JOURNAL OF SOLID STATE CHEMISTRY 24, 11-19 (1978)

Thermodynamics of Mg,U,_,0,, . by EMF Measurements.
. Properties at High Magnesium Concentrations

TAKEO FUJINO, JUN TATENO, anp HIROAKI TAGAWA

Chemistry Division, Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki,

Japan

Received July 11, 1977

Phase stability and thermodynamic properties of a solid solution, Mg, U, O, , ., have been investigated at
high magnesium concentrations. The lattice constant of this cubic solid solution varies differently with x in
the two regions of positive and negative x values. The relation between the lattice constant and the
composition was determined in the respective regions. Solid-state em{ measurements on Mg,U, _ yOZH
revealed that both partial molar entropy and enthalpy of oxygen are temperature independent in the
experimental range 700 ~ 1050°C and that —4S,, and AH0 increase with x and y of Mg U, .0, ..
Least-squares calculations showed that —AS o, and —AH could be expressed as ]ogarrthmrc functions of x
and y. The negative partial molar free energy, —AGO . obtamed by the A4S, and 4H, o, formulas was found
to decrease with temperature more rapidly for the solid solutions of larger y values, which indicates the
greater effect of divalent magnesium on the thermodynamic properties of Mg U, O, , ..

Introduction

It is known that several metal ions can
be incorporated in UO, crystal forming
substitutional solid solutions, MU, ,0O,,,,
where M is the metal ion. In these solid
solutions, - impurity ions interact with the
uranium and oxygen ions of the host crystal,
which causes change in thermodynamic pro-
perties from those of UO,_,. Great interest
attaches to the comparison of the thermo-
dynamic data for MU, 0O, in the group of
the foreign metal valency, i.e., M1+, M, M3+,
etc.

Divalent magnesium forms a solid solution
of Mg, U, _,0,,, in rather a wide range of the
magnesium concentrations with y values be-
tween 0 and 0.33 (Z, 2) in spite of the fact that
the ionic radius of Mgt (r = 0.66 A (3)) is
considerably smaller than that of U** (r =
0.97 A (3)). The solid solution has a cubic
fluorite structure in which the magnesium ions
statistically occupy the uranium lattice sites

and the excess oxygen ions corresponding to x
in Mg, U,_,0,,, occupy the interstitial sites
4.

There have been many reports (I, 5-8)
concerning the preparation and properties of
the Mg U, ,0,,, phase. However, incon-
sistencies are seen among them with regard to
the stable temperature and the composition
range of the compound. In our previous paper
(2), the Mg, U, ,0,,. (0 £ y = 0.33) was
prepared in single phase by the reaction of
magnesium uranates (MgUO,, MgU,0,,) and
UO, in the streams of helium at 1100 ~
1350°C. This means that the oxygen partial
pressure in the helium atmosphere was just in
the pressure range of the single phase. But for
an extensive discussion of the stability of an
Mg, U,_,0,,, solid solution, it is required that
the thermodynamic properties be known over
the system.

We describe here the thermodynamic pro-
perties of the Mg, U, O,,, measured by the
solid-state galvanic cell method. Partial molar
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free energies, enthalpies, and entropies of
oxygen were obtained at temperatures between
650 and 1050°C with the y values mainly over
0.05. The data at low magnesium con-
centrations will be presented in a later paper.
The thermodynamic values are expressed as
functions of temperature and composition of
the solid solution, and the agreement between
measured and theoretically calculated entro-
pies is briefly discussed.

Experimental
1. Preparation of Mg, U,_,0,, .

The Mg, U, ,0,,, samples with high mag-
nesium concentrations were prepared by reac-
tion in streams of helium. The method is
essentially the same as that reported pre-
viously (2): Calculated amounts of MgU,0,,
and UO, were mixed in an agate mortar for
several y values below 0.33 (y = 0.01, 0.02,
0.05, 0.10, 0.15, 0.20, and 0.25). In order to
obtain intimate mixtures which result in the
formation of homogeneous MgU, O,
compounds, mixing was performed by diluting
the starting materials with UO, stepwise. For
example, the y = 0.15 mixture was obtained
by mixing calculated amounts of the y = 0.20
mixture and UO,, and the y = 0.10 mixture by
mixing calculated amounts of the y = 0.15
mixture above and UQ,, and so on. Reaction
was performed after the mixture was pressed
into pellets of 10-mm diameter.

To obtain an Mg U, 0O, , compound with
low x values, mixtures were heated under
vacuum. In this case, the reaction was carried
out under a high vacuum of <4 x 10-% Torr
at temperatures of 1300 ~ 1550°C for 20 hr.

In a series of experiments carried out to
examine the solubility of magnesium in the x <
0 range, hydrogen reduction of the solid
solutions was conducted at 1300°C.

2. Determination of Oxygen in Mg, U, 0O, ,,

The x value of the MgU, 0,,, was
determined by the compound addition method
(9). The method consists of mixing of an

Mg, U, _,0,, , sample with MgUO, or Sr,UO,
followed by heating at 700 ~ 900°C in air to
produce the uranates in which all the uranium
atoms have a formal charge of +6. The x value
can be calculated from the weight difference
before and after the heating. The estimated
error in x was +0.002, which is smaller by one
order of magnitude than that calculated by the
usual cerimetric method. The x value was
related to the cubic lattice constant of the
compound in the respective regions of x = 0
and x < 0. The determination of the oxygen in
the sample was performed mainly by these
equations after the relations were established.
The lattice constant from the Debye—Scherrer
photograph, which was taken by a Norelco
114.6-mm camera, could be obtained with the
capillary containing less than 100 mg of
powder sample from the edge of the pellet
which was subjected to emf measurements.

3. Measurement of Electromotive Force
The solid cell employed was of the type

Ni, NiO/solid electrolyte/Mg,U, _,0,, ,,(1)

where the solid electrolyte was a solid solution
of 0.15 CaO and 0.85 ZrO,. The schematic
drawing of the cell is shown in Fig. 1. The
three pellets of (Ni, NiO), solid electrolyte, and
Mg, U, _,0,,, were sandwiched between two
Pt disks which were welded to Pt wires for
electrical contact. The effect of contact
resistance was minimized by putting a Pt
weight of about 20 g on them. After the pellets
were placed in position, the system was
evacuated to <10~* Torr for over 2 hr. Then
the stopcock connected to the vacuum pump
was closed, and helium gas was introduced
into the system. The helium used was a gas of
99.999% purity passed through a liquid
nitrogen trap and then through a hot Ni
oxygen collector (/0), in which measurements
of emf were carried out with a flow rate of ~5
ml/min.

For having (Ni, NiO) pellets, finely divided
Ni metal of 99.998% purity from Halewood
Chemicals Ltd. was dissolved in nitric acid,
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and then nickel carbonate precipitate was
obtained by adding ammonium carbonate to
the solution. The nickel carbonate was conver-
ted into NiO by the heat at 900°C in air.
Approximately the same weights of Ni and
NiO were mixed, and pressed into cylindrical
peliets of 10-mm diameter with ~2-mm
thickness. The solid electrolyte pellets of 15-
mm diameter were purchased from Nippon
Kagaku Togyo Co. Ltd., the purity of which
was Si0, < 0.5%, ALO,; < 0.3%, TiO, <
0.3%, Fe,0, < 0.1%.

The temperature fluctuation of the cell was
within 0.2% in an automatically controlled
Kanthal resistance furnace. The electrical
noise from the furnace was eliminated by a Pt
shield outside the quartz tube. The tem-
perature gradient around the cell was checked
by measuring the emf of a cell

Ni, NiQ/solid electrolyte/Ni, NiO, (2)

in which the emf was found to be less than 2
mV at temperatures between 700 and 1050°C,

The measurements of emf were carried out
with a potentiometer and a Keithley high-
impedance (> 104 ) microvoltmeter. In order
to ascertain that no systematic deviations from
the reasonable emf values were seen in a cell of
this type, the values were measured for a cell

Ni, NiO/solid electrolyte/Cu, Cu,0. (3)

The emf data obtained were in accord with
those of Markin and Bones (11) within +2 mV
at temperatures 700 ~ 900°C, so that

4G, (Ni, NiO) = —113300 + 41.5T (K)
(cal,, mole~*)! 4)

was used according to the assessment by them
as the partial molar free energy for the
reaction 2Ni + O, = 2NiO.

4. Calculation ofAGoz, AH, 48,

The partial molar free energy of oxygen for
the sample was calculated by the relation

4G, (Mg,U,_,0,,,) = 4EF + 4G,
(Ni, NiO), (%)

where E is the emf and F is the Faraday
constant (12) (23 062 cal, V' equiv-!). The
4G, values obtained were found to vary
approximately linearly with temperature.
Therefore, the negative partial molar entropy
of oxygen, -ASOZ, was worked out as the
least-squares calculated slope, 4(4G,, )/4T, in
the linear region. The least-squares cal-
culations in this paper were carried out by a
FACOM 230-75 computer. The partial molar
enthalpy of oxygen, 4H,, , was obtained by the
equation

AH, = 4G, + T- 45, (6)

Results and Discussion

1. Lattice Constant as

Composition

a Function of

The lattice constant of the cubic fluorite
type solid solution, Mg U, _ 0, ,, varies fairly

! Throughout this paper cal,, = 4.184 J.
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TABLE I
ANALYSIS OF THE COMPOSITION OF Mg U, O, . IN RELATION WITH LATTICE
CONSTANT
X Lattice X
(By compound constant (From Eq. (7)
No. y addition method) (A) or Eq. (8))
1 0.05 0.021 5.4454 ~0.004
2 0.05 0.208 5.4239 0.204
3 0.10 0.140 5.4021 0.142
4 0.10 0.156 5.4012 0.152
5 0.15 —0.025 5.4135 —0.038
6 0.15 0.058 5.3806 0.072
7 0.20 0.044 5.3547 0.050
8 0.25 —0.075 5.3815 —0.071
9 0.25 0.005 5.3305 0.006
10 0.33 —0.006 5.2823 0.054

largely with the compositions x and y.
Although we have previously presented an
equation of lattice constant, a,, as linear
functions of x and y (2), the relation was
reinvestigated in order to obtain x values by
the equation with more accuracy from y and
@,y The results are tabulated in Table I. It was
found in the present study that the variation of
the lattice constant was better expressed by the
introduction of a small correction term,
0.055xy, for the x = O region. The least-
squares calculation revealed that the lattice
constant follows the equations

a, (A) = 54704 — 0.0940x — 0.5577y +

0.055xy  (for x 2 0), 7
a, (A) = 5.4704 — 0.7095x — 0.5577y
(for x < 0). ®

The factor 0.5577 should be common in order
that the above two equations are consistent at
x = 0. In Eq. (7), the coefficient (0.0940) of
the second term was taken from the work by
Nickel (13) for UO,, . The fact that the a,
variation is suitably described by this
coefficient can be interpreted as indicating the
similar behavior of the interstitial oxygen in
these two compounds. On the other hand, as is
seen in Eq. (8), the lattice constant increases

with a far greater rate (0.7095) with the
formation of oxygen vacancy in the x < 0
region.

2. Single-Phase Region of Mg,U,_,0,, .

The single-phase region of Mg U, ,0,,,
for x = 0 was examined in our previous paper
(2), but it may be worthwhile to consider
briefly its oxygen pressure dependence.

As reviewed by Keller (14), the single-phase
region under 0.21-atm oxygen pressure (I35,
16) is above ~1200°C, but under <10~*-Torr
oxygen pressure it falls to ~1000°C. There-
fore, the low-temperature limit of the equilib-
rium single-phase region is inferred to be much
lowered under pressure of less than 10~7 Torr
where the galvanic cell measurements were
carried out. Experiments, in fact, showed that
the almost-linear emf vs temperature relation-
ship held from 1050°C to around 700°C.
Between 600 and 700°C, discontinuities often
appeared in the emf curves. These might be
attributed to the phase change at first sight,
but if it is taken into account that reliable emf
data cannot be obtained below ~600°C, the
origin remains ambiguous.

The stability range of Mg, U,_,0O,,  with
negative x was examined by reaction in
hydrogen streams at 1300°C. Figure 2 shows
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F1G. 2. Solubility of magnesium when heated in
hydrogen streams at 1300°C.

the variation of the cubic lattice constant, a,,
with magnesium content. It is seen from the
figure that the solubility of magnesium under
the above condition is y = 0.02 and that the
slope in the single-phase region of the solid
solution is —0.445, which is in good agreement
with the values of Ainscough and Rigby (17)
“-0.413) and Anderson and Johnson (18)
(—0.446). According to Ainscough and Rigby,
the slope is not changed by the oxygen partial
pressure surrounding the solid system from
undiluted hydrogen to a 67% H,— 33% CO,
gas mixture. The slope —0.445 in this
work means that the composition is
Mg,U, O, ¢.1s88y by Eq. (8), which in turn
indicates that the mean valency of uranium is
(4 + 1.6824y/(1 —y)). It is known that the
increase of uranium valency is less than 2
(1.6824) by the incorporation of one mag-
nesium(II) ion in solid solution; i.e., the lower
limit of x increases negatively with increasing
values of y. This may explain the fact that
MgU,_,0,,, with x < 0 is comparatively
easily produced if y is not small. The above-
mentioned is, however, the boundary com-
position. Therefore, if the partial pressure of

oxygen is lower than that of a compound with
a certain y value, because oxygen can no
longer be removed, the solid solution might
reach equilibrium with that pressure by
depositing a part of the magnesium as mag-
nesium oxide. This is, we believe, the reason
why the solubility of magnesium is small in a
highly reducing atmosphere.

3. Thermodynamic Values

Figure 3 represents plots of partial molar
free energy of oxygen, ”AGOz’ as a function of
temperature for three typical specimens of
Mg, U, ,0,,,. The ——AGOZ values were ob-
tained from emf by Eq. (5). For having
constant emf values, measurements were
carried out after a certain standing time which
is varied from ~0.5 to ~2 hr at 1000 and
700°C, respectively. It is seen from the figure
that no hysteresis loops are observed in
cooling and heating processes and that the
variation of experimental points is almost
linear above 700°C, which indicates that the
partial molar enthalpy and entropy are tem-
perature independent in this range.
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F1G. 3. Example showing linearity and attainment of
electrochemical equilibrium with no hysteresis loops: (1)
No. 1 sample in Table II; (2) No. 13 sample; (3) No. 17
sample; O cooling process; /A heating process;
experimental curve; ——— least-squares curve.
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TABLE II

THERMODYNAMIC DATA FORMg,U,_ 0O,

—4H, ,Obsd) —AH, (caled) —48, (obsd) —48, , (caled)
No. y x (kcal,/mole)  (kcaly,/mole) (e.u./mole) (e.u./mole)
1 0 0.0214 63.6 61.6 7.6 6.1
2 0 0.0339 66.4 64.2 11.2 10.7
3 0 0.0462 66.6 66.0 12.1 13.8
4 0 0.0685 69.4 68.3 16.0 17.8
5 0 0.0874 71.5 69.6 18.7 20.2
6 0 0.1060 73.6 70.8 21.6 22.2
7 0.01 —0.001 65.0 67.1 15.3 9.0
8 0.02 —0.006 70.3 70.9 19.0 15.3
9 0.05 0.045 75.7 77.3 22.2 28.2
10 0.05 0.055 75.6 71.5 23.2 28.7
11 0.05 0.208 81.2 79.6 36.7 344
12 0.10 —0.006 80.1 80.4 22.1 324
13 0.10 0.029 81.7 80.7 31.6 33.5
14 0.10 0.076 86.8 81.2 37.0 34.8
15 0.10 0.144 89.9 81.7 434 36.5
16 0.10 0.161 93.3 81.9 45.5 36.9
17 0.10 0.194 80.2 82.1 37.6 37.6
18 0.15 0.013 92.1 82.9 41.8 36.9
19 0.15 0.068 82.9 83.2 36.3 38.0
20 0.15 0.070 78.5 83.2 32.6 38.1
21 0.15 0.071 85.7 83.2 39.0 38.7
22 0.20 —0.050 80.9 84.2 26.3 38.6
23 0.20 —0.043 83.3 84.2 33.6 38.7
24 0.20 —0.031 87.2 84.3 42.8 39.0
25 0.20 —0.001 84.3 84.4 42.6 39.5
26 0.20 0.014 94.5 84.5 51.3 39.7
27 0.20 0.050 94.3 84.7 47.6 40.3
28 0.25 —0.016 89.4 85.6 35.2 41.5
29 0.25 —0.009 80.4 85.7 359 41.6
30 0.25 —0.003 91.2 85.7 43.8 41.7
31 0.25 0.016 712 85.8 30.6 41.9
32 0.25 0.066 83.8 86.0 454 42.6
33 0.25 0.170 85.0 86.4 45.6 43.8
34 0.25 0.274 87.8 86.7 48.0 44.9
35 0.33 —0.049 88.6 87.2 44.1 44.0

Thermodynamic data for Mg U, _,0O,, , are
given in Table II. The observed values are
shown in columns 4 and 6 of the table.
Although scattering is not small, the values of
—4H, and —ASO2 increase with increasing x
and y. Least-squares calculations were perfor-
med with the data of Table II to express, first,
48 o, as functions of x and y. The equation

4S5 =—10.03 In (x + 2.985p) — 44.66
(e.u. mole™!)

&)

was obtained. The adoption of the logarithmic
function and linear argument of x and y may
be justified by the fact that many theoretical
considerations of 45, of UQ,, , have resulted
in the logarithmic form (/9) and that both x
and y values are small compared with 1. The
—ASOZ values calculated by Eq. (9) are shown
in column- 7 of the table. The experimental
data and the least-squares —4S, are represen-
ted in Fig. 4 against x in ngAUl_yO“,r for
several fixed y (v = 0, 0.05, 0.1, 0.15, 0.2, and
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F1G. 4. Plots of negative partial molar entropy of
oxygen against x in Mg U, _ O, , , at various y; observed
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0.25). The observed entropy for UOQ,, , is seen
to be consistent with the published data (11,
19-22), and the curve for UQ,,, agrees well
with the observed values. However, the agree-
ment of the curves with the observed points is
not clear in the case of Mg U, _,0,, ,, because
of the scatter of the points. The variation of the
least-squares —4S,, with y for several fixed x
(x = —0.05, 0.02, 0.1, and 0.2) is depicted in
Fig. 5. It is known that the effect of y
(magnesium) on ~4S, is larger than that of x
(oxygen).

Least-squares calculations on partial molar
enthalpy, 4H, , gave the empirical formula

AH, = —5.735 In(x + 5.755y) — 83.62
(kcal,, mole™). (10)

As input data, all values of y», x, and
~4H, (obsd) in Table II were used. The
—d4H o, values calculated by Eq. (10) are
shown in column §S. The plots of experimental
data and the least-squares values of ~AI:IOZ are
given in Fig. 6 for various y (y = 0, 0.05, 0.1,
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FIG. 5. Variation of least-squares-calculated —4S, o,
and ~4H,,  with y in Mg, U,_ 0, ,; (1) x=—-0.05, (2) x
=0.02, (3)x 0.1, (4)x=0.2.

0.15, 0.2, and 0.25). The observed values of
—AI:IOZ for UO,, , are in agreement with the
reported data (11, 19-22), and the least-
squares curve for UO,,, is seen to follow

the observed points satisfactorily. For
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FiG. 6. Plots of negative partial molar enthalpy of
oxygen against x in Mg, U, _ 0, at various y; observed
pomls@y 0,4y = OOSAy 0.1,y =0.15Vy
0.2,$> y = 0.25; least-squares curves: (1) y=0,2)y=
0.05,(3)y=0.1,(4) y=0.15, (5 y = 0.2, (6) y = 0.25.
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Mg,U,_,0,,,, however, the comparison is
difficult to make because of the large scatter-
ing of the data, but the curve for y = 0.05 is at
least consistent. In spite of linear dependence
of emf on temperature for each sample, the
values of —AH, scatter with the sample.
These phenomena are also seen in the reports
for UO,, , (19), where the discrepancy of ~10
kealy, mole~! seems to be unavoidable in 4, .
The reason that the error is augmented in the
three-component compound, Mg U, 0, , is
still not clear.

The variation of partial molar enthalpy with
y is shown in Fig. 5. The fact that AI‘-IOZ and
AS‘O increase negatively with increasing x
and/or y is also seen in the reports for
La,U,_,0,,, 23, YU _,0,,, (24), and
Th JU1_,0,,, (20). 1t is characteristic in

g,U,_,0,,  that —AH,, _and —ASO increase
steeply with x or y in the range of small x and
y, which is also observed in La,U, _ 0, ,, (23).
Moreover, the effect of y on —AH as well as
on -AS is greater in Mg U, _ 02+x and
La U, 02+x thanin Th)U,_,O,.,.

In our earlier paper (2), we presented a
statistical model showing that part of the
uranium atoms in Mg U,_,0,, , are oxidized
to U(V) not only by excess oxygen in the
interstitial position of the fluorite lattice but
also by magnesium ions substituted in the
uranium site of the crystal. By counting the
number of arrangement of these ions,

45,,=—2R In—

2 2
_4R.1n__ﬁ_y_+Q

I —2x—3y (an

was obtained. Because the above equation is
for the dilute defect system where the oxidized
U(V) does not interact with the other ions, the
applicable range of this equation is restricted
to small x and y. Comparison of Egs. (9) and
(11) reveals that 4S, values calculated by Eq.
(11) are fairly well in accord with those
calculated by Eq. (9) if x and y are both less
than 0.05 and Q is —45 ~ —47 e.u. mole™.
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Fic. 7. Variation of least-squares-calculated —4G,
with temperature for various x and y of Mg, U, 0, ,,;
(1) x = 0.02, (2) x = 0.05, (3) x = 0.1; ,y=20;
— ey =01 y=0.2.

The calculated partial molar free energy of
oxygen is illustrated as dashed lines in Fig. 3
for three cases. It is mainly due to the
scattering of AH,, (obsd) that agreement is not
always good between observed and calculated
—4G, values. The variation of —-AG (calcd)
with temperature is shown in Fig. 7 for various
x and y values (x = 0.02, 0.05,and 0.1; y = 0,
0.1, and 0.2). It is clear from the curves that
—AG,, decreases with increasing x and y, but
the effect of x is rather small in the range of
large p (y = 0.2). Another trend is that the
decreasing rate of —AG with temperature is
enhanced for larger y values, and from these
facts the great effect of divalent magnesium in
U0, lattices on thermodynamic values can be
indicated.
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