 and 3 depict AHO2 for y =0, 0.05 and
0.1, respectively. These three curves show very small
peaks at the same O/M ratios as those for the ASo,
peaks. Curve 1 is in fairly good agreement with the
earlier AHo, data for EugsU950,, [15]. Nevertheless,
some differences are seen in the range of O/M ratios
above 2.0. The present curve turns into a slow increase
as the O/M ratio increases after the small peak, while the
reference curve continuously decreases after giving the
peak.

In Fig. 3, both curves 2 and 3 for y = 0.05 and 0.1,
respectively, are similar to curve 1. The O/M ratios for
peaks in these curves are shifted leftward as a result of

-200 - —
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-1200

IR 1 . s — 1 2 a0

19 2 21
O/M Ratio

Fig. 3. Partial molar enthalpy of oxygen, AHo,, as a function of
O/M ratio for Mg, Eu.U;_, .0,,, (dotted and broken lines for
ngGdzUl,HOHX). Curve 1: y=0, z=0.05; Curve 2:
y = 0.05, z=0.05; Curve 3: y = 0.1, z = 0.05; Dash-dotted line:
y = 0.05, z =0 [3]; dotted line: y = 0, z = 0.14 [25]; Broken line:
y=0.1,z=0.142 [8].

magnesium doping. On close examination, an increase in
AHo, at the peak tops was observed with increasing
concentration of magnesium. Also, the slope in the re-
gion of O/M ratio lower than that which gives the AHo,
peak became gentler with the increase of magnesium
concentration.

Curve 1 is in accord with the AHo, curve for mag-
nesium solid solution (Mg=0.05) [3] shown by dash-
dotted line in Fig. 3. Also, the curve is well consistent
with the AHo, curve for gadolinium solid solution with
Gd=0.14, shown by dotted line [25]. These reference
curves, however, decrease with increasing O/M ratio at
higher O/M ratios. The reason for this slight discrep-
ancy is unclear at present. Curve 3 of this work is
comparable with the broken line for the quaternary
solid solution of Mg=0.1 and Gd =0.142 [8]. It can be
suggested that the feature of the curve is primarily
prescribed by the magnesium concentration with small
modification by the coexisting lanthanide element
metals.

3.3. GOM dependence on temperature

The GOM change with temperature was studied by
method 1. The obtained data are listed in Table 2. In this
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Table 2
AGo,, O/M ratios and lattice parameters at the steepest change of AGo,

Heating no. Mg () Eu (2) Temp. (°C) p(0,) (Pa) AGo, (kI mol™') O/M ratio a (A) Remarks*
1 0.05 0.05 1000 34x 1078 -303.9 1.955 54624 £0.0001 S, s
2 0.05 0.05 1050 1078 -380.0 1.954

3 0.05 0.05 1100 1071 -394.3 1.904

4 0.05 0.05 1100 1078 -341.7 1.964 54604 +0.0003  S,s
5 0.05 0.05 1200 2.1 x 107° —385.7 1.959 5.4637+£0.0002 S, s
1 0.1 0.05 1000 34 x10°8 -303.9 1.906 5.4581+£0.0001 S, b
2 0.1 0.05 1050 10-% —-380.0 1.941

3 0.1 0.05 1100 101 -394.3 1.950

4 0.1 0.05 1100 10-% —-341.7 1.913 5.4611+£0.0002 S, s
5 0.1 0.05 1200 2.1 x 107° —385.7 1.911 5.4579 £ 0.0005 S, sb
1 0.05 0.1 1000 34 %1078 -303.9 1.954 5.4543 £0.0001 S, sb
5 0.05 0.1 1200 2.1 x 107° —385.7 1.954 54549 £0.0002 S,s

#S: Fluorite single phase, s: Sharp X-ray diffraction peaks, sb: Somewhat broad X-ray diffraction peaks, b: Broad X-ray diffraction

peaks.

series of experiments, the samples were heated at the
intended temperature for longer periods of 4-5 days to
attain equilibrium.

The GOM data are plotted against temperature in
Fig. 4, where the marks O, @, and (J show the measured
values for solid solutions of y = 0.05, z = 0.05; y = 0.05,

2 T T T
1.98 - —
o
1.96 - ° —
— — )
1 o
o
o194 —
s
o L
3
0192 —
a o
=]

19 2 a _
1.88 o —
1.86 ' , ! . |

1000 1100 1200
Temperature (°C)

Fig. 4. O/M ratios for the steepest change of AGo, (GOM) for
Mg Eu.U,_,_.O,., plotted against temperature. Line 1, (O)
y =0.05 z =0.05; (@) y=0.05, z=0.1; Line 2, (O) y =0.1,
z=0.05.

z=0.1 and y=0.1, z=0.05, respectively. The O/M
ratio, 1.954, for y=0.05, z=0.1 solid solution at
1000°C is not shown in the figure, because of the overlap
of the value with that for y = 0.05, z = 0.05 solid solu-
tion. The value O/M =1.880 for y = 0.1, z = 0.05 solid
solution at 1000°C in Fig. 4 is that from the heating
experiment other than those given in Table 2.

In Fig. 4, the GOM values do not seem to show any
correlation with temperature in the range 1000-1200°C,
though the obtained values are fairly largely scattered,
probably caused by difficulties in attaining equilibrium.
This is sometimes the case for the oxides of high melting
points sintered as pellets. The large difference in the two
data at 1000°C for y = 0.1, z = 0.05 solid solution is
supposed to reflect the low rearrangement rate of mag-
nesium atoms from the substitutional to interstitial po-
sition at a lower temperature of 1000°C. A similar result
has been obtained also for magnesium—gadolinium solid
solution with Mg=0.1 and Gd=0.142 at 1000°C but
not for solid solution with Mg=0.03 or 0.06,
Gd =0.142. 1t is likely that longer reaction time is nee-
ded for equilibrium of solid solutions with high mag-
nesium concentrations.

The GOM value for y = 0.05, z = 0.1 solid solution
can be regarded as the same as that for y = 0.05,
z=0.05 solid solution. It is 1.955 from Fig. 4. The
GOM value for y = 0.1, z = 0.05 solid solution is 1.908.
These O/M ratios can be compared with those of the
magnesium-gadolinium solid solutions with Gd =0.142
[8]. For magnesium—gadolinium solid solutions, GOM
did not change with temperature and the O/M ratios
were 1.968, 1.940 and 1.914 for Mg=0.03, 0.06 and 0.1,
respectively. A plot of these GOMs was made as a
function of magnesium concentration, which is shown in
Fig. 5. The magnesium concentration (y) dependence of
GOM is seen to be represented as a straight line (solid
line). The result indicates that the second foreign metal
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GOM

1.95
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0 0.05 0.1
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Fig. 5. GOM as a function of Mg*" concentration in quater-
nary solid solutions. (@) magnesium—europium solid solution;
(O) magnesium—gadolinium solid solution; Solid straight line:
most probable line; Broken line: explicit line.

(gadolinium or europium) exerts only a small effect on
GOM. It seems that europium is mainly trivalent in this
quaternary solid solution at the oxygen partial pressures
of Table 2, although a significant fraction of divalent
europium was postulated to exist in ternary solid solu-
tion, Eu,U,_,0,,,, at GOM [15,30]. Another straight

Table 3

line (broken line) is that which attains (nearly) an ex-
plicit point, viz. O/M =2.0 at y = 0. This line gives the
following equation to express GOM as

GOM = 2.0 — 0.925y. (1)

3.4. Lattice parameter as a function of magnesium and
europium concentrations

Using the lattice parameters and the O/M ratios of
Tables 2 and 3, the averaged lattice parameters and
averaged O/M ratios were calculated as shown in Table
4. The values in Table 3 were those obtained by method
1 by heating in a stream of H,. Thus, the oxygen partial
pressure was much lower than those for GOM, but since
the O/M ratios of Table 3 were not so apart, its data
were used for lattice parameter calculations.

The calculated lattice parameters at x = 0 in Table 4
were obtained from the averaged lattice parameters and
the averaged O/M ratios using the relation
O0a/dx = —0.101, where a is the lattice parameter in A
unit and x is the oxygen nonstoichiometry in the for-
mula ngEuZUl,y,zOzH. The above value, —0.101, is
that obtained for magnesium—-gadolinium solid solution
[8], but the value was assumed to be used also for
magnesium—europium solid solution on account of close
similarity between the two solid solutions.

The increase of lattice parameter due to the increase
of europium concentration by 0.05 is 5.4501-5.4578
(i.e. —0.0077) A at x =0 as obtained from Table 4.
Therefore, da/dz = —0.0077/0.05 = —0.154 A, which is
in good agreement with the reference values of —0.144
[26] and —0.151 A [13]. Table 4 also shows that the
increase of magnesium concentration from 0.05 to 0.1
results in an increase of lattice parameter by 5.4498-
5.4578 (i.e. —0.0081) A. Then, the rate of the lattice

O/M ratios and lattice parameters of the solid solutions formed by heating under low oxygen pressure of dry H, streams
(o, = 1074-1071 Pa) at 1000°C for 4 days (Heating number: 6; AGo, = —463 to — 512 kJ mol™")

Mg (y) Eu (2) O/M ratio Lattice parameter (A) Remarks®
0.05 0.05 1.958 5.4623 £ 0.0001 S, s

0.1 0.05 1.904 5.4604 + 0.0002 S, sb

0.05 0.1 1.931 5.4545 £ 0.0002 F2, sb

#S: Fluorite single phase with no MgO precipitation, F2: Fluorite two phases, s: Sharp X-ray diffraction peaks, sb: Somewhat broad

X-ray diffraction peaks.

Table 4

Averaged lattice parameters, O/M ratios and calculated lattice parameters of magnesium—europium solid solutions at x = 0

Mg (y) Eu (2) Averaged lattice Averaged O/M ratio Calculated lattice
parameter (A) parameter at x = 0 (A)

0.05 0.05 5.4623 1.955 5.4578

0.1 0.05 5.4594 1.908 5.4497

0.05 0.1 5.4546 1.955 5.4501
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parameter increase by magnesium addition should be
Oa/dy = —0.162 A. This rate is largely discrepant from
the rate of increase of the lattice parameter by the
substitutional magnesium, —0.5677 A [6]. The reason
may be that the magnesium ions partly migrated into
the interstitial position. If we take +0.290 A as the
Oa/0y factor for the interstitial magnesium [8], a for-
mula

0.290m — 0.5677(1 — m) = —0.162 ()

would hold, where m stands for the ratio of interstitial
magnesium to the total magnesium in the solid solution.
Eq. (2) gives the m value of 0.473.

3.5. Defects and clusters in the solid solution

If the m fraction of magnesium atoms locates the
interstitial position in the crystal, the formula
Mg "Eu* U,y , US), [O3, is rewritten more
precisely as

(1= my)M, Bt Ut o Uss Mgl JOk (3)

Ty T—my

T—my T—my T—my T=my

where the braces indicate the interstitial magnesium. The
rate of lattice parameter change with oxygen amount,
—0.101, suggests that the state of oxygen nonstoichi-
ometry in Eq. (3) is hyperstoichiometric, i.e.

24x
1 —my

> 2, (4)

since if hypostoichiometric, the rate should be in the
range from —0.2 to —0.3 [23]. That is to say, at GOM the
solid solution is hyperstoichiometric. It does not mean,
however, that the O/M ratio is higher than 2 at this
point. The O/M ratio is much lower than 2. This com-
plication comes from the fact that a part of magnesium
ions occupy the interstitial sites in the fluorite lattice,
which may be due to smaller crystal radius of divalent
magnesium [27]. Usual type solid solutions, for example,
plutonium—uranium mixed oxides, have a relatively wide
region of hypostoichiometry below GOM [28,29]. The
steepest change of AGo, occurs at oxygen stoichiometry.
For the present quaternary solid solution containing
magnesium, on the other hand, the rearrangement of

magnesium from substitutional sites to interstitial sites
preferentially occurs before yielding oxygen hypostoi-
chiometry. The decrease of O/M ratio occurs when the
oxygen partial pressure lowers. Such a decrease in the O/
M ratio is realized also by the above rearrangement.

The essential characteristics causing the GOM shift
for the magnesium-europium solid solution (and also
for magnesium-gadolinium solid solution) are consid-
ered to be in the manner of cluster formation of Mg**
and U’". Because the GOM shift of Eu,U; ,0,,, solid
solution, in which all europium ions locate in the sub-
stitutional position, was well explained by assuming the
formation of Eu*'-U>" and U’™-Eu*'-U’" clusters
[31,32], it is clear that the interstitial cations are not
responsible, at least mainly, for the GOM shift of the
solid solutions with divalent foreign metals. In Table 5,
the ion concentrations of the magnesium—europium so-
lid solutions at GOM are listed. It may be marked from
the table that the fractions of oxidized uranium, U, are
still not very low at the GOM points. Calculation of
ASo, and AGo, through configurational entropy change
for quarternary solid solution Mgﬁ*Lnﬁ*Ul,y,zOzH,
where Ln is the trivalent lanthanide element, has been
carried out theoretically [32]. According to this result,
the following relation holds at GOM:

o x (Mg*" fraction) + f x (Ln*" fraction)
= (U fraction), (5)

where o and f§ are the averaged numbers of U ions
bonded to one Mg*" ion and one Ln*" ion, respectively.
There is no established method to obtain the above o
and f values experimentally. However, if these values do
not change largely with solid solutions of different
magnesium and europium concentrations, their ap-
proximate values are obtained by solving the simulta-
neous equations written from Eq. (5) using the Mg>",
Eu’" and U" fractions of Table 5 for three different
solid solutions. Three equations were obtained from
Table 3, from which three sets of simultaneous equa-
tions could be constructed. These equations gave the a
values ranging from 0.12 to 0.14, while all these equa-
tions gave the f§ values very close to 1. If it was assumed
that only the substitutional Mg”" ions form the clusters,

Table 5

Ion fractions in magnesium-europium solid solutions

Mg Eu Non-stoichiometry Sub. Mg>*? Int. Mg+ @ Eu’* U+ U+

») 2) () (I =m)y m z 1 —2x—3y—2z 2x+2y+z

1 —my 1 —my 1 —my 1 —my 1 —my

0.05 0.05 —0.045 0.02699 0.02422 0.05121 0.86035 0.06145
0.1 0.05 —-0.092 0.05532 0.04965 0.05248 0.82292 0.06928
0.05 0.1 —0.045 0.02699 0.02422 0.10242 0.75792 0.11266

#Sub.: Substitutional. Int.: Interstitial.
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the o value was increased to 0.23-0.38 with the f values
very close to 1. These « values are still very small, if these
values are compared with the o values for ternary
magnesium solid solution, Mg, U,_,0,,, because they
were 1.50-1.56 (y = 0.02-0.05) [30] for this solid solu-
tion. In the case where only the interstitial Mg>" ions
form the clusters, the o values are not so changed from
the substitutional case, i.e. a = 0.25-0.42. It is not so
realistic that divalent europium ions are present together
with fairly high concentrations of U*" ions (Table 5) in
the magnesium—europium solid solution in the vicinity
of GOM. The larger fractions of Eu>* ions are supposed
to emerge at much lower O/M ratios than GOM. But let
us assume this state for comparison at GOM. Calcula-
tion shows & = 0.12-0.20 and 8 = 2.0 in this case. This 8
value exhibits that the formation of U>'—Eu?-U°"
cluster is complete. The above calculated results show
that the formation ratios of the clusters by Mg** and
U*" are very low in any case, which yields the large
leftward shift in the curves of AGo, vs. O/M ratio for this
quaternary solid solution. The relation between the o
value and leftward shift has been studied elsewhere [30-
32]. Such low ratios do not change largely with the ox-
idation state of europium, in sharp contrast to the
clusters of Eu*™ (or Eu*") and U" ions which are almost
completely formed. The crystals of magnesium—europi-
um solid solution are assumed to be in a much disar-
ranged state resulting in the formation of mostly
europium clusters. That is to say, for the magnesium
ions, which would be more displaced than europium
ions from the normal lattice sites, the formation of the
clusters with U" to sufficiently high ratios might hardly
be made. This is the case also for magnesium—gadolini-
um solid solution [8§].
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