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Abstract

After a short review on the ex1st1ng regions and thermodynamic properties of essentially ionic ternary uranium dioxide
solid solutions, M U, _ .0, , (x2 £ 0), classified by the valency of the M metals, a description is made for our study on the
solubility and the crystal chemistry of Mg in the Mg solid solution in a range of low Po,- The single phase region extended
up to at least y=0.1 at 1200°C in Po, =107 5 or < 107" atm. Density measurements revealed that the Mg atoms in the
solid solution formed under the above conditions are about 60% in the interstitial sites. This experimental result was
rationalized by the calculated AEO, change caused from the configurational partial molar entropy obtained through the
lattice statistics of the occupation of Mg and oxygen atoms in the solid solution lattice sites. © 1997 Elsevier Science B.V.

1. Introduction

Various kinds of fission product metals form solid solutions with UO, causing frequently a significant change in the
thermodynamic properties of the fuel. Oxygen potentials in the presence of such metals have been measured for some
idealized or simulated cases of irradiation [1-3].

On the other hand, the doping effect of a small amount of impurity metals into UO, has been studied in an effort to
improve the fuel performance during irradiation. The metals which attracted attention are, for example, Mg [4], Ca + Ti [5],
La [6], Cr [7], Ti, V and Nb [5,6,8]. However, the thermodynamic data of these doped fuel oxides are not sufficient.
Thermodynamic consideration becomes more important as the doped metal concentration is higher (e.g., several wt% Gd
content for burnable poison fuel [9,10]).

In this paper, after reviewing on the thermodynamic properties of M U, _ 0, (x % 0) shortly, a study on the solubility
of Mg in UO, in low oxygen pressures is described. Density measurements showed the existence of interstitial Mg atoms in
the solid solution, which was analysed by lattice statistics of Mg and oxygen atoms in the different crystallographic sites as a
function of oxygen potential.

2. A short review on the phase relations and oxygen potentials of solid solutions as classified by the valence of doped
metals
2.1. Metals having +4 valence state

Due to the small crystal radius of Zr** [11], the solubility of ZrO, is low. The Zr solid solution, Zr, U, 0, , (x> 0),
with y = 0.1-0.3 is considered to be metastable but it does not easily decompose by heating at around 1000°C [12,13]. ThO,
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forms a solid solution with stoichiometric UQ, in all ratios. However, with non-stoichiometric UO,_ ,, the solid solution
separates into two phases for a lower content of ThO, [14].

Similar to UQ,_ ,, the oxygen potential, AGO =RTIn p, , of MU, _0,,, (M=Zr and Th) decreases steeply as x
(> 0) decreases approaching to zero. However, in the effect of the metal addition there is a difference. While Th causes an
increase in AGO2 [15), Zr decreases AG,_ [13]. According to Hoch and Furman [16], since the crystal radius of U°* j
closer to Zr**, the addition of Zr** tends to oxidize U** to U*", giving lower AG,, .

2.2. Metals having both +4 and + 3 valence states

Stoichiometric solid solutions M U, _ /O, oy (M = Pu and Ce) are known to form for all y values between 0 and 1. The
hypostoichiometric solid solution exists until all Pu (or Ce) ions are reduced to Pu®* (or Ce**) together with U** [17]. In
this case, however, there are upper limits in the y value for solid solutions, viz. 0.58 at 500°C [18] and 0.20 at room
temperature [19] for Pu, and 0.7 at 260°C and 0.2 at room temperature for Ce [20]. In hyperstoichiometric solid solutions all
Pu (or Ce) ions are oxidized to Pu** (or Ce**) and the U ions are to some extent from + 4 state. The maximum y values in
this region of solid solutions are 0.30 for Pu [18] and 0.50 (x < 0.18) for Ce [21] at room temperature.

The oxygen potential in the hypostoichiometric region increases with increasing x value giving a steeper slope as the x
value approaches close to x = 0. After the almost vertical increase at x = 0, the oxygen potential rather slowly increases
with increasing x in the hyperstoichiometric region [22-24]. The AGO values for MU, _ 0,, (M =Pu and Ce) of
various y values are considered to be expressed by the mean Pu {or Ce) valence and the mean U valence in the hypo and
hyperstoichiometric regions, respectively [25]. The higher AGO values of Ce solid solution in the hypostoichiometric region
may be because CeO, ., (x < 0) has higher AGO than PuO,,  (x <0)[17].

2.3. Metals having + 3 valence state

In reducing atmospheres, the solubility of Sc** is as low as a few mol% at 1100-1550°C [26] due to its smallest crystal

radius of 1.01 A (CN = 8) [11] in trivalent rare-earth ions. However, the solubilities of the other rare-earth ions are higher
than y = 0.5. The solubilities are still high in oxidizing atmospheres, giving hyper-stoichiometric solid solutions [27].

In an analogy to the crystal radius effect for M** ions, the M?* solid solutions with smaller M>* crystal radii are
expected to show lower AGO , though not experimentally ascertained. The oxygen potential versus x curves for Y [28], La
[29], Pr [17], Nd [30,31], Eu {32] and Gd [33] solid solutions show a similar feature to those of Pu and Ce solid solutions.
The addition of higher content of rare-earth metals causes higher oxygen potentials.

2.4. Metals having + 2 valence state

The solid solutions with y = 0.33 have been prepared in relatively high oxygen pressures for Mg, Ca, Sr, Ba and Cd[34].
However, in strongly reducing atmospheres, the solubilities of these divalent metals in UO, are low. The solubilities of Sr
and Ba are y = 0.12 [35] and 0.03 [36], respectively.

As a result of the low valency of the M metals, the solid solutions show considerably higher AGO values than the M3+
and M** solid solutions. It is characteristic of Mg [37] and Ca [38] solid solutions that the x value which gives the rapid
change in AGO shifts from x = 0 for M** or M>" solid solutions to x < 0. The oxygen potential data for Ba solid solution
are not avallable However, it has been reported that BagsY, 05U 60,5, ,[39] gives the steepest AGO’ change at
x= —0.083. Since Y does not contribute to this shift [28], Ba also appears to be responsible for the x < 0 shift. Park and
Olander [40] explained this phenomenon by the mass-action law calculation of the metal—vacancy complexes. The above
shift was also resolved by a statistical treatment [41,42], assuming that one M>* atom forms a complex with o« US*
(1 < a < 2). Both these methods attain eventually the quite similar results, though in the statistical method much attention is
paid to the entropy change.

3. Mg solid solution in low oxygen partial pressures
3.1. Phase relations

By virtue of a small neutron absorption cross section, Mg has been thought to be one of the promising addition metals to
U0, fuel for better performance during irradiation up to high burn-ups. According to the irradiation test up to 28500 MW
d/tU, fission gas release from the 5 mol% MgO doped fuel was reduced by a factor greater than 2.5 X in comparison with
that from standard irradiated UO, {4]. However, for this solid solution there are some inconsistencies in the solubility of Mg
under low oxygen pressures [4,43,44]. Our experimental results [45] showed that the solubility strongly depends on oxygen
partial pressure, where the measurement of the phase separation was carried out by the X-ray diffraction analysis of
precipitated MgO.
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Table 1
Single phase regions of Mg solid solution
Y: 0.1 0.15
P(0,) (atm): 107% atm 1078 10-10 107%™, 10°°¢% 1078 1010 107° (H,)
a, (A 5.4274 5.4483 5.4524 5.4660 53916 5.4487 5.4563 5.4675
X-ray diffraction: single two phases  two phases  single single  two phases two phases two phases
phase with small ~ with MgO  phase phase  withMgO  with MgO  with small
amount amount
of MgO of MgO
Frequency of MgO in TEM: 2 /90 ne.? 35/150 2/130 3/95 ne.? ne.? 10/150
3/120 25/110 2/190 3/110 9/120

 n.e.: not examined.

The solubility of Mg at 1200°C was examined also by transmission electron microscope (TEM) observation for quenched
samples. The above two methods gave a consistent result, which is shown in Table 1. The reaction was carried out in a
flowing gas of H, /CO, for 50-70 h. The y = 0.1 samples show two single phase regions of solid solution at py, = 1078
and <10~ atm, separated by a two-phase region of p, = 107°~10"'% atm. It has been observed that the solid solution is
in a single phase also at 10™' atm [45]. This implies that Mg is soluble in UQ, at least up to y = 0.1 for oxygen partial
pressures below pg, = 10" atm. The Mg concentration of y = 0.15 is beyond the solubility even at p, = 10~'* atm. The
TEM observation revealed that the single phase corresponds to the frequency of ~ 1/50 or less for finding any MgO part in
the particles. In the two-phase region of y=0.15 and p, <10~" atm, this frequency increased to ~ 3/50. Closer
discussion on the TEM result will be made in the succeeding paper.

From Table 1, it is seen that the FCC solid solution changes its lattice parameter with pg, in the two-phase region in
contradiction to the thermodynamic prediction. This may be because the thermodynamic equilibrium is not attained for the
reaction pro-ducts. The reaction rate is possibly extremely low in this range of po, as has been encountered during the A(_702
measurements.

3.2. Density of the Mg solid solution

The density of the solid solution measured by the toluene displace method is shown in Fig. 1. The square and triangle
marks express the data for po_ = 107" and < 107'® atm, respectively. The solid and dotted lines show the theoretical
change of the solid solution for po, = 107" and <10~'° atm, respectively. In the above theoretical curves those which
decrease and increase with increasing y value indicate substitutional and interstitial solid solutions, respectively. It is
noteworthy that the U valencies in the solid solutions with various y values in the figure are all close to +4. The
dash—dotted line shows the theoretical change if the product is a mixture of MgO and UO,. The observed densities for
UO, 400 (¥ = 0) are lower than the theoretical value by ~ 0.08 g/cm?, which is considered to be ascribed to the closed
pores in the particles and this effect is assumed to exist for solid solutions. After the correction for this lowering, the
observed densities become significantly higher than the theoretical line for the mixtures, confirming that the products are not
the mixtures.

Since the observed densities are between the substitutional and interstitial theoretical lines, the solid solution is
considered to consist of the Mg atoms which are partly in the substitutional position (4a in space group Fm3m) and partly in
the interstitial position (4b), as expressed by (Mg, U,_  XMg, }O,,, _ ~ where y, and y, are the substitutional and
interstitial Mg atoms, respectively. The calculated interstitial atom ratio, y,/(y, + y,), increases from ~ 0.2 for y = 0.05 to
0.4 for y=0.1in po, =107 atm pressure, but it remains almost unchanged at ~ 0.6 in <10~'* atm.

3.3. Statistical calculation

For simplicity, let us consider that MgO dissolves into stoichiometric UO, forming solid solution. The Mg2* ions
occupy both the substitutional and interstitial sites. This reaction is described as

1
ZMgO + U0, = -—— _— (Mg, U, ) {Mg, }O,,, . (1)
where z=(y, +y,)/(1 —y). If we put x=y, —y,,
Z—Xx xZ+x+z
Y, = and y,=

z+2 z+2
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Then, the number of the 4a metal site in the solid solution is (z +2)N/(x + 2), where N is Avogadro’s number. The
number of ways of arranging Mg?* and U** ions over the lattice sites is

W, = ({(z+2)/(x+2)}N)!
Yz +2) /(2N =) /(2 2Dz +2) S (x + 2DIN{(x + 2) /(2 + D)

Since the number of the oxygen atom site in the solid solution is (z + 2)2N/(x + 2) from Eq. (1), the number of ways of
arranging O~ ions and oxygen vacancies over the anion lattice sites is

W, = ({(z+2)/(x+2)}2N)!
P {G+2)/(x+ D2N/21({(2+ ) /(5 + D))2NQ2 - x) /D)t

The number of interstitial sites (4b site) is (z + 2)N/(x + 2). Therefore, the number of ways of arranging the interstitial
Mg?" ions over these lattice sites becomes

(2

(3)

. ((:+2)/(x+2)N)! @
{2y (xF2N(x 2+ x2) /(2 2D {2+ 2) /(x+ DIN[2 —x = x2) /(2 + )P
The partial molar entropy of oxygen per mole of O,, Agoz’ is given as
- an(W W) 24z (—x+2)Q-x)'Q-x—x)
ASOZ—ZkN—————a(xN) +Q—2R(2+x)21n 4x2(2+z)z(x+z+xz) + 0, (5)

where R is the gas constant and Q is the factor which includes the vibrational entropy of the crystal and the standard
entropy of oxygen. The Q value has been insensitive to the compositional change of the solid solution [46]. Using Eq. (5),
the oxygen potential is written as

247 (X+2)Q+X)'Q+X+Xz)?

AG, =AH, —2RT In - OT, 6
©: ©: (2*)()2 4X2(2+z)2(—X+z—Xz) ( )

where x is replaced by X = —x =y, —y, which is assumed to be positive in the low p, region of the solid solution.
In the above equation, the composition dependence of the AH, and QT terms is disregarded since the changes of these
terms are supposed to be small in the solid solution. From Eq. (6) it is seen that AG,, decreases toward — o at two cases of
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X=0and X=z/(1 +2z). When X=0, y, is equal to y,. The concentrations of substitutional and interstitial Mg ions are
the same. On the other hand when X = z/ (1 + z), all Mg ions enter the substitutional sites. Fig. 2 shows the contribution of
the above configurational entropy to AGO as a function of X. The broken, dash—dotted and solid lines indicate the AGO
change for z = 0.05, 0.1 and 0.15, respectlvely The AGO curves are seen to decrease sharply at X =0 and z/ 1 +2). In
Fig. 3, this relation is replotted as a function of 1nterst1t1al Mg atom ratio, m. Fig. 3 depicts that AGO increases
monotonically above 50% interstitial Mg.

It should be noted that the AEOW variation in Fig. 3 was obtained on the assumption that the solid solution is composed
of MgO and stoichiometric UO,, ie. the U valency in the solid solution is +4. Fig. 4 shows the U valence determined by
chemical analysis [45]. If the solid sotution is formed by z mol MgO and 1 mol hypostoichiometric UO, _ ,, the formula will
be

z—a+2(

x+2 Mngx—aU x+72 ){ng2+x+z+a}oz+x,

—a+2  -a+2 z—a+2

where we put here x =y, —y, —a(l —y,). The similar calculation as above leads to give another expression of A(_;O2 as

_ _ 2—a+z (—a+X+2)2+X)(Q2-2a+X+Xz)°
AG, = AH, —2RT in - —or., (7)
: ? 2-x) 4xX?(2—a+z)(a—X+z—Xz)

where X = —x. The above equation shows that AG,, decreases toward — at X =0 or (a — X + z— Xz) = 0. At the
former X value, the interstitial Mg ratio, m, is

1 a
m=—22 -4 2L (8)
Yty 2 2z

That is to say, if m = 0.6 as obtained experimentally under p, < 107" atm, a = 0.01 (UO, 4) for z=0.05 and a = 0.02
(UO, 4¢) for z=0.1. The U valencies for these Mg concentrations are +3.98 and + 3.96, respectively, in good agreement
with the chemically determined U valencies in Fig. 4. Eq. (8) shows that the ratio of interstitial Mg atoms becomes > 1/2
by the slight reduction of U lower than +4. The reason that the substitutional solid solution ({(a — X + z — Xz) = 0) does not
exist in very low pg, may be because the crystal is unstable, with regard to Aﬁoz, to the high concentration of oxygen
vacancies needed for the formation of the substitutional Mg solid solution.
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4. Conclusions

First, a short review is given on the phase relations and oxygen potentials of M U, _,0,, (M =M** M**=3+ M3+
and M?*) solid solutions as classified by the valence of the doped M metals. (1) M** metals: ThO, forms a continuous
solid solution with stoichiometric UO,, but the solubility of ZrO, in UO, is low. AGO of Th U,_,0,,, (x > 0) increases
with increasing y value, whilst that of Zr,U,_,0,,, decreases possibly caused by smaller crystal radius of Zr**. (2)
M**73* metals: Although stoichiometric solid solutlons M U,_,0,0 (M=Pu and Ce) are formed for all y values
between 0 and 1, the solubility of the M metals decreases with oxygen non-stoichiometry. AGO increases with an increase
in y of M,U,_,0,,, of which the steepest change takes place at x = 0. (3) M>* metals: The solubilities of trivalent
rare-earth ions in UO, ., are higher than y = 0.5 except for Sc3*. The effect of M3* metals on AGo is similar to that of
M**73% metals. (4) M2 metals: The solid solutions with y = 0.33 have been prepared in relatively hlgh oXygen pressures
for Mg, Ca, Sr, Ba and Cd. However, the solubilities are much less in low oxygen pressures, and that for Mg is not in good
agreement in the reports. The x values of M U, _ O, ., which give the steepest change in AGO , are shifted to x <0, in
contrast to the cases of M**, M**3* and M3~ metals.

In the second part, our thermodynamic study on the Mg solid solution in low oxygen pressures is described. The
solubility of Mg in UO, at 1200°C under pq, < 10~ atm is over y = 0. 1 Above pg, =107 S atm, the maximum y value
is larger approaching 0.33, but between pg, =~ 10~ 8 and ~ 1070 atm there lies an insoluble region. Density
measurements showed that the Mg atoms should occupy partly the interstitial sites (possibly 4b of Fm3m). The ratio, m, of
the interstitial Mg atoms to the total Mg atoms is ~ 0.2 for y =0.05 or 0.4 for y=0.1 at Po, =107 !5 atm, while it
increases to ~ 0.6 at <107 '° atm. The stability of occupation of the Mg atoms in the 1nterstmal sites was studied by
statistically calculating ASO2 and considering its effect on AGoz- It was shown that the calculated AGO2 values are very low
at m = 0 (100% substitutional) and 0.5 (50% substitutional and 50% interstitial). Calculation also revealed that if the solid
solution is formed with hypostoichiometric UO,_ ,, the m value of 0.5 could shift to > 0.5; e.g., if a=0.01 (UO, 4, U
valency + 3.98) for 5% Mg solid solution, m becomes 0.6.
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