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Abstract

Equilibrium vapor pressures of iron from its dilute solutions in liquid uranium were measured at high temperatures
(2250-2750 K). From the Fe vapor pressure data at known compositions (xg.), Henry’s coefficient (Kr. = pr./xr.) of the
solute was obtained as log K. (+0.07) (Pa) = —18975.6(£1098.1)/T + 11.15(£0.44). The behavior of Kg.(T) is shown
to be marginally different from that of the equilibrium vapor pressures of pure liquid iron (pg.°). The partial molar
excess Gibbs energy of iron at infinite dilution derived from the behavior is expressed as AgGp = —1588+
1.257 (J mol™"). The result is discussed in the light of the quasi-regular solution model and compared with data of
the system available in the literature. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In dilute solutions, the solute obeys Henry’s law and
Henry’s coefficient represents the vapor pressure of a
hypothetical pure state (i.e., at unit mole fraction) of the
solute achieved by ideal extrapolation of the pressure
data from the dilute region. Normally, the hypothetical
state differs from the true pure state of the solute as, in
the dilute region the solute experiences an interaction
different from that in pure solute matrix. It is generally
predicted in metallic alloys [1] that the difference be-
tween the two states expressed in terms of the excess
Gibbs energy of the solute reduces with increase in
temperature due to randomization of atomic motions by
thermal energy.

In the present study this aspect is examined in the
uranium-iron system by the measurement of the equi-
librium vapor pressure of iron from its dilute solutions in
liquid uranium at elevated temperatures (2250-2750 K).
Activities of Fe have been reported from vapor pressure
measurements in this system using the Knudsen effusion
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mass spectrometric technique [2,3] in the temperature
ranges 1440-1850 and 1780-2180 K, respectively. The
composition ranges covered are xg. = 0.05-0.90 [2] and
xge = 0.003 [3]. The activity coefficient of iron in the
liquid phase as a function of temperature and composi-
tion has also been derived from the available phase
diagrams [4-6].

2. Experimental

The equilibrium vapor pressure of Fe over dilute so-
lutions of Fe in liquid uranium was measured in the
temperature range of 2250-2750 K by Knudsen effusion
with the forward collection technique. To verify the in-
fluence of the solute on the vapor pressure of the solvent
U, pu was measured at a few temperatures in the range
mentioned above. The detailed description of the appa-
ratus is reported elsewhere [7]. The liquid was contained
in a single-crystal tantalum cup inside the tungsten
Knudsen cell. From the reported information [8,9] of the
low solubility of U and Fe in solid tantalum, it is as-
sumed that nearly pure tantalum remains in equilibrium
with the liquid alloy. The Ta activity maintained prac-
tically at unity, therefore, the vaporization was from a
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bivariant system where the composition of the liquid
alloy continuously changed due to a higher volatility of
Fe than U. At a defined temperature the vapor pressure
measurement was carried out in a dilute state of iron in
the liquid, where the variation of the Fe concentration is
small within the measurement time. The alloy composi-
tion was thus controlled from kinetic restrictions.

Initially, an exploratory experiment was made to
understand the region of dilution where the vaporization
can be studied at a temperature with an insignificant
variation in Fe concentration in the liquid maintaining
dynamic equilibrium with the tantalum container. This
was accomplished by measurement of the temporal
variation of the vapor flux of iron at a particular tem-
perature. With a starting alloy composition of 3 at.% Fe
in about 250-300 mg liquid U, the observed variation of
the vapor flux expressed as temporal pressure of iron,
pre(t) within the Knudsen cell at 2287 K is shown in
Fig. 1. During the measurement the temperature was
monitored by an optical pyrometer calibrated following
an established procedure [10].

As seen in Fig. 1, the temporal pressure of Fe falls
rapidly at the initial stage after which the fall is very slow
over a fairly long period. The observed trend in pg.
suggests a similar trend of the Fe concentration in
the liquid, which should have fallen by almost the same
order of magnitude as pr. by the time in which the
system reached the plateau region (XX'). In the region
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Fig. 1. Temporal variation of vapor flux of iron expressed as
pre at 2287 K. XX’ represents the plateau region where the
equilibrium pg. has been measured.

(XX"), the sluggish change in pg. and therefore, in the Fe
concentration of the liquid alloy is due to the compen-
sation of the evaporation loss of iron atoms by its dif-
fusion from the solid phase, i.e., Fe is dissolved in the
tantalum container. There are no reported data on the
ternary system Fe-Ta—U for the solid solubility of Fe in
tantalum. Assuming the solubility to be a few atom
percent as given in the reported binary system Fe-Ta [9],
the container that was pre-equilibrated with the alloy is
a quite large source for the replenishment of Fe in its
highly diluted solution. Thus, the slow temporal varia-
tion observed in pg. is indicative of attaining dynamic
equilibria between the solid and liquid phases.

In the actual runs of monitoring the vapor pressure of
iron in the pseudobinary U-Fe system (of the ternary
system U-Fe-Ta) at any temperature in the range of
2250-2750 K, the equilibration time for the region of
slow variation was attained before collecting the effusate
from the Knudsen cell. For each isothermal run this was
confirmed by making target collections in two successive
tantalum planchets that a showed sluggish variation of
the vapor pressures calculated from the amounts of iron
collected in the respective targets. The concentration of
iron in the liquid alloy was measured in the cooled sample
after each measurement. Vapor collection and concen-
tration measurements of cooled samples were repeated at
several temperatures within the mentioned interval.

Fe and U deposited on planchets were dissolved in
acidic medium and analyzed by absorption spectroscopy
(DCPAES) and fluorimetric techniques, respectively. Fe
was separated out from U by solvent extraction to avoid
an interference of U in the Fe analysis. The cases where Fe
vapor pressures derived from two successive isothermal
collections of the vapor showed inconsistency were not
considered in the subsequent analysis. The frozen mass of
the cooled sample consisted of U containing small
amounts of Fe and Ta. The Fe and U contents in each
experiment were assayed by standard procedures in-
volving their spectrophotometric analysis. The tantalum
content was established gravimetrically after filtering out
the metal powder from the acid-treated mass of the frozen
alloy. The acid treatment with dilute HCI readily dis-
solved uranium and iron while tantalum remained un-
dissolved. Typically, the iron content in the mole fraction
was in the range of 1 x 1073-5 x 107, The tantalum
contents were verified in some of the runs. The observed
values of xr, at the lowest and highest temperatures of
the measurement were 0.10 and 0.33, respectively. These
values are in agreement with the reported values of its
saturation solubility of Ta in liquid U [§].

3. Results

The vapor pressures of iron and uranium (pg./u) were
calculated from the observed collection rates of the
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Vaporization data and Henry’s coefficients (Kp.) at different temperatures for iron in liquid uranium
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Temperature, Mole fraction of iron, Partial pressure of iron, Henry’s coefficient,
T (K) e x 10° pre (Pa) log Kr. (Pa)

2744 2.13 4.249 4.30

2646 3.35 2917 3.94

2633 6.28 4.874 3.89

2555 10.60 5.563 3.72

2511 12.80 4.542 3.55

2380 15.70 2.606 3.22

2371 10.30 1.874 3.26

2287 11.10 0.654 2.77

metals at different temperatures with the help of the
expression relating the rate of collection (dwgeu/dr)
under a given geometry (G), orifice area (4), and tem-
perature (7) of the effusing cell. The expression is given
by

preu = [(dwreu/dt) /A)G - (2RT /Mreu) ', o
G=(r+r)/r,

where, Mg,y is the molar mass of Fe or U as the case
may be, r the radius of the vapor collimator, and / the
vertical separation of orifice to collimator in cylindri-
cally symmetric configuration of the assembly. The
measured vapor pressures of U at 2250 and 2750 K,
after correcting for the ideal solubility of Ta in liquid U
were found to be 0.32 and 35.28 Pa, respectively. These
values are in agreement with that reported earlier by the
authors [11]. This shows that the presence of iron in the
dilute form practically does not influence the vaporiza-
tion behavior of the solvent, i.e., liquid uranium, as
expected.

The vapor pressure of iron (pg.) at different temper-
atures (2250-2750 K) and the correspondingly observed
iron concentrations in the liquid expressed in mole
fraction (xg.) are presented in Table 1. The solubility of
Ta in the liquid was taken into consideration for ex-
pressing xg.. It may be noted that for some of the
temperatures the vapor pressure measurements were
repeated for a second time and the values of vapor
pressures were reproducible within 10%. The tabulated
values of pg. represent averaged figures for those cases.
The values of Henry’s coefficients (Kg.) were calculated
as Kr. = pre/xr. and are given in the same table as log
Kg. at different temperatures. The values of log K.
versus 1/7T were least-square fitted linearly as given by

log Kre(£0.07) (Pa) = —18975.6(1098.1)/T
+11.15(£0.44) (2250 < T(K) < 2750) (2)

Fig. 2 shows the experimental data points along with the
linear representations of Eq. (2). The figure also includes
the plot (dotted line) of the vapor pressure pg, of pure
iron for comparison [12]. The ratio Kg./pf, represents

the activity coefficient of iron (yp) at infinite dilution
(Henry’s coefficient), as the composition range of this
measurement is xg, = 103-10~%. Earlier reported data in
the Fe-U system [2] indicates that below the composi-
tion region of xg. = 0.1, the solute obeys Henry’s law
even at lower temperatures.

The derived partial molar excess Gibbs energy of Fe
in liquid uranium at infinite dilution can be represented
as,

ApGy, = —1588 4+ 1.25T (Jmol ™)
(2250 < T(K) < 2750) (3)

According to Eq. (3), the excess quantity is positive
though very small in the temperature region. In terms of
yow values, the positive deviation is below 10% (for
example, y, = 1.077 at 2500 K, which is, however, well
within the total uncertainty of the vapor pressure
measurements.
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Fig. 2. Temperature dependence of Henry’s coefficient (K. ) for
iron in liquid uranium.
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4. Discussion

The activity coefficient of iron (yge) in liquid uranium
has been reported [2,3] from vaporization studies. Ac-
cording to Gardie et al. [2], the U-Fe system exhibits a
negative deviation from ideality in the temperature
range 1440-1850 K. We have derived the partial molar
excess Gibbs energy of Fe at infinite dilution from their
polynomial fits of the partial molar quantities of the
components which can be represented by

ApGy, = 1020-16.07 (J mol ™). ()

Extrapolation of this equation to higher temperatures
leads to an increasingly higher negative deviation from
ideality due to a high positive excess entropy associated
with a small positive enthalpy. Kurosawa et al. [3] have
carried out vaporization studies on U-0.3 at.% Fe alloy
by a Knudsen effusion mass spectrometric method. The
derived partial molar excess Gibbs energy of Fe at this
composition can be given by

ApGy = —7304.6 — 4.3077 (J mol ™). (5)

The composition of 0.3 at.% Fe can be considered to
be sufficiently dilute for the validity of Henry’s law in
metallic systems. Similar to the results shown in Eq. (4),
Eq. (5) also indicates an increasingly higher negative
deviation from ideality at higher temperatures. This
behaviour is in contradiction with the general trend of
approaching ideality at higher temperatures.

Considering solid-liquid phase equilibria in the U-Fe
binary system, assessments about the partial molar
quantities of Fe have been reported [4-6]. The assess-
ment by Chiotti et al. [4] leads to the following expres-
sion for the partial molar excess Gibbs energy of Fe at
infinite dilution,

ApGy, = —864.1 —22.76T(J mol ). (6)

This shows that the dilute solution of Fe in liquid ura-
nium has a strong negative deviation from the Raoultian
ideality. A similar prediction was made by Kuba-
schewski [5] by considering the Gibbs energy versus
composition diagram for an isothermal section at 1328
K of the binary phase fields containing the intermetallic,
UFez.

An experimental study and phase diagram calcula-
tions of the U-Fe alloy system have been reported by
Leibowitz and Blomquist [6]. Using a sub-regular solu-
tion model for the liquid phase they have derived the
partial molar excess Gibbs energy of Fe at infinite di-
lution to be

ApGy, = —9631 J mol ™" (7

The predicted behavior of the thermodynamic prop-
erty of iron in the uranium solvent at low temperatures

is in contrast with the result obtained at high tempera-
tures in the present study. The near ideality of the binary
liquid observed is due to randomization of atomic mo-
tions by a high thermal energy. This type of behavior at
high temperature is predicted by the quasi-regular model
[1]. The negative deviation seen in the assessed results
from the phase diagram analysis could be due to a
strong association of the components, U and Fe, at low
temperatures. The partial molar excess enthalpy and
entropy values at infinite dilution derived from the re-
sults of this study using Eq. (3) are —1588 J mol~! and
—-1.25 J K~! mol~!, respectively. The negative signs of
both the quantities are in accordance with the prediction
made by the quasi-regular model and by other semi-
empirical relationships for binary alloys reported in the
literature [1,13].

The similarity in signs is due to the general validity of
the fact that the enthalpic stability during alloy forma-
tion leads to a restricted accessibility of states. The op-
posite signs for the two thermodynamic quantities
(=864.1 J mol~! and 22.76 J K~' mol~!, respectively)
given in Eq. (6) of the reported assessment [4] could be
due to the empirical nature of modeling. The expression
of the excess Gibbs energy although normalized with
invariants in the phase diagram appears to be insuffi-
cient in describing the two temperature coefficients, i.c.,
excess enthalpy and entropy. Mass spectrometric results
of Kurosawa et al. [3] (Eq. (5)) also suffers from similar
disparity of opposite signs of excess enthalpy and en-
tropy terms. Eq. (4) derived from Gardie et al. [2] gives a
small value of the excess enthalpy expected for a solu-
tion approaching ideality. However, a large positive
excess entropy term makes the solution more non-ideal
at higher temperatures. The results of the two mass
spectrometric studies [2,3] characterized by increasing
deviation from ideality at higher temperatures could be
due to the presence of dissolved oxygen from the Y,0;
container used in these experiments. This is supported
by the fact that the observed vapor pressure of U [3] is
lower by a factor of two than the reported and assessed
values [11,14].

It is necessary to mention here that the value for the
partial molar enthalpy of iron at infinite dilution (AH
in liquid U from Miedema’s model [15] is —38 kJ mol~"'.
Kubaschewski reported a similar value in his assessment
[5] considering ideal entropy. Enthalpy values obtained
from Miedema’s model are generally considered as in-
dependent of temperature. While the value of AH}, at
lower temperatures could be as negative as that from
Miedema’s model, the present experimental result sug-
gests that it is drastically modified towards the ideal
value at higher temperatures. Fe looses its stronger as-
sociation with the solvent atoms once the temperature is
much above the melting points of the intermetallics. The
average temperature of this study is about 1000 K above
the melting point of UFe, (1501 K).
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5. Conclusion

Phase diagram analysis and low temperature mass
spectrometric data which indicate negative deviation
from ideality at low temperatures are in agreement with
the existence of intermetallic phases in the U-Fe binary
system. However, the empirically fitted equations for the
thermodynamic properties derived from these studies
loose their validity at high temperatures as such equa-
tions predict increasingly larger negative deviations with
increase in temperature. This experimental study has
shown that the thermodynamic behavior of iron in lig-
uid uranium solvent is nearly ideal at high temperatures
as should be the normal trend.
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