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Abstract

Conditions for control of the oxygen concentration in liquid lead alloys are described using the gas phase as a
control medium. Calculation of the Gibbs energy of oxygen in liquid PbysBiss is conducted using the data for the binary
Pb-O and Bi-O systems. The data obtained are employed to estimate the solubility of oxygen in the PbysBiss melt
between 200 and 650 °C which is given by log cos(PbssBiss) = 2.52-4803/T with T in K. Above 500 °C, agreement is
satisfactorily of calculated solubilities with a measurement reported in literature. However, deviations of calculated and
measured data increase with decreasing temperatures. Calculated solubilities at 200 °C are 2 x 10~® wt% compared to
107% wt% obtained by extrapolation of the measured ones. The obtained solubility data are used to calculate oxygen
concentrations at which oxide scales appear that protect steel against dissolution attack by the Pb,sBiss melt without
precipitation of PbO. Those concentrations have constant values between 8 x 1077-10~* wt% in Pb at 400-600 °C and
4 x 107191078 wt% in PbysBiss at 200-400 °C. These conditions can be established by equilibration with a gas phase

containing H,/H,O ratios between 10~ and 1.5.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The proposal of accelerator driven subcritical reactor
systems (ADS) with liquid Pb or Pb,sBiss as a coolant
and/or target [1] stimulated a number of laboratory
work on the compatibility of liquid lead alloys with steel
[2-6]. In general the countermeasure against dissolution
of steel components by liquid lead alloys is formation of
a protective oxide scale on the steel surface which is
stabilized by oxygen dissolved in the liquid alloy. This
method was first only recently extensively studied and
described [7]. The oxide scale hinders cation diffusion
from the steel into the liquid metal and vice versa. The
chemical activity of oxygen in the lead alloy, however, is
a critical parameter, because PbO precipitates if the
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activity is too high, and steel does not form a protective
oxide layer if it is too low [2]. If we consider a liquid
metal loop with temperature gradients like in an ADS
the situation becomes more complicated because the
oxygen partial pressure at which oxide formation occurs
varies with temperature. The same happens to the ac-
tivity of the oxygen dissolved in the lead alloy. Since in a
liquid metal loop one has to operate with a constant
concentration of oxygen, the relations between concen-
tration, activity and partial pressure of oxygen have to
be known.

2. Thermodynamic considerations

The oxygen potential that is required to protect the
steel surface by formation of stable oxide layers is here
established by control of the H,/H,O ratio in the gas
atmosphere above the liquid lead alloy. It is known from
[7] that the oxygen partial pressure in the gas phase must
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be higher than that required for oxidation of iron, the
main steel component, and lower than that for PbO
formation. Formation of PbO would lead to plugging of
the loop. In terms of the Gibbs energies of formation of
Fe;04 and PbO this condition is given by

2A:G°(PbO) > RT Inpo, > 0.5A;G°(Fe;0,), (1)

where po, gives the oxygen partial pressure in the gas
atmosphere in equilibrium with the metal melt. The re-
lation between H,/H,O ratio and oxygen partial pres-
sure is given by

2
szo 2AfG°(H20)
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In order to calculate the oxygen concentration co in
equilibrium with the oxygen partial pressure po,, the
activity coefficient y, has to be known. The activity
coefficient can be calculated from the relation for the
oxygen activity ap in Pb and in PbysBiss [2],

0.5
Cco Po,
aop = yoco = — = . ) 3

©° Cos (pOz.s) ( )

assuming the solubility of oxygen cos and the corre-
sponding oxygen partial pressure po, as the standard
state. This is a very useful choice of the standard state,
because most of the experimental data are obtained for
the saturation concentration. Eq. (3) allows to estimate
the oxygen activity ap and the corresponding oxygen
partial pressure po, if cos and po, s are known. With Eq.
(3) the activity coefficient amounts to

1

Cos

Yo = (4)

Saturation concentrations of oxygen are known from
numerous measurements for Pb [8] and for Bi [9] but
only from one for the PbysBiss melt [10]. The tempera-
ture functions for cos (Wt%) are given by

3503

logeos(Pb) = 1.64 — =2, 623 < T(K) <1323, (5)

4451

logcos(Bi) =276 — ——=, 673 < T(K) <1323, (6)

log Cos (Pb45Bi55) =1.20— g, (7)
where relations (5) and (6) represent fits made by [11]
using a data evaluation by Risold et al. [8,9]. The tem-
perature ranges noted to the right of the respective re-
lations show the ranges of the experimental data. This
range is not known for the fit in Eq. (7) [10].

The oxygen partial pressure at saturation of oxygen
in Pb before PbO precipitation takes place is just given
by that over PbO, RT Inpo, = 2A;G°(PbO). Difficulties

arise for PbysBiss because the partial pressure over
PbysBiss at saturation concentration of oxygen
cos(PbysBiss) is not known. It can be assumed, however,
that at the saturation point PbO starts to precipitate and
not a mixed PbysBiss oxide. But, this will not happen
with the same oxygen partial pressure as in the case of
pure Pb. It should be calculated.

We calculate partial Gibbs energies of oxygen in
Pb,sBiss from those of oxygen in Pb and Bi starting with
an approximation proposed by Alcock [12].

—B XA —B Xc —B
AGyipic= mAGA+B + mAGC+B
— (1= x8)°AGY, ¢, (®)

where AE}: .p+c is the partial Gibbs energy of B in a
ternary solution of A+B+C with B being the dilute
component. Because xg < 1 we set (1 — xB)2 = 1 and get
for the PbysBiss-O system by setting A =Pb, C=Bi and
B=0:

AEOZ (Pb45Bi55 [O]) = XpbAEOZ (Pb[O])
+ xBiAGOZ (B1[O])
— 2AG* (PbysBiss), (9)

AGo,, = partial Gibbs energy of oxygen, xpy, Xp; = molar
fractions of Pb and Bi, [O]=oxygen in solution,
AG* =excess Gibbs energy of mixing of PbysBiss
(=-1.195 kJ/mol [13]), AG™ is given above for 427 °C,
but it is assumed to be constant between 200 and 650 °C.
This approximation is reasonable, because Pb and Bi
form an almost regular solution [11].

The partial Gibbs energy of oxygen dissolved in Pb,
AGo, (Pb[O]), and in Bi, AGo, (Bi[O]), can be written as

Cco (Pb)
Cos (Pb)

AGo, (Pb[O]) = 2RT In + AGo, (Pb/Pb0), (10)

Co(Bl)
Co_s(Bi)

AGo, (Bi[O]) = 2RT In + AGo, (Bi/Bi;0;), (11)
where co is the actual concentration of dissolved oxygen
and co; its saturation value. The second terms on the
right-hand side of Egs. (10) and (11) concern the partial
Gibbs energies of oxygen in the saturated state of the
binary systems before PbO or Bi,O; precipitates.

At saturation of oxygen in PbysBiss, for which PbO
starts to precipitate, we get under consideration of the
partial excess Gibbs energy of solution of Pb in Pb,sBiss

Aéoz (Pb45B155/PbO) = AGOZ (Pb/PbO)
— 2AG,, (PbysBiss)
= RT In po, s (PbysBiss), (12)

where in this case we have to use the partial excess Gibbs
energy of mixing Pb into PbysBiss (1.59 kJ/mol [13])
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because we refer now to the equilibrium of the PbysBiss
melt with PbO. It shows that PbO precipitation takes
place at a higher oxygen potential in PbssBiss because
AGj, (PbysBiss) < 0. If we set now AGo, (PbysBiss[O]) =
AEOZ (Pb45B155/PbO) and Co(Pb) = Co(Bl) = Co;s X
(PbysBiss), assuming the saturated state, we arrive in
combining Egs. (9)-(12) at

Cos(PbysBiss) = Cos(Pb)™ Co(Bi)™

XBi (2A1G°(Pb0) — % A[‘Go(Bi203))
Fexp 2RT ’
(13)

where we replaced the partial Gibbs energies of oxygen
of the saturated Pb and Bi melts by the Gibbs energies of
formation of PbO and Bi,O;, and set for simplicity of
Eq. (13) AG(PbysBiss) = AGp, (PbysBiss). This latter
approximation has practically no influence on the result
of the calculation with Eq. (13).

The saturation concentration calculated is drawn in
Fig. 1 as a function of temperature together with those
for the Pb, Bi and PbysBiss melts [10] according to Egs.
(5)—(7). Looking at the diagram we have to keep in mind
the large scatter of Pb data in [8] at low temperatures
and their extrapolation to temperatures below the
melting point. This, however, cannot be the only reason
for the large deviation between the calculated data and
those obtained by measurements (Eq. (7)). Therefore, it
is obviously necessary to confirm by additional mea-
surements how the temperature function of co; looks
especially at lower temperatures.

If we fit the curve for co(PbassBiss) calculated with
Eq. (12) using a function like those in Eqgs. (5)—(7) we
arrive at
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Fig. 1. Oxygen solubilities in Pb and Bi according to a fit of

data collected by Risold [8,9] and in PbysBiss (Eq. (7)) obtained
by Gromov [10] and Eq. (14) according to our calculations.

. 4803
lOg CO.S(Pb45B155) =252 — T, (14)
where co s(PbysBiss) is given in wt%.
Knowing the saturation concentration we can now
write the concentration dependence of AGo, for the

Pb45Bi55 melt.

co(PbysBiss)

Co,s(Pb4sBiss)

+ 2A;G°(PbO)

— 2AG,, (PbysBiss) (15)

and use this equation for determination of the Gibbs
energy of oxygen dissolved in PbysBiss and its partial
pressure above the melt. For saturation conditions the
logarithmic term gets zero and we arrive at Eq. (12) again.

AGo, (PbysBiss[0]) = 2RT In

3. The principle of oxygen control via the gas phase

It is not possible to use an oxygen/inert gas mixture,
e.g. O,/Ar, to control the oxygen concentration in the
liquid metal because the oxygen partial pressure would
be too low (<10~!° bar) to deliver the oxygen consumed
by oxide scale formation on steel structures. Therefore, a
mixture of H, and H,O is used to control the concentra-
tion of oxygen in the liquid metal. It allows to carry a suff-
icient amount of oxygen at an oxygen partial pressure
that corresponds to the stability conditions given in Eq. (1).

The diagram in Fig. 2 demonstrates in which region
the stable conditions exist and how they can be estab-
lished. The ordinate shows the partial Gibbs energy of
oxygen expressed by the oxygen partial pressure, the
abscissa the temperature. The lines of constant H,/H,O
ratios and those of constant oxygen partial pressures,
Po,, show the ratios which must be established in the
gas phase to attain a certain oxygen partial pressure.
Those lines intersect at absolute zero temperature, the
Po, lines at RTInpo, =0 and the H,/H,O lines at
RTInpo, = 2A¢G° (H,0). The important region with
protective oxide scale formation is the one between the
lines for PbO and Fe;04/FeO in the temperature region
of 200-650 °C, which is relevant for loops with liquid
Pb45Bi55 and Pb.

The diagram also contains lines of constant oxygen
concentration in Pb and the PbysBiss melt in equilibrium
with the corresponding oxygen partial pressure and H,/
H,O ratios. The lines for Pb are calculated using Egs. (5)
and (10), those for the PbysBiss melt from Egs. (14) and
(15). First ones end at the melting point. We note three
different properties of the curves in Fig. 2. Gibbs energies
are higher for oxygen in the PbysBiss melt than for Pb at
the same oxygen concentration. The slope of the concen-
tration of oxygen with increasing temperature is steeper
for the PbysBiss melt than for Pb. The curve for the partial
Gibbs energy of oxygen in the saturated PbysBiss melt
appears about 3 kJ/mol above that for the pure Pb melt.
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Fig. 2. Ellingham-Richardson diagram containing oxides of
steel components and of Bi and Pb. Lines of constant oxygen
concentrations in Pb and the Pb,sBiss melt indicate the stability
regions of iron oxide without PbO precipitation in the temper-
ature gradient of a loop.

Since the liquid metal containing a defined oxygen
concentration extends over regions with about 150 and
200 °C temperature differences in a liquid metal loop, it
is most convenient to use co/7 diagrams for determi-
nation of the stability ranges of steel in Pb and the
PbysBiss melt. The first diagram (Fig. 3) shows the sit-
uation in a Pb loop over a temperature range from the
melting point to 650 °C. Two boundary curves enclose
the limits of the stability range given by Eq. (1).

The upper curve is cos(Pb)(7) and the lower
co(Fe;04/FeO)(T) which is the equilibrium concentra-
tion of oxygen in the PbysBiss melt in contact with Fe/
Fe;0,4 or with Fe/FeO above 570 °C. For oxygen control
in a temperature region between 400 and 600 °C we
select the shaded area and end up with a concentration
range of 8 x 1077-10~* wt% of oxygen. This concentra-
tion is easily controlled by a H,/H,O ratio of 0.38-
3x107% at 600 °C that can be calculated from the
dissociation equilibrium of water vapor.

We obtain from Egs. (2) and (3):

s A¢G°(H
P, __ Co. exp( 1G°( 20)) (16)
Pn,0 CO\/pOz,s RT
or
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Fig. 3. Range between the solubility limit cos and the oxygen
concentration at which decomposition of iron oxides takes
place. The area between the curves indicate the concentrations
for which stable conditions are expected in a loop with liquid Pb.
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Fig. 4. Range between the solubility limit ¢o and the oxygen
concentration at which decomposition of iron oxides takes
place. The area between the curves indicate the concentrations
for which stable conditions are expected in a loop with the
Pb45Bi55 melt.

In case of the PbysBiss melt the curves differ from
those for the Pb melt because of the different saturation
concentrations and the contribution of AG* (PbysBiss)
described in Eq. (9). Fig. 4 shows the situation in a
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PbysBiss melt in which the lowest loop temperature
could be around 200 °C.

For the calculations we took Eq. (14) for co s(PbysBiss)
and Eq. (15) for co(Fe;04/Fe0), the latter one by setting
AEOZ (Pb45Bi55 [O]) = %AfGO(FC3O4/ 4FCO)

If we look at the low temperature region between 200
and 400 °C, a working range of 4 x 107'° and 10~ wt%
can be defined corresponding to Hy/H,O ratios of 0.9—
3.6 x 1072 at 400 °C. Between 400 and 600 °C the cor-
responding range would be between 2 x 10~7 and 1073
wt% of oxygen with H,/H,O ratios of 0.26-5.2 x 1073 at
600 °C. The equilibrium H,/H,O ratios are calculated by
combining Eq. (12) with Eq. (16) as follows:

Pu, :Co,s(Pb4sBiss)
PH,0 Co
cexp (AfG"(HzO) — AsG°(PbO) +AE§,;(Pb4SBiSS)>
RT ’

(18)

4. Oxygen control system

The gases Ar and Ar/5%H, are mixed in an oxygen
control system by two flow controllers to obtain the
required hydrogen concentration in the cover gas, Fig. 5.
The gas passes through a moisturizer, the water vapour
pressure of which is controlled by a precision thermo-
stat. The oxygen control by equilibration between gas
phase and liquid metal in the reaction tube is sketched in
the shaded area of Fig. 5. The incoming and outcoming
gas is checked by a moisture sensor and finally by an ox-
ygen partial pressure detector. The used moisture sensor
is a dew point meter DEWMET SD from MICHELL,
the partial pressure detector a SGMT 1.1 from ZIROX.

Ar+H, +HO

| [

moisture
Sensor

thermostat

Ar+H, \_/

flow controller

Ar+H, Py, .
[ I filter system +H,0 B i é“z
o8 @ o
argon argon 5% H, PbyBly, —+ C, —*[al,

Fig. 5. Scheme of an oxygen control system with gas condi-
tioning and control. The shaded areas show the equilibrium
processes taking place between gas phase and the Pb,sBiss melt.
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Fig. 6. Equilibration of oxygen activities between the gas phase
and the PbysBiss melt in a liquid metal loop.

On the principle described above, the oxygen control
system was developed and build to control the oxygen
concentration in the KALLA loops at FZK. The oxygen
control of 1000 1 of PbysBiss inventory is accomplished
under flow conditions in this loops. The surface that is
exposed to the control gas flow is about 0.14 m? at a
temperature of 345 °C.

The time scale in which the equilibration of the ox-
ygen activity between the gas phase and the liquid metal
is reached in the loop is demonstrated in Fig. 6 by
comparison of the EMF signals of the zirconia oxygen
sensors in the gas phase and in the liquid metal.

The oxygen activity in the PbysBiss melt, represented
by the EMF signal of the Pt/air oxygen meter in the
lower curve, follows quite closely that of the oxygen
partial pressure change in the gas phase. This latter one
is depicted by the signal of the gas oxygen meter in the
upper curve. It takes only about 5 h at 345 °C to es-
tablish the new oxygen activity in PbysBiss that corre-
sponds to the new H,/H,O ratio of 0.25. The reverse
process, i.e. the reduction of the activity to the initial
value at a H,/H,O ratio of 2.5 took only about half of
the time. The difference can be explained by considering
the hydrogen that gets dissolved in the liquid metal.

In any case, the experiment shows that the response
of the oxygen activity in the liquid metal loop to changes
in the gas phase is fast enough to allow an oxygen
control via the gas phase also in large loops.

5. Discussion

Control of oxygen concentration in liquid Pb and
eutectic PbysBiss melt through the gas phase requires
knowledge of the relation between the oxygen partial
pressure in the gas phase and the oxygen concentration
in the liquid metal or metal alloy. Instead of using the
oxygen activity in the liquid metal as a control para-
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meter it is more convenient to take the oxygen concen-
tration because this one remains constant throughout
the whole temperature range existing in a liquid metal
loop. In any case, the oxygen solubility in the lig-
uid metal must be known as a function of temperature,
because this concentration determines the highest value
of the Gibbs energy of oxygen that can be tolerated in a
loop to prevent precipitation of PbO in low temperature
regions.

Calculation of the Gibbs energy of oxygen in the
eutectic PbysBiss melt from data of the Pb—O and Bi-O
binary systems shows that it is higher for the Pb,sBiss
melt by about 20-30 kJ/mol than that in Pb for the same
oxygen concentration. Furthermore, the solubility limit
of oxygen in PbysBiss is lower than that in liquid Pb.
This leads to the fact that the oxygen partial pressure in
the gas phase must be about two orders of magnitude
higher above the PbysBiss melt as compared to the Pb
melt to achieve the same oxygen concentration (see Fig.
2). Considering this difference we have to keep in mind
that not only the Gibbs energy but also a high enough
concentration of oxygen in the liquid metal is responsi-
ble for formation of a protective oxygen scale on the
steel surface.

Knowing the relation between the Gibbs energy of
oxygen and the oxygen concentration in a liquid alloy, it
is possible to calculate the saturation concentration of
oxygen in the PbysBiss melt. This is done by assuming
that PbO starts to precipitate at the saturation point. As
shown in Fig. 1 the calculated solubilities agree satis-
factorily at high temperatures with those measured by
Gromov et al. [10], but the deviation gets larger with
decreasing temperatures and reaches a factor of 30 at
200 °C. By now it is not possible to give an explanation
for this difference. But, it must be assumed that the
measurements were done at higher temperatures, prob-
ably above 400 °C, and the main difference is caused by
the extrapolation of the data to low temperatures using
Eq. (7). The data calculated using Eq. (13) base on
thermodynamic functions and may give a better ex-
trapolation down to low temperatures. However, we
have to consider that data of the oxygen solubility in Pb
used in Eq. (13) are extrapolated with Eq. (5) down to
200 °C beyond the melting point of Pb. This seems to be
a reasonable approximation because the Pb component
in the eutectic PbysBiss alloy stays liquid down to this
temperature. What are now the consequences of the
difference between measured and calculated solubilities
of oxygen? In Fig. 7, the co(7) functions are shown
using the two data sets for the oxygen concentration at
saturation (upper pair of curves) and at Fe;O4/FeO
decomposition (lower curves).

We see that for temperature differences of 150-200
°C, as expected for liquid metal loops, it is easily pos-
sible to define concentration regions in which the sta-
bility criteria are satisfied for both data sets, the

log ¢, (wt%)

-10 | /‘%/W
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12 a4
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—s—C_(Fe,0,/Fe0), [10]
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Temperature (°C)

Fig. 7. Comparison of stability ranges enclosed between curves
according to experimental data [10] and those obtained by
calculation with Eq. (14).

measured and calculated ones. However, for tempera-
ture differences that extend over the whole diagram up
to 650 °C we run into difficulties. If we equilibrate with
an oxygen concentration of 2 x 1078 wt% at 200 °C, just
at the saturation point given by the calculated curve, we
will run into Fe;O4/FeO decomposition at 650 °C. Now,
there is not such a large temperature difference expected
to be in a liquid metal loop. However, in some labora-
tories, the saturation concentration in a tank at 200 °C is
used to establish the oxygen concentration for experi-
ments at 600-650 °C. In this case it is important to know
the exact course of co(7) at low temperatures. If the
calculated curve is the right one, saturation equilibration
has to be established at 300 °C to achieve an oxygen
concentration of 10~ wt% at 650 °C. Equilibration at
200 °C would lead to an oxygen concentration of
2 x 107% wt% and to decomposition of Fe;04/FeO at the
high temperatures. It is necessary, therefore, to conduct
further solubility measurements for oxygen in the
PbysBiss melt especially at low temperatures. One has to
pay attention to reaction processes that appear in ex-
periments involving large temperature differences.

6. Conclusion

Calculation of Gibbs energies of oxygen as a function
of its concentration in the liquid, eutectic PbysBiss alloy
reveal that two orders of magnitude higher oxygen par-
tial pressures over the PbysBiss melt than over the Pb
melt must be established to achieve the same oxygen
concentration in the alloy. When this function is used to
calculate oxygen solubility data in eutectic PbysBiss, the
agreement with data of the only known measurement is
satisfactorily at temperatures above 500 °C. Below 500
°C, discrepancies get larger with decreasing tempera-
tures. Since not many details are known about the
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available experimental data one has to keep in mind that
the oxygen solubility at 200 °C could be as well more
than one order of magnitude lower. This has implications
on experiments employing large temperature differences.
Measurements of the oxygen solubility in eutectic
PbysBiss are necessary, especially for temperatures below
500 °C. It is shown that stability ranges for concentration
control through the gas phase in loops can be defined
considering both data sets.

The oxygen control of PbysBiss in loops is demon-
strated. It is shown that equilibration between gas phase
and liquid PbysBiss is fast enough for the control of
oxygen concentration in PbysBiss.
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