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Abstract

Thermodynamic constraints and a modified form of Sieverts law were utilized to evaluate the partial thermodynamic
functions of the U-O system from UO, to U;0s in the temperature range of 500-1800 K. The p—C-T relationships for
each phase region obtained in the literature were reassessed and new p—C-T relationships in regions where data were
scarce in the literature were proposed. The results are presented as the oxygen isobars superimposed on the phase
diagram to characterize the system. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The uranium-oxygen system, although one of the
most important metal-oxygen systems because of the
use of UO, as a nuclear fuel, is not fully developed,
especially below 1200 K. Many studies of the p—-C-T
relationships on this system have concentrated on re-
gions close to exactly stoichiometric UO, [1-10]. In
addition, the equilibrium oxygen pressure data in the
literature are inconsistent among themselves.

Reviews on the system can be found in [1,11]. The
phase diagram with oxygen pressure isobars above
800°C is found in Refs. [4,11-13].

This study investigates comprehensively the partial
molar free energies of oxygen in the U-O system from
UO, to U;04. By using the techniques described in the
following section, the best pertinent p—C-T relationship
for each phase region is proposed among inconsistent
data in the literature, and a p—C-T relationship is es-
tablished for the phase where data are not sufficient. As a
result, the U-O system is characterized by superimpos-
ing the oxygen isobars on the phase diagram, based on
the p—C-T relationships established in the present work.

2. Analysis method

Analytical methods explained in the following sec-
tions have been applied previously in Refs. [14-18] to the
Ti-O, Zr-0, Zr-H, U-Zr-O systems.

2.1. Integral constraint

The integral Gibbs energy of formation of the oxide
(U;0g) formed by the reaction

3U0, + Oz(g)‘latm = U;04 (1)

is related to the relative partial molar free energies of
oxygen (AG(0,) = RTIn po,) over the O/U range from 2
to 8/3 by

3RT [
AG!(U;0g) = 3AG!(UOy3) =5 / InpdC, (2)
2

where R is the gas constant and p, a function of the O/U
ratio C and temperature 7, is the equilibrium oxygen
pressure (in atm) over the oxide. The standard state for
the integral Gibbs free energy of formation has been
chosen as UO, and 1 atm of O, is the reference standard
state of the relative partial molar Gibbs free energies in
Eq. (2). The theoretical background of Eq. (2) can be
found in [19,20].

2.2. Enthalpy constraint

Luo and Flanagan [21] showed that the relative
partial molar enthalpy of the gas in equilibrium with the
two-phase mixture (AH,y) is related to that of either of
the neighboring single-phase (AH) and the intervening
phase boundary (Cy) by

0022-3115/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(00)00019-2



174 Y. S. Kim | Journal of Nuclear Materials 279 (2000) 173—-180

dCyp

ac |, “d/1)’ 3)

Aﬁzg = AH +§ [@] X

2 T
where R is the gas constant, p the equilibrium partial
pressure over the single phase and dC,,/d(1/T) refers to
the boundary composition change with temperature. Eq.
(3) is generally used for qualitative comparison between
AH and AH». Since (dlnp/0C), in a single phase region
must be positive; whether |AHy| is greater or smaller
than |Aﬁ } depends on the sign of dC,/d(1/T) at the
temperature range under consideration. Eq. (3) also
suggests that AH,y = AH, if C,, is vertical on a tem-
perature-versus-composition phase diagram, i.e., dCpy/
d(1/T) = 0.

Eq. (3) is very useful in evaluating partial molar
enthalpy data measured in the adjacent regions. These
interrelationships have been applied successfully to the
analysis of the Zr-H [17] and the Zr-O [15] systems.

2.3. Sieverts law

If we assume that Sieverts law behavior is obeyed for
oxygen dissolution up to the terminal solubility of UO,,
then the corresponding equilibrium, 1/20;() = Ouiss.,
yields the following mass action law:

C  Cwp
== = ks7 4
VP /P “)

where Cp, (which are the phase boundary compositions
between UO, . ,/UO, ., +UsO9_, and UO,, /UO,,, +
U;3Os_. shown in Fig. 1) is the terminal solubility of
oxygen in the oxide, py is the equilibrium pressure of the
nearby two-phase region, and k; is the corresponding
Sieverts law constant. Eq. (4) is commonly written using
the mole fraction in place of the oxygen-to-metal ratio.
The distinction has been discussed in Refs. [14-18,22],
all of whom argue that the appropriate concentration
unit is the gas-to-metal atom-ratio. Eq. (4) provides an
interrelationship among Cp,, py, and k,, which are
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= U,0,,| UO,
Us0y.y
500 b UOy,tU0,, | |} U,0,+U;0, .
UJO7~w
, . . \ . \
2.0 2.1 22 23 24 2.5 2.6 2.7
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Fig. 1. Phase diagram of the U-O system [11-13].

usually measured independently. Eq. (4) can be rewritten
as

C
lnp:lnp20+21n(—>. (5)
Cpp

Eq. (5) is useful to obtain equilibrium pressure of a re-
gion where that of the adjacent two-phase region is
known.

2.4. Modified form of Sieverts law

Eq. (5) is applicable only to dilute solutions. To ac-
count for the systems with extensive gas solubilities, a
more generalized form is usually needed in describing
gas in equilibrium with its compound, which is expressed
by the following p—C-T relationship [14,17,23,24]:

h(C)

Inp=f(C)+2Ing(C) + RT

(6)

The first- and second-terms on the right-hand side of the
above equation result from the thermal and configura-
tional entropy. There are extensive theoretical works in
predicting the p—C-T relationship of the M—X systems.
Libowitz [23] proposed that f(C) could be a linear
function of C but is usually a constant, #(C) is the rel-
ative partial enthalpy of gas dissolution, and
g(C) =x/(£ — C) where x is the stoichiometry excess
and ¢ is usually related to the stoichiometry of the
compound.

When applying Eq. (6) to the present case where
UO, is chosen as the standard state, x = C — 2. Hage-
mark and Broli [2] assumed ¢ =3 or 9/4 while Aronson
and Belle [3] used £=3. For the present work, it is as-
sumed that ¢ =3. Eq. (6) reduces to Eq. (5) if g(C) = C,
and both f(C) and A(C) are constants. However, Lupis
[22] and Flanagan and Oates [24] suggested that even if
g(C)=(C—-2)/(3—-C) (with both f(C) and h(C)
constants) in Eq. (6), gas solution still follows Sieverts
law from the statistical thermodynamics point of view.
For the present study, it is also assumed that
h(C) = constant and f(C) = a + bC where a and b are
constants.

2.5. Applications

In the present analysis, Eqs. (4)-(6) are utilized to
establish the p—C-T relationship in regions where data
are available but inconsistent. The best p—C-T rela-
tionship for each phase region is selected among these
available ones. Data are fitted to generate an appropri-
ate relationship where only raw data exist. Egs. (2) and
(3) are used to examine the consistency between the p—
C-T relationships established for each phase.
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3. Regions in the uranium—oxygen system

Compiling the phase diagram given by Olander [12],
which originated from Naito and Kamegashira [11],
results in the phase diagram of the U-O system shown in
Fig. 1. Roberts and Walter [13] suggested a very similar
phase diagram at the low O/U ratio regions.

3.1. U02+X and U02+x + U4097y

The p—C-T relationship in this region has been
studied extensively [1-9]. Lindemer and Besmann [1]
proposed the relationship for the UO,;, , region:

In po,(UO44,) = min(In py, In py), (7)
where

2(C-2)(5-2C) 433 x 10*

Inpy =257+41n

(9 —4c)’ T
(7a)
_ _ 2 \
Inp, = 152+2In (C-2)(5 EC) 376 x 10 |
(7-3C) T
(7b)

where p is in atm, C the oxygen to uranium ratio
(C = O/U) and T is the temperature in K. Note that C is
limited to C>2 in Egs. (7a) and (7b). Aronson and Belle
[3] presented an empirical equation based on their ex-
perimental result:

31(C—2) 3.30 x 10*

In po,(U0s,) = 4.3+~ .

(®)

Fitting the data of Kiukkola [4] to Eq. (6), the following
relationship is obtained (with 99% confidence):

-2
In po,(UO,4,) = —23.0 4+ 18.2C +2In g c
3.62 x 10*
- T ’ (9)

where C>2. Blackburn [6] proposed a model relating
oxygen pressure to composition and temperature with-
out using measurement data. He developed his model
based on the mass action law considering the equilibri-
um between the uranium cations and oxygen anions in
the solid with oxygen gas. For C> 2, Blackburn model is
given:

(C-2) 329x10%
3-C T
(10)

In po,(UO,,,) = 10.2 4 21n ¢

Naito and Kamegashira [11] presented a (logpo,) — x
plot based on the data from Refs. [2,4,9] for this region.
Similar to Eq. (9), fitting the data obtained from the plot

for the UO, . , phase to Eq. (6) yields the following p—C—
T relationship:

c-2
In po,(UOs) = ~39.14 +26.69C + 2In 3 —
3.99 x 10*
7 ()

where C>2. A comparison between the data from Naito
and Kamegashira [11] and Eq. (11) is shown in Fig. 2,
where Eq. (11) closely fits the data.

Fig. 3 compares Egs. (7)-(11) at the upper phase
boundary as a function of temperature. Eq. (8) lies at the
high extreme (i.e., higher oxygen pressure) and Eq. (10)
lies at the low extreme for the most temperature region
of interest. Eq. (8) does not simulate the asymptotic
behavior of UO, oxidation at C = 2.00 because it does
not contain the logarithm term of C. This will eventually
yield a large gap at C = 2.00 between the UO,, , region
and the UO, _ , region, which does not follow the nature

54 o 1773K
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Oxygen-to-uraniun ratio

Fig. 2. Comparison between Eq. (11) and the data from Naito
and Kamegashira [11] for UO, , phase.

—o— Eq.(7)
—a— Eq.(8)
—a— Eq.(9)
—— Eq.(10)
—eo—- Eq.(11)

]

Inp,, (UO,,,)

-30 4

35 ]

-40

10,000/T(K)

Fig. 3. Comparison of Egs. (7)—(11).
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of the phenomenon. Egs. (9) and (11) are very close
because the Naito and Kamegashira [11] data set origi-
nally included those of Kiukkola [4]. Generally, all
equations become more consistent at low temperatures.
Olander [25] showed that Lindemer and Besmann model
(Eq. (7)) and Blackburn model (Eq. (10)) are close at
temperatures lower than 1500 K. He used these models
for his study because these are the most frequently used
ones for studies involving UO,,, [26]. However, Eq.
(11) lies between Egs. (7) and (10) as shown in Fig. 3.
Except at high temperatures (7> 1200 K), Eq. (11) is
closer to Eq. (7) than to Eq. (10). For this reason, Eq.
(11) is selected for the UO,, , phase in the present study.

The equilibrium oxygen pressure over the two-phase
region U02+X + U409_y pOz(U02+x + U409_y) can be
found in several places. Lindemer and Besmann [1]
provided:

4.70 x 10*
In po, (UOs,, + UsOs_,) = 22.80 — + (12)
Blackburn [5] reported

5.9 x 10
In Po, (U02+x + U4097y) =43.57 — T . (13)

Data obtained from Saito [7] can be expressed as

4.86 x 10*
In po, (UOa, + UsOy_,) = 24.46 — M (14)

Based on the data measured by Roberts and Walter [13],
a similar expression is obtained as

7.60 x 10*

In Po, (U02+x + U4097y) =456 — T

(15)

Comparing Eqgs. (12)—(15), Egs. (12) and (14) are very
close to each other while Egs. (13) and (15) are incon-
sistent (see Fig. 4). From this, Egs. (12) and (14) are
considered to be reliable. The enthalpy constraint Eq.

Vel —e— Eq.(11)
—o— Eq(12)

S~
- —v— Eq.(13)
A —o-- Eq.(14)
—o— Eq.(15)

20 |

2

=30 4

Inp,,

40 |

-50 4 ~

-60

10,000/T(K)

Fig. 4. Consistency evaluation of databases for UO,,, and
U0, ,+U40y_ , regions.

(3) requires that |AHyo,,, u,0, ,| should be larger than
|AHUOZH } because dC,/d(1/7) is negative where C; is the
phase boundary between UO,. , and UO, ., + U,Oy_,.
All of the data sets for the two phase region satisfy the
enthalpy constraint examined together with Eq. (11).
Therefore, the enthalpy constraint alone cannot distin-
guish which database is better.

Since the equilibrium pressures at the phase bound-
ary should be continuous, further evaluation of the
consistency of Egs. (12)—(15) with the adjacent phase is
possible. Eq. (11) from the UO,,, phase region was
extrapolated to the phase boundary between UO, ., , and
UO,, ,+U40¢_,, and compared with Egs. (12)—(15).
From the continuity requirement, the two data sets
should match at the phase boundary. The results are
shown in Fig. 4. Egs. (12) and (14) are close to each
other and best match Eq. (11). However, Eq. (12) is
considered the best because it slightly better match Eq.
(11) and provides better result when it is applied in the
integral constraint, which is discussed in Section 3.6.

3.2. U0y, + U;Oy.,

Fitting the data for the UO,, , + U3Og _, phase taken
from Ref. [27] yields

4.01 x 10*
In po, (UOs. + UsOs_.) = 20.18 — + (16)

where p is in atm and 7 in K. Roberts and Walter [13]
presented the following equation for this phase region:

3.85 x 10*

lIlpo2 (U02+x + U30g,z) = 18.98 — T

(17)

Eqgs. (16) and (17) are very close to each other. Com-
pared with the extrapolation of Inpo,(UO,,,) in the
UO, ., region to the upper phase boundary, Eqgs. (16)
and (17) match closely with Eq. (11). This independently
confirms that Eq. (11), which also matches well with Eq.
(12) in the UO,,, + U404 _, region, best represents the
UO, ., region. Among Egs. (16) and (17), Eq. (16) is
closer to Eq. (11).

The enthalpy constraint is applied to Egs. (16) and
(17), as was done in Section 3.1. AH for the UO,, , re-
gion obtained from Eq. (11) is —331.73 kJ/mol. AH for
U0, , +U;05_, obtained from Eq. (16) is —333.39 kJ/
mole and —320.09 kJ/mol from Eq. (17). Since the con-
straint requires that |AH| for UO,, , +U;O0g_, must be
larger than that of UO,,,, only Eq. (16) satisfies the
constraint. From this result, Eq. (16) is selected for the
phase region.

Based on the evaluation in Sections 3.1 and 3.2, it is
determined that the best data sets are Eq. (11) for the
U0, , region, Eq. (12) for the UO,, , + UsOy_, region
and Eq. (16) for the UO, , + U305 _, region.
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33 U409 -+ U5013

Fitting the data picked from Aronson and Belle [3]
for this region yields

3.94 x 10*
In po, (UsOy + UsOy3) = 19.39—%. (18)

where p is in atm and 7 in K. Kiukkola [4] presented the
expression for this region as

3.76 x 104

In po, (Us0s + UsOy3) = 18.46 — (19)

Blackburn [5] also provided the following explicit
equation:

In po, (UsOy + UsOy3) = 19.40 — L;IO“ (20)
Saito [7] found

In po, (UsOy + UsOy3) = 18.88 — M (21)
Roberts and Walter [13] produced

In po, (U409 + UsOy3) = 20.22 — L;loél (22)

All five of the equations for this phase are consistent
with one another. For the details, Egs. (18) and (20) are
in good agreement while Eq. (19) is close to Eq. (21).
However, the former group lies at the lower extreme and
the latter at the upper extreme. Eq. (22) lies between
these two extremes. Eq. (22) as well as Egs. (19) and (21)
is rejected because they do not satisfy the enthalpy
constraint. Since Egs. (18) and (20) are basically iden-
tical, both data can be selected. However, Eq. (20) is
selected to represent this region because it is based on
more extensive database. The validity of this determi-
nation will be examined later by the enthalpy constraint
in Section 3.5 and by the integral constraint in Section
3.6.

3.4. U0y,

The available database for this region was found
from Roberts and Walter [13]. However, the data were
not sufficient to generate a reliable p—C-T relationship.

A linear interpolation of the data picked at the ad-
jacent phase boundaries is proposed. This method was
utilized previously [14]. The data obtained with this
method is fitted to Eq. (6), which yields

-2
ll’lpoz(U409,y) = -204.9+100.8C +21In g_
4
_40x10 ' (23)
T

where p is in atm and 7 in K.

lnpoz(U 4Og_y)

-16 1282K o m Refl3
—  Eq(23)
17 . . . . :
2225 2230 2235 2.240 2245 2250 2255

O/U ratio

Fig. 5. Comparison between Eq. (23) and the data from Ref.
[13] for U4Oq_ , phase.

Comparison of Eq. (23) to the experimental data
obtained from Roberts and Walter [13] for two tem-
peratures is shown in Fig. 5. Approaching the upper
phase boundary, Eq. (23) is lower than the data of
Roberts and Walter. However, further comparison of
extrapolation of Eq. (23) to the lower phase boundary
with the data for the two phase region UO, ., + U Oy _,
shows that this equation is very close to Eq. (12) which
best represents the UO, .+ U,Oy_, region. This im-
plies that Eq. (23) is well established.

3.5 U;0y_.

For this region, data available in the literature are
scarce. Fitting the data of Hagemark and Broli [2] ob-
tained for 1373-1573 K and of the values extrapolated
from the UO,, , + U305 _ . phase (Eq. (16)) at the phase
boundary Cs in Fig. 1 yields

In po, (UsOg_.) = —293.3+119.9C+21n _S__é
3.94 x 10
T 24)

Since the phase boundary between U Oy + UsO;; and
U;05 _ . is vertical, the enthalpy constraint requires that
AH\y,0,+U50,; = AHu,0, .. Applying this requirement to
Egs. (18)-(22), Egs. (18) and (20) satisfy the require-
ment. The enthalpy for U;Oq + UsO;; obtained from
Egs. (18) and (20) is —327.6 kJ/mol and that of U3Og_.
from Eq. (24) at the phase boundary is also —327.6 kJ/
mol. This confirms that the selection of Eq. (20) for
U409 + U5013 is valid and that Eq (24) for U303,z has
been well established.
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3.6. Evaluation OfAG(;(U30g)

Using the integral constraint of Eq. (2), the validity
of establishing the p—C-T relationships in previous sec-
tions can be examined. The temperature range in which
Eq. (2) is applied is confined between 800 and 1500 K.
Eq. (2) is interpreted for the temperature range to in-
clude the phase regions as follows:

3RT ([ (O ,
AG (U;0%) :T(/ In po,(UO,,,)dC
2

G
+ / In poz(U02+x + U4O9,y)dC/
C

1

C3
+ / In Po, (U409,},)dcl
C

2

Cy
+ / In Po, (U409 + U5013)dc/
C:

3

Cs
+ / In Po, (U308—z)dcl> ) (25)
Cy

where C;, C;, C3, C; and Cs shown in Fig. 1 are the
phase boundaries between UO, and U;Os.

The molar free energy of formation for the reaction
3U0; + 0, =U;04 was given as AG?(U;0g) = —342.0
+0.1617 (kJ/mol) by Roberts and Walter [13],
AGY(U;05) = —316.8 + 0.142T  (kJ/mol) by Kubas-
chewski [19] and AG?(U;04) = —303.1 +0.1307 (kJ/
mol) by Barin [28]. The right-hand side of Eq. (295),
applying Egs. (11), (12), (20), (23) and (24), yields
AGY(U;03) = —323.8 + 0.144T (kJ/mol). A comparison
of AGY(U;05) from Eq. (25) with those from Refs.
[13,19,28] is provided in Fig. 6. As is seen in Fig. 6, Eq.
(25) generally matches the data from the literature. At
temperatures below 1100 K the data from the literature
are slightly inconsistent among themselves. In this tem-
perature regime, Eq. (25) is closer to Roberts and Walter
[13] and is in accord with all the literature data at higher

-100

-120 4

< -140 4
E
2
~ -160 4
<
2
P
o -180
| O Refl13
g v Refl9
-200 O Ref26
o — Eq(25)
-220 . 1 T T T
800 900 1000 1100 1200 1300 1400 1500

Temperature (K)

Fig. 6. Comparison of calculated AG?(U;0s) from Eq. (25)
and the data from the literature.

temperatures. The entropy of Eq. (25), —0.144 kJ/mol K,
is closer to that of [19], —0.142 kJ/mol K, than other data.

Overall, the consistency between Eq. (25) and the
data in the literature are satisfactory, considering the
extensive database used in Eq. (25). This implies that the
partial p—C-T relationships used in Eq. (25) to generate
the integral property, AG?(U;Og), have been well se-
lected. This also implies that these p—C-T relationships
best represent their phase regions.

3.7. Oxygen isobars and the analysis uncertainties

The p(O,)-C-T relationships of oxygen in equilibri-
um with the uranium oxides from UO, to U;O0g (Eqgs.
(11) (12), (16), (20), (23) and (24)) were used to construct
the oxygen isobars superimposed on the phase diagram
shown in Fig. 7. Above 1300 K, the oxygen isobars agree
well with those of Naito and Kamegashira [11]. How-
ever, they are approximately two orders of magnitude
lower than those of Naito and Kamegashira at tem-
peratures lower than 900 K. However, if the p—C-T re-
lationships that fit Naito and Kamegashira are applied
in the integral constraint, AG?(U;0s) calculated from
Eq. (25) is much higher than all of the experimental data
[13,19,28]. This means the Naito and Kamegashira data
do not conform with the thermodynamic constraint.
Additionally, the validity of the present result is exam-
ined with data from other sources [29-31]. The equilib-
rium oxygen-to-uranium ratios for the given
temperature and oxygen pressure from Refs. [29-31] are
consistent with the values of the present work.

The good agreement between the isobars of the
UQO;, , + U305 _, region and those of the U;O9 + UsO;3
region confirms that the partial free energy data for the
UO,.,, U0, +U409_,, and UsOy_, regions are well
established. The isobars of the UO,, . + U;Og_ . region
are consistent with those of the UO, . , region, and the
isobars of the U0y + UsO;3 region are in agreement

|
1500 ]

g
(2]
2
5 \
2. 1000 4
£ \ U304
o
= +
U0,
500 U,;04.. b
U02+x+U409-y U,0,.,, e
1 1 L L . L
2.0 2.1 22 2.3 2.4 2.5 2.6 2.7

Oxygen-to-uranium ratio

Fig. 7. Revised phase diagram of the U-O system with oxygen
pressure isobars superimposed. The isobars are indicated by the
index k in p = 107 where p is in atm.
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with those of the UO, ,, UO,, , + U409 _ , and U0y _,,
regions independently.

Slight mismatches are seen at the phase boundaries
Ci,, and C4 at temperatures above 1400 K, and dis-
crepancies are also observed at C; and C, below 800 K.
Except for these minor uncertainties, the results ob-
tained overall are satisfactory in general, which dem-
onstrates the consistency between the p-C-T
relationships independently obtained. The minor un-
certainties seen at the mismatches probably come from
two sources. First, although the methodology applied in
the approach is based on several valid thermodynamic
principles, uncertainties are expected. For instance, the
deviation shown in Fig. 7 at low temperatures below 800
K may be due to the Sieverts law assumption (which
may not be applicable in this region) or due to the ap-
proximations that have larger uncertainties as the tem-
peratures decrease. Second, the uncertainties may be
caused by the individually inconsistent database used
and the p—C-T relationships generated for the region
where available data have been scarce in the literature,
particularly for UsOy_, and UO,, ,+ U;Og_. regions.
This situation can only be resolved by further experi-
mental investigations.

4. Conclusions

The partial free energy functions of the U-O system
have been reviewed using the thermodynamic constraint
methods. Consistency among the databases in the
UOz4,, UOy, +UsO9_,, Us09, UyOg+UsOys,
UO, ., +U;04_, and U;0g_, phases has been demon-
strated. Satisfactory p—C-T relationships have been re-
assessed using the available experimental data. The p—
C-T relationships for U4Oy_, and U304 _ . regions have
been established. The best p—C-T relationships for each
phase region to satisfy the thermodynamic constraints
and consistency among the databases are

(i) U0..(C>2): Inpo,(UOs.,)

3-¢C

=—-39.14 +26.69C +2In

~3.99 x 10*
T )

(ll) U02+x + U409,y : lllpo2 (U02+X + U409,y)

4
_ 22.80—4'70 x 10 7
T
(111) U409,y : lnpoz (U409,_v)
= —204.9+4100.8C +21In 3C: 2
_40x10*
T 9

(iv) U409 + UsOy3 : In po, (UsOy + UsOy3)

4
_jog_ 394x100
T

(v) Us3Os-: : Inpo,(U30s_.)

=-2933+ 119.9C+2ln§

394 %10
T 3

and

(Vl) U02+X + U30g,z :In Po, (U02+x + U30g,z)

4.01 x 10*

=20.18 — T

The equilibrium oxygen pressure isobars are shown in
the phase diagram (Fig. 7).
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