Forschungszentrum Karlsruhe
Technik und Umwelt
Wissenschaftliche Berichte

FZKA 6690

Measurement of oxygen activities in eutectic lead-bismuth
by means of the EMF method

H. Muscher, J. Konys, Z. Voss, O. Wedemeyer
Institut fir Materialforschung

Programm Nukleare Sicherheitsforschung

Forschungszentrum Karlsruhe GmbH, Karlsruhe

2001



Impressum der Print-Ausgabe:

Als Manuskript gedruckt
Fur diesen Bericht behalten wir uns alle Rechte vor

Forschungszentrum Karlsruhe GmbH
Postfach 3640, 76021 Karlsruhe

Mitglied der Hermann von Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF)

ISSN 0947-8620



Abstract

Liquid lead and the eutectic lead-bismuth alloy (PbBi) are considered both as a spallation tar-
get and coolant of an accelerator driven system (ADS) for the transmutation of long-lived
actinides from nuclear waste into shorter living isotopes. It is known that both, pure lead and
PbBiI, exhibit a high corrosion affinity against austenitic and ferritic steels, because of the high
solubility of nickel and iron in PbBi.

Thermodynamic calculations and experimental results have confirmed, that the control of
oxygen in lead or PbBi within a defined activity range can lead to acceptable corrosion rates.
To control the level of oxygen dissolved in lead or PbBi, a sensor for measuring the oxygen
activity is required. Within the Sodium Fast Breeder Reactor Development, an adequate tech-
nique was established for estimating oxygen in liquid sodium. This knowledge can be used
for other metal/oxygen systems like oxygen in PbBi. For measuring the oxygen activity and
calculating its concentration, the relevant thermodynamic and solubility data have to be con-
sidered. Reference electrode systems: Pt/air, In/In,O3 and Bi/Bi,O; (all based on yttria stabi-
lized zirconia as solid electrolyte) are investigated to evaluate their EMF-temperature depend-
ency in saturated and unsaturated oxygen solutions. Results with all types of oxygen meters in
PbBi at different oxygen levels were compared with theoretical calculations. The experimen-
tal data indicate that the design, construction and integration of an oxygen control unit in a
large scale PbBi-loop seems to be very feasible.

A HGF Strategy Fund Project entitled “Thermalhydraulic and material specific investigations
regarding the realization of an Accelerator-Driven System (ADS) to transmute minor acti-
nides” is performed at Forschungszentrum Karlsruhe. The objective of this project is to de-
velop new technologies and manufacture thermally highly-loaded surfaces, which are cooled
by a corrosive lead-bismuth eutectic. The corrosion challenge for possibly structure, window
and cladding materials (as vital components of an ADS spallation target for flowing lead-
bismuth) must be solved. The beam window can be cooled by liquid Pb or PbBi in natural or
forced circulation flow. Corrosion caused by liquid PbBi is generally, as for other liquid metal
systems related to the solubility of oxygen.

The EMF method is used to measure the oxygen potential in lead-bismuth loops in order to
control and prevent the corrosion of the materials used. The experimental investigations are

performed in the KArlsruhe Lead LAboratory KALLA.



Messung von Sauerstoffaktivititen in der eutektischen Blei-Wismut Schmelze mit Hilfe
der EMF-Methode

Zusammenfassung

Sowohl fliissiges Blei als auch das Blei-Wismut-Eutektikum werden als Spallationstarget
bzw. Kiihlmittel fiir zukiinftige ADS-Systeme erachtet, die der Umwandlung langlebiger mi-
norer Aktiniden in kurzlebigere Isotope dienen sollen. Es ist bekannt, dass beide, reines Blei
und eutektisches PbBi, eine hohe Korrosivitit beziiglich austenitischer und ferritischer Stéhle
aufweisen, dies aufgrund der hohen Loslichkeit des Nickels und des Eisens in PbBi.

Eine Moglichkeit der Herabsetzung der starken Korrosion ist die in-situ Bildung stabiler
Oxidschichten an der Oberflidche des Strukturwerkstoffes. Thermodynamische Berechnungen
und experimentelle Ergebnisse haben bestitigt, dass die Sauerstoff-Regelung in Blei und/oder
PbBi innerhalb eines definierten Aktivitdtsbereichs des Sauerstoffs zu akzeptablen Korro-
sionsraten fithren kann.

Um das Niveau des im Pb oder auch im PbBi gelosten Sauerstoffs zu regeln, ist ein Sauer-
stoff-Sensor zur Messung der Sauerstoff-Aktivitdt unentbehrlich. Eine entsprechende Mess-
technik zur Bestimmung der Sauerstoffloslichkeiten im fliissigen Natrium ist im Rahmen der
Entwicklung des Projektes “Schneller Briiter” ausgearbeitet worden. Dieses Know-how kann
nun fiir andere Metall/Sauerstoffsysteme wie z.B. Sauerstoff in PbBi zur Anwendung kom-
men. Fiir die Messung der Sauerstoffaktivitdt und fiir die Berechnung der Sauerstoftkonzent-
rationen sind die notwendigen thermochemischen Daten sowie die entsprechenden Loslich-
keitswerte in Betracht zu ziehen. Referenz- (Bezugs-) Elektrodensysteme: Platin/Luft,
In/In,O5 sowie Bi/Bi,O; (alle auf der Grundlage von yttriumstabilisiertem Zirkoniumdioxid
als Festelektrolyt) wurden untersucht, um ihre EMK- vs. Temperaturabhéngigkeit in sowohl
sauerstoffgesittigten als auch -untersittigten Losungen zu bestimmen. Die Ergebnisse mit
allen Typen von Sauerstoffsonden in PbBi bei unterschiedlichen Sauerstoffpegeln sind mit
den Berechnungen verglichen worden, die der Theorie entnommen sind. Die experimentell
ermittelten Daten zeigen, dass der Entwurf, die Konstruktion und die Einbindung einer Sauer-

stoffregelungseinheit in einen PbBi-Kreislauf tatsdchlich realisierbar ist.
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1 Introduction

Lead and lead-bismuth alloys are considered as spallation target for a so-called accelerator
driven system (ADS) in which long-lived actinides should be transmuted [Heu98][Rub95]
[Bau99]. Lead and PbBi have a high neutron yield and are very transparent to neutrons of
energies below 1 MeV. The molten metal could be used not only as a target but also as a
coolant in this reactor system [Bena00]. But it is known from literature, that lead and bismuth
are much more corrosive than e.g. alkali metals [Ber71][Tol66][Ash77]. Hence, an important
issue of an ADS is the corrosion of the structural and window materials in the liquid PbBi
target [[PPE98]. This corrosion process must be understood, controlled and reduced for safety
and economic reasons [Rich80].

One way to reduce corrosion of metals in liquid Pb or PbBi would be the use of metals with
very low solubility, e.g. tungsten or molybdenum [Week96][Tosh96][Week71] [Week70].
Another way is to form a stable oxide layer on the materials surface [Kof66]. Thermodynamic
investigations of Al-Fe alloys showed the possibility that self-healing of the alumina scale can
take place if the kinetics of the process is fast enough [Kley97]. Gromov et al. [Gro95] and
Markov [Mar97] stabilized the oxide layer by maintaining an oxygen concentration of

10 at.-% in liquid Pb or PbBi with an oxygen control system.

In literature, corrosion problems with steel being in contact with lead and lead alloys are well
known [Kon99][Rus00]. Since all the solubilities of gases and impurities vary with tempera-
ture, transport processes will take place which result in a dissolution of material at high tem-
peratures and a precipitation at low temperatures [Kry74]. A temperature difference of 150°C
is typical for technical lead loops [Roma63]. Therefore, even small solubilities can lead to
heavy corrosion effects at high flow velocities, in the range of a few meters per second.

It is known and accepted that one should measure and control the oxygen concentration ex-
actly to keep the conditions of the liquid lead in a range of low corrosion effects. After a cer-
tain period of time, oxygen in Pb or PbBi will be depleted by oxide formation on the surface
of the structural steel and thus the conditions will shift to the region with low oxygen
concentration and hence to strong corrosion effects, if there would be no oxygen control.

An oxygen control system in a PbBi loop requires the continuous measurement of the oxygen
potential in the liquid alloy. A very suitable technique is the use of solid electrolyte oxygen
sensors [Kon(01]. Based on the experience in other liquid metal systems like sodium, lithium
or lead-lithium [Bhat94] [Bor84][Bar88][McK74][Tay83], an adaptation to the specific condi-

tions of the eutectic lead-bismuth alloy is necessary. Furthermore the thermodynamic data-
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base has to be established to allow theoretical calculations regarding the temperature and oxy-
gen concentration dependency of the electromotive force (EMF) of such zirconia based oxy-
gen sensors[Bock59] [West84] [Kudo90].

In the field of the PbBi-O system there is a need to establish a broader basis of understanding,
knowledge and experience related to oxygen in heavy liquid metal coolants technology and to
gain experience in the field of unique experimental techniques, physical model development
and numeric analysis as well as in methods to measure and control impurities, caused by lig-
uid metal corrosion within the cooling loops [Rus98].

The fundamental input to this research area comes generally from the basic work of oxygen in
liquid alkali metals, such as Na or Li [Add84]. For instance oxygen in liquid sodium has been
investigated extensively with the electromotive force ( EMF) technique. Using this technique
one can obtain more information in comparison to other techniques such as the classic
Sievert’s method, the gas equilibration, gas-transpiration, the coulometric and the calorimetric
methods — all of them are described in the monograph of Fitzner and Chang [Fitz88].

The main objective of the present report is to review the data reported in the literature con-
cerning particularly oxygen dissolved in liquid lead-bismuth eutectic with respect to a more
general method of theoretical and experimental approach on the field “thermodynamic proper-
ties of gases dissolved in liquid alloys”, as described originally in text-books and monographs
of phenomenological chemical thermodynamics including the theory and practice of chemical
equilibrium [Kort66] [Moor73][Pred82][Prig54]. Neither old nor new models work well for
describing the physical properties and the thermodynamic behavior of oxygen dissolved in
liquid lead—bismuth eutectic[Lupi72] [Mos73][Pred67]. The most important parameter, the
dissolved oxygen activity data known to exist in the literature [Kaz83] and the thermody-
namic description of the system PbBi-O is rather poor, especially for the set of parameters,
such as the technological relevant and important temperature range (i.e. window) of 400°C —
550°C, where there are simply no reliable experimental data from measurements of oxygen
solubilities are available up to now. It is therefore our aim to describe this system first of all
qualitatively and then semi-quantitatively, to reach a better understanding of model-calculated
values. Simple models do not take into consideration the solution behavior of the liquid alloys
[Prin66]. Chang et al [Chan93] commented the existence of many quite different models de-
scribing the thermodynamic properties of gases in liquid alloys simply as a confusing impres-
sion of lack of understanding the in nature of such systems. It could be, that the suggested

model assumptions and their key ideas are not appropriate even for oxygen dissolved in pure



liquid lead [Ray72] [Ray71] or pure liquid bismuth [Ell65]. Binary alloys and higher order
alloys are even much more complicated systems [Hill98][Rud67] [Mas90] [Froh80][Schm85].
From this discussion it becomes obvious that it is necessary to measure and control the oxy-
gen concentration exactly to keep the conditions of the liquid lead in a range of low corrosion
effects.

The rate-controlling step is here the uptake of oxygen from the gas phase. Hence, the long-
term stability of the oxide layer can only be guaranteed, if two boundary conditions for the
oxygen potential within the liquid lead-bismuth are fulfilled: the oxygen potential has to be
high enough in order to prevent the dissolution of the oxides from the steel surface, and the
oxygen potential has to be low enough to prevent the formation of large amount of lead oxide
precipitation. This requires the continuous measurement and control of the oxygen concentra-
tion in a lead-bismuth loop.

The concentration of oxygen in lead that is necessary for the protective oxide scale formation
on steel structures, may be controlled by solid electrolyte cells that measure and feed oxygen
into the liquid lead or lead-bismuth. Such cells are sophisticated and require a special know-
how to build them. To prevent PbO precipitation and to support Fe;O4 formation the follow-

ing conditions for the oxygen potential must be established:

2AG,, > RTInp, >0.5AG,,,, . (1)

The standard values AG® of the Gibbs energies are well known for all relevant oxides and
with these values the equilibrium oxygen partial pressure region that retains the stable condi-
tions can be calculated. The oxygen partial pressure as a function of the H,/H,O or CO/CO;
ratio can be calculated as follows [Schwo65]:

- ZAGJ('-)IZO B péoZ - ZAGgoz (2)

= pZZO exp exp
P, RT  po RT

Po,

If we choose a proper Hy/H,O or CO/CO; ratio we will still form Fe;O4 but no PbO in the
case of stagnant Pb in the concerned temperature range [Miil00]. If we consider a PbBi loop,
there will be an equilibration across the temperature region through the oxygen dissolved in
Pb ( PbBi). So we have to consider the variation of the oxygen potential for a constant oxygen
concentration throughout the temperature region between 400°C and 550°C.

Electrochemical oxygen meters used for the measurement of oxygen potentials in liquid

metals have been developed in our laboratory over a long period of time for many liquid

3



metal applications, e.g. Na, K, Pb-17Li1, Borgstedt [Bor71] [Bor72][Bor74a] [Bor90] [Gan85]
Bhat and Borgstedt [Bhat81][Per87]. Inherent problems associated with these meters were
previously breakage of the ceramic electrolyte tube, non-theoretical response to oxygen activ-
ity and design related failures. For use of oxygen meters in Pb and/or PbBi, only rarely pub-

lished data from Russian groups are available, Orlov [Orl98].

2 Thermodynamic background

EMF cells are used worldwide for that purpose since C. Wagner [Wag52] [Wag56][Kiu57]
[Wag70] [Hau66] and G.W. Horsley [Hor61] have well published the principle of that
method. The solid (oxide) electrolyte technique pioneered by them in the sixties has been
rapidly developed since solid oxide electrolytes became better in quality and exhibited now a
high extend of predominantly ionic character over a wide temperature range [Alc64]
[Alc65][Ric69][Worr77][Worr73][Worr66][Stee65][Patt67][Dell78][Borg82][Patt71]. It is
well known from the theory that this galvanic cells are suitable for activity measurements of
oxygen dissolved in a great number of liquid metals and binary alloys [Rapp63]
[Ots79][Ots75] [Rapp70] [Ste76] [Per88] [Ost65] [Haas56] [Chan81] [Stre52][Ots81]
[Szw72] [Task79] [Ste82] [Ise76] [Con84] [Bhat87][Bhat88] [Borg87][Borg90] [Ric66]
[Ric66a]. Detailed descriptions concerning the operating conditions are given in the review
articles of Richardson, Rapp, Alcock, Hladik, Fischer, Goto [Rich68][Rich74][Alc68]
[Goto72][Fis75] [Rama80] [Rapp70][Kom73]. The infinitesimal increment of inner energy U
of a body results as a sum of the Pfaff-Caratheodory forms for work done on it and heat which

it absorbs [Lew23] [Kuba58] [Sch73][Den71] [Bae00].

dU =W +60
Entropy is a total differential in case of reversibility in regard to initial and final states, (equi-
librium criterions). )
ds =
T

Putting the first and the second law of thermodynamics together one obtains:
dU =—pdV +TdS

the basic equation for a closed system, applicable only when volume change is the only form

of (mechanical) work. By definition-the enthalpy is:

H=U+ plV



and the Gibbs free enthalpy is:
G=H-TS

dG =dU + pdV +Vdp —TdS — SdT

For constant p, T:
dG =—pdV +T1dS + pdV —TdS =0
and for additional electrical work done in the system [Vett61][Skor79]:
dG =oW , =—zFEdn
For constant p, T: dG =y u.dn,

Taking into account the chemical potential defined as a partial molar value [Barr71][Haas56],

0G

H; = ﬁ

T.p.n,
a setup of model systems to which the behavior of real systems approximates under limiting
conditions:

a) perfect gas b) perfect gas mixture ¢) an ideal solution

The gas is ideal, when (at constant T)

p=pu’+RTInp/p’°

It is convenient to choose p° as unity in the same system of units as p itself, if so:

dInp

on =RT =RT/p=V= o
op - dp on,

T.p.n;
Generally, in the case of the total differential dG one obtains:
dG =Vdp —SdT +x p,dn,
1

Let us concise discuss the reaction equilibrium:

The stoichiometry of a chemical reaction can be generalized as follows:

O=xv,M,

This implies following equalities:



Zero on the left side describes the condition for the chemical equilibrium of a chemical reac-

tion.

dG =Vdp — SdT + (X pv,)dé

0G
AG:(aglf@”f“):“

Let us now consider a perfect gas mixture, for each component (index 1) of it we have:

i = /Uio"'RT In p,

where the first summand is a function of temperature only, substituting it in the equation

above we obtain:

_ _ 0 _
AG=Xuy, =XV u, +RTY v,Inp, =0

Or in equivalent form:
O Vi — — 0
Svou _—RTlnIil p/ =-RTIK, = AG"(T/K)

This expression can be used to discuss galvanic cells (cell on open circuit, not performing
work).
The electrochemical potential of each corresponding species is a linear function of the average

local electrical potential called Galvani potential [Lang62] [Weis70] [Ham75][Kort57]:

;= p' +RTInx, +zF¢

An example is the reaction [DECH92] [G6p89] [Fou76]:



0,,., +4e (Pt) <> 207 (YSZ)

2(2)

which may be translated into:
4lue+,u02 =2y02_

When two phases, called I and II, can exchange a species under equilibrium, the electro-

chemical potential values in both phases are equal for this species:

pl=ull

The potential difference between two electric leads, I and II, made of the same metal is related
to the difference between the electron electrochemical potentials of these leads. The electron

concentrations being constant in the metal wire at constant T one can write according to:

He=u,-Fop
the following expressions:
q)ll_(plz_l[/u}] _IUNIJ_‘_I(/UEJH —,uNO]J
F e e F e e

If the metals of the leads being the same in nature, the second term is zero.
1 /S T O S
» —¢ = F He —He

The generation of a cell voltage at a zirconia oxygen sensor can be described as follows. Both
at the measuring (I) and at the reference electrode (II) the same kind of equation is valid. One

directly gets from these 2 equations:

_4(ﬂﬂe—ﬂle—J:(ﬂ ”02_/1[02)‘2£ﬂ1102_—/1102_]

which gives the cell voltage:
i 1 B !

1 1 1 1
¢ _¢ :4}7(# 02_/u 02)_2F, /«11102__/1]02_

This equation shows two contributions: 1) a surface part (due to O,) correlated to the surface

specific conductivity and 2) a bulk part (due to oxygen ions)/electrolytic transmission line.



It is important to point out/discuss the difference between the Gibbs energy of solubility (bet-
ter said: of solvation) and Gibbs energy of the oxide formation [Ond96] [Ond99].
Let us consider the thermodynamics of oxygen dissolved in pure lead (an unary system, activ-
ity of lead being in every case equal to unity ap, = 1). According to the general Hess scheme
(1*" law of thermodynamics) one obtains for the terminal solubility (saturation):

reaction 3 = reaction 1 + reaction2

Where reaction 1:
1/ 2 Oz(g) < [O]Pb(l)

reaction 2:

Pb,, +[Olp, < PbO,

reaction 3: (the sum of reaction 1 and reaction 2):

Pb, +1/20, .< PbO

M 2(2) (s)

For the reaction 1 we obtain:

a
AG, ., =-RTInt2l=2F (E=E, )

1/2

Po,

For the reaction 2 (unary system) we obtain:

AG,"=RT lna,, =2F -(E=E,)

And in case of oxygen saturation in liquid lead:

AG,"=RT Inpy’=2F (E=E )

AG,"=AG,"—(AG,"=-RT In1=0)

Or in equivalent description:

lim AGsolo(a[O]):A(;sat O:AGfO



The case of unsaturated solutions it leads to:

a
AG? = —RT In 2L =

Po;
_ 1/2 X
=—RT In py" = RT In —
X

This explains the activity scale for dissolved oxygen in liquid metals according to the early
works of Bhat, N. Rumbaut (on terminal i.e. saturation solubility data), H.U. Borgstedt and
C.K. Matthews [Borg87a] [Rum83] [Rum82] which is based on:

sat _
aio 1

For comparison see also [Ots80]. After saturating of the liquid lead with oxygen particles of

PbO precipitate:

< PbO

Pb o) +1/20 ©

2(g)

the Gibbs energy of lead oxide formation (from unary lead) can be written as:

AG® = —RT In =220 — RT In p}?

12
Ap, Po,

A generalization of that equation for oxygen saturated binary alloys (like PbBi eutectic) leads

to the following expression:

Reaction 1:
1/ 202(g) < [O]PbBi(l)
a
AG ) =-RT IntL=2F (E=E,)
. Po,
Reaction 2:
Pb(l,alloy) + [O]PbBi(l) = Pb()(s)
1
AG,"=—RT In—220  — _RT In———
Ap, Ao Ap, Qo
a, = 1
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Reaction 3 (sum of reaction 1 and 2):

Pb(l,aﬂoy)+1/20 = PbO(s)

2(g)

For binary alloys the thermo chemical Hess scheme can be written similar as in case of unary
systems:

"+ AG, "

AG. ."=AG

3(1) 1(sol ,sat )
The basic thermodynamics of oxygen saturated liquid PbBi can be summarized as follows (in

contrary to molten lead, which is a unary system, where a;o;" = 1):

sat

Aoy =1/ap #1

(Under the assumption, that PbO and not Bi,Os is the first precipitating oxide, which can be
derived from the basic thermodynamic data [Cod72] [Otto65] [Otto66] [Bann84] [Kov81]
[Kov79][Froh79][Froh76][Bie81][Du95][Du96][Kom62] [Du97][Du99][Fir60] [Boiv69][Boiv74]
[Bord87] [Khar1][Khar2][Khar3][Khar4][Lev64][Geb54] [Ris98][Wri88][Alp70]).

It is known from experimental data published very recently, that the activity of lead (as well
as the conjugated activity of bismuth) in PbBi is strong nonlinear dependent on the composi-
tion of the alloy — ap, as a function of analytical molar ratio xp, — but for the constant xp, =
0.45 value of the PbBi eutectic, there is no/or only a negligible effect on temperature and on

pressure in the technical relevant ranges on apy, [Agar00][Task82].

a, = 0.38

for very dilute oxygen solutions in PbBi melt (even in case of oxygen saturation) the system
obeys both the Henry’s and the Sievert’s low and we get:

ay = —dol__ 5 601, Mo
X[614 po X(o]  X[o]

Sievert’s law obeyed even at the saturation point [Dar53]

_ 0
Pro1 = X017 10

10



1/2 _

0
P o7, sa X101sa V101

Henry s law obeyed even at the saturation point

pOz,sat = kH (T)X[O],sat

By using the bismuth sesquioxide electrode with the following scheme one can measure the
bismuth activity in liquid PbBi as follows:
(-)Mo,Bi , ,Bi,Oy YSZ |PbBi ,,Bi,0; Mo (+)

(1)’ ()’ 3(s)’

Bi< Bi3t +3e_---‘><2
3/20,+6e" <> 302"

Bi3t+3/20%7 < 1/2Bi,0,---x2

6 F charge passed for 2 Mol Bi, 4F charge passed for one Mol O..

With . | i, s
2Bi+3/20, < Bi,0; -+ K = 5=
aBi P 02 2
OBi. +3/20.Bi0. K= F0 _ 1
1a110y+ 2 < 12 R = T = -

UBialioyPo,  4BialloyPo,

0 = 2
and for P 0, P 0,
the free energy of the reaction can be written as:
AG -AG ~AG,=—RTInK, —(—RT1nK2)=RT1nII§2
1

With
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2 13/2

48iy04 .(aBi:b Po, _ RTIn !

2 3/2 Api.0 2
aBi,alloypOz 273 aBi,alloy

AG=RTIn :—2RT1naBl.

AG=-2RTna, =6FE
the equation for the calculation of the bismuth activity can be so formulated as a final result:

a —exp| — 1L
Bi p RT

By using the Gibbs-Duhem-relationship (according to the partial molar properties),

dG =-8dT +Vdp +zp,dn; =xp;dn;+2 n,dp,=0
at constant T and p

dG =xp;dn; =spdn;+3 n;dp;=0

2. n;dp,=0
zx;dp,; =0 X py Al pyy + X Al . =0 a,= f;x,

applied for our binary system PbBi. Generally, a differentiation of the equation for p gives

(since n” is a constant):

dw.=RTdIn f

Rewritten in the corresponding mol fractions it leads to:

dlnfpb +(1_pr).dll’1f3i —0

Xpp
Xpp Xpp

12



8lanb

COxp,  xp; Olnfpy
Oln fp. Xpp Olnfp.
GxB.
i

After evaluating the activity coefficient of lead by means of a numerical or graphical integra-

tion the activity of lead can be calculated as:

3 Measurement of oxygen activity in liquid PbBi

The oxygen sensors that are well known from sodium and lead-lithium technology, are
adapted to be used in liquid lead-bismuth. Thermodynamic calculations that give the theoreti-
cal correlation between the electromotive force EMF and the temperature for non-saturated
and saturated oxygen in lead-bismuth, form the basis for the evaluation of the probe signals.
Three reference systems are considered for the use in lead-bismuth:

e Platinum/air,
L Bi/ Bi203,
e In/In,Os.

Schemes of the investigated galvanic cells

(<) 55.[Pb.PbO,,,, [VSZ| |0y p=0.21 bar . Pt (+)
(<) SS,[Pb,PbO |, [¥SZ|[Bi, 05, Bi | Mo (+)
(<) Mo, In,In,0,|YSZ |[Pb,PbO |, ,SS (+)

PbBi °
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> 2e" g —2e”

Ptlair high impedance
SS, [Pb,PbOJppp; YSZ air, po,=0.21 bar, Pt
- 0% +Pb—> 2 _ PR
PbO + 2e- 0% +—— 120, + 26" — O
Anode Electrolyte Cathode
= 5 =
high i d
|n/|n203 igh impedance
Mo, [In, In,05] YSZ [Pb,PbOJpys;, SS
- 23ln + 0> — o~ PbO + 2e~— +
13In,05 + 2e~ Pb + 0>
Anode Electrolyte Cathode
— 2e” @1 —2e”
BlIB|203 high impedance
SS, [Pb,PbOlpyg; YSZ [Bi, Bi, 0], Mo
- 0% +Pb— o 13Bi,0; + 2e~— *
PbO +2e~ 213Bi + 0%~
Anode Electrolyte Cathode

Figure 1: Modeling of the oxygen probes investigated

Notice the direction of the oxygen ionic flux in the YSZ if only the pO, of the reference is
higher than the activity value of in PbBi dissolved oxygen. Oxygen probe under thermody-

namical equilibrium produce an EMF value in accordance to the Nernst law.

The ionic transference number tO?" of the zirconia solid electrolyte is defined as [Kr656]:

to =0./(0,+0,)

t o =1+ po, Po,) T

which can be expressed as given above.

[Schm63][Schm66][Schm72][Kub62] [Hau56][Schm75].

The Nernst equation of the oxygen concentration cell can be obtained after the integration
within the limiting partial pressure values, according to:
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E:4F(,L102—,L102)
RT ¢ro,
E:E p'02 tOz_dlnp02

The result is the well-known expression [Wag30]:

RT Ref
E - ZLOZ_ 4 F 1n lZaOHzlple
Po,

Typical values for t Q2" are 0.8-1.0.

Types of electrodes

All EMF measurements of galvanic cell reactions must be expressible in terms of a Nernst
concentration cell.

A reversible electrode establishes by definition fixed activities of the potential relevant spe-
cies. These activities maybe either invariant, constant (systems under equilibrium) or variable,
in case of an unsaturation with respect to the component of interest, such as dissolved oxygen
in liquid metals, or for a component of a binary alloy. An electrode of variable activities is
reversible only if its composition is fixed and uniform throughout (x, y, z). By definition a
small(est) throughput/passage of electric charge in either direction will not disturb the equilib-
rium. Such electrode with very well known activities is called reference electrode. The ability
of an electrode to remain reversible depends upon the product of the concentration and diffu-
sivity of the mobile species/ions in the electrode. In EMF measurements every electrode po-
larization should be prevented, both that kind of polarization which gives rise both to a step in
activity across the phase border metal/ metal oxide and to a development of a gradient in ac-
tivity across the electrode.

Direct electrodes

Direct electrodes are metals, alloys, gas electrodes and condensed phases containing solutes,
which are an example for an alloy of a special kind.

The key point is, that the equilibration process is with respect to one component only between

a single-phase (solid) electrode and the electrolyte.
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Coexistence electrodes

Coexistence electrodes require an equilibration between two or more components in the elec-
trode. Examples are mixed condensed phases or a gas mixture in equilibration with the elec-
trolyte. They are particularly suitable for the determination of the standard Gibbs energies of
formation, for example for oxides. The according expressions are easy, because the activities
of each condensed phases are set equal to 1 (unity).

Precision and reliability of the experimental technique applied EMF data are about one order
of magnitude better than calorimetric c,-data.

Reference pO, values can be calculated from the knowledge of standard Gibbs energies of
oxide formation. According to Kubaschewski et al and Schwerdtfeger et al, H»/H,O() gas
mixtures can be used to fix the oxygen activity in the gas phase [Schw70]. The cell geome-
try/cell design should eliminate the possibility of occurrence of multiple (“mixed”)/half-cell
reactions.

Each electrode is isolated as good as possible from mutual contact with surrounding gas. EMF
readings with high mV values, as indices for possible electronic transport through YSZ were
avoided [Rie94][Rapp68]. To fulfill the electrode isolation requirement, the complete enclo-
sure of the electrode in tube seemed for us to be the best solution. YSZ of sufficient purity is

indeed an exclusive ionic conductor material [Stub77][Mont95][Kiin94].

Sign convention. General considerations, basic formalism, formulae

In the metrology, where the circuit design of measuring devices and the topology of electric
leads (branches and nodes) etc. - once fixed, and not changed anymore during the whole
measuring cycle - are important topics and it is common, to measure a value with respect to a
reference. Let us examine this subject in more detail. Taking into account the meaning of the

idiomatic expression “to measure a (sample) value with respect to a reference (id est in Ger-

man: “beziiglich eines Referenzwertes”’) we can point out a general hypothesis for every vir-

tual global reaction of a potential - giving galvanic cell:

E global = £k E

ref

sample

Both for “global”, “reference” and “sample” parts of the whole-cell EMF the following ex-
pression, derived first by Helmholtz, holds [Bag93]:

AG, = — zFE, = — RTInK,
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C‘i” 29, ¢¢ 29 ¢

The indices “1” stands accordingly for 3 rows: “sample”; “reference”, “global”. Let us multiply

the equation one with/ by the factor (-z F)

_ZFEglobal = —zFF

sample

- (-zFE f)

It means in other words, taking into account the two Gibbs energies of the oxide formation:

A(;global = AGsample o A(;ref
Hence:
_ Jformation formation
B 4FEglobaZ =—RT ln Ksample o (_RT ln Kreference )

After easiest manipulation we obtain:

— RT anformation — RT anformation

global sample reference

4FE
So it is obvious that:

RT K formation
n

global =+ AF I K?o?fqlaetion
ref

z=4 is because the thermochemical table data are given for easy comparison in kJ/mol O,. For
an unary system (pure lead, a p,=1) we define the equilibrium constants of the first oxide

formation according to the dimension of the free enthalpy of the oxide formation in kJ/mol O,

as: a%

K Jformation _ 1. I’l203 — 1
ref 4 ref
and for the sample as: Po
In "0,
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2

a
Kformation — PbO — 1
sample 2 sampl sample
ple
app*P 0, Po,

Let us repeat (the equation given above generally holds):

A(;global = AGsample B A(;ref
. — formation formation
RTInK,,, =—RTIn K" — (=RT In K 77" )
_ Jormation formation
RT ln Kglobal - RT].n Ksample RT].n Kreference
Hence:
formation ref
K — _sample  _ i
global — formation - Psample
reference 0,

After simply manipulation (taking the logarithm of the left and right side of the equation with

subsequent according multiplication by the factor minus RT) we obtain:

Py
0,
and consequently, the final result is:
__RT R
E global ~— + 7F n W
zZ 0,
ref ref

E >0 Yo, E <0< PL
global P sample global P sample

0, 0,
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As a consequence, the whole-cell EMF changes sign, depending on the above quotient. In
case of our binary alloy with PbO as the first precipitating oxide the equilibrium constants of
the oxide formation of PbO can not be simplified in the manner as described above and one

obtains:

2
Kformlation — anO — 1
sampte % b v psample % b v psample

with apyp unequal to unity. The value of Agarwala and Jena for ap, for PbBi eutectic at our loop
relevant temperatures (400°C to 550°C) remains as a nearly constant value of 0.38. Accor-

ding to this:

ref
PO2

global ~— 2 sample
ap, X P,

and after simply algebraic manipulations one obtains:

RT Py

global — 2 sample
zF apy X Py,

As a consequence, the whole-cell EMF changes sign, depending on the quotient:

;
> P¢ >
E 0o —
< a;, x Py <

Taking for simplicity an apy, value of 0.5 for the whole temperature range of relevance, and
knowing that firstly apy, strongly depends only on xpy, (in our case Xpp, is a constant, however),
and secondly the temperature effect on ap, remains negligible, we can state, that a positive
shift of the recorded EMF data (plus 32,4 mV) for saturated oxygen in liquid PbBi eutectic
should be observed in comparison with the same measurements for pure lead (as an unary

system). Such comparison measurement has not been done until now.
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Generally for unary systems one can declare, that if only the shielded electric lead wire from
the reference electrode is connected with the plus (+) input of the voltmeter, the sign of the
voltage on the display and/or at the GPIB output will be positive (plus) if only p ref > P sample,

otherwise (P ref< P sample) @ Minus (-) sign is expected [Keith].

As mentioned above in our system (liquid PbBi eutectic), a positive +32,4 mV shift, according
to the constant, but not equal one activity value of Pb in the alloy, should be observed, with the
consequence, that the change of the sign at the voltmeter outputs from plus to minus and vice
versa 1s expected for a quotient prer / Psample €qual not to one but to exponent of (-1,8305) =
0.160. It is near one order of magnitude difference of the oxygen equilibrium partial pres-
sures. Are these considerations concerning the sign of the whole cell-EMF correct and self-
consistent or not? The answer gives us the careful analysis of the work of J. W. Gibbs and the
worldwide-accepted Stockholm “Conventions Concerning the Signs of Electromotive Forces”

from 1953 [Gibb31] [Lew61] [Ric78][Kir88] [Gugg49].

Formulae including the “de Donder” affinities
dG =—SdT +Vdp— Ad¢&

in case of an isothermal, isobaric process, when electric work is done by the cell one obtains
[Dond36]:

dG=—AdE=FEdg
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We put the minus sign in front of the following partial derivative, because electrons are nega-
tive charged.
dq

ds p.T

For the definition of the EMF both magnitude and sign are important [Ric77].

The Stockholm Commissions have ruled, that, as stated in Gibbs® treatment (1875-78), the
direction of the (infinitesimal small) current fixes the loci of the anode (‘) and of the cathode
(“) of a galvanic cell. Andre de Bethune [Beth55] comment to this - if one accepts as in Lewis
and Randall’s work and in the Stockholm Commissions Convention, “ that a cell diagram
shall always imply a flow of positive electricity through the cell from left to right, one may
establish a correlation between their notation and Gibbs by writing for all possible cells: The
whole-cell EMF is a difference of Galvani potentials of the cathode (right) and anode (left)”
[Good87]. From the IUPAC convention of Stockholm one can conclude the following:
Primarily, the global (virtual, quasi stationary) cell reaction must be considered. The half—cell,
where the reduction process takes place must be written down on the RIGHT side of the gal-
vanic cell scheme. The half—cell, where the oxidation process occurs must be written down on

the LEFT side of the galvanic cell scheme [Lew61].

The EMF is per definition the difference of the electrostatic Galvani potentials at the
lead wire connected to the RIGHT-side-electrode with respect to the LEFT one.

EME = (ngight _gDLeﬁJ

If the affinity of the global (virtual, quasi stationary) cell reaction is greater then zero and

>0

quasistationary

[(pRight _(pLeﬁJ

quasistationary

the recorded EMF data should have a + sign.

In the opposite case, the global (virtual, quasi stationary) cell reaction — in the meaning of
Pfaff/Caratheodory infinitesimal expressions — goes in the opposite direction as in the postu-
lated and written down reaction scheme (reaction substrates towards reaction products)
known from above.

Besides, the same Stockholm convention is also adopted for the definition of magnitude and

sign of half cell potentials of other systems, not only for solid electrolytes but also for water
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solutions, where the sample—half cell potentials are defined as the EMF of cells: on the left
side of the galvanic cell scheme is the reference (the normal hydrogen electrode, NHE) and on

the right side the sample electrode.

E= (72— Right, sample - Left, NHE reference)

Notice, that the © (pi) values, as EMF’s measurable against the standard NHE, are not equal/
identical with the ¢(fi) values, which have the physical meaning of the absolute (not measur-
able) Galvani potentials, each of them connected with the work, which must have be done by
incorporating of an elementary charge from infinity into the bulk of another phase.
Implementing that knowledge of the Stockholm sign convention into our practice, we adopt it
to both the systems In/In,O3 vs. Pb/PbO (oxygen saturated case) and Pt/air vs. Pb/PbO (oxy-
gen saturated case, as well).

In the first case the virtual overall quasi-stationary, reversible reaction of the cell has the

stoichiometry:
ﬂIn + 2PbO — 2];/1203 + 2Pb (charge = 4F)
3 3
or equivalent:
2In + 3PbO — InO, + 3Pb (charge = 6F)
REDOX schemes:

The affinity of that unidirectional reaction (formation of indium sesquioxide) is A>0. What is
exactly the RED and the OX parts of the global REDOX process here?

The oxidation (anodic process) —the left side of the galvanic cell scheme - is simply:

2n— 23T +6e

The reduction (on the cathode) — and accordingly the right side of the galvanic cell scheme -

is consequently:

3Pb2t 16 3Ph

so the galvanic cell scheme becomes the form:

(-) Mo, In, In,0;| YSZ | Pb, PbO, SS (+)
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Notice, that in this system oxygen ions as such have no influence on the potential, if only the
liquid metal is saturated with dissolved oxygen.

Due to the convention adopted, the opposite sign must have been detected in the case of Pt/air
reference:

In that first case the virtual overall (=global) quasi-stationary, reversible reaction of the cell

has the simply stoichiometry of:

2Pb + O2(g) — 3 2PbO charge =4F

The affinity of that unidirectional reaction (formation of lead oxide) is A>0. What are exactly
the RED and the OX parts of the REDOX couple in this process, which is quite different from
the scheme previously discussed — see above?

The oxidation (anodic process) —the left side of the galvanic cell scheme - is simply:

2Pb —2Pb*" + 4e

The reduction (on the cathode) — and accordingly the right side of the galvanic cell scheme -

is consequently:

O, +4e——0o 202-

The equimolar sum of the Pb(II) cations and O(II) anions is thermodynamically equal to the
precipitated PbO oxide (1* law, Born—Haber cycle), so that in the end the galvanic cell

scheme simplifies to:

(-) SS, Pb, PbO | YSZ | Pt, air pO, = 0,21 bar (+)

The main conclusion is here, that after taking care for the same (=identical) cell arrangement/
cell topology with respect to electrical leads etc. In other words if only in both cases the
same lead which was connected at one end with the reference electrode was plugged on the
opposite side in to the plus input of the Keithley voltmeter, different signs must have been
recorded on the display when using Pt/air and In/In,O3 reference (this holds for oxygen satu-
rated LM solutions): The different polarity is an obvious need, derived primarily from the
thermochemical data tables/databases.

Notice if both lead wires are of the same kind, the difference of the (non-measurable) absolute
Galvani potentials becomes measurable. Since 1953 as the Stockholm Commissions of the
I.LU.P.A.C. have fixed the invariant sign of electrode potentials in accordance to the work of
J.W. Gibbs, erratic signs of thermodynamic functions in tables are excluded, as well. As one
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compares the numerical values for the temperature dependencies of the Gibbs free enthalpy of
oxide formation of PbO (or Bi,O3) with that of In,O3 and - for comparison — with Na,O, one
can check, that both the straight lines for Bi;Os; and PbO are lying in/at the opposite side
compared with the Na,O line with respect to the reference: the In,O; line [Bar73]-
consequently, in that case using the same equipment. is it mandatory to obtain EMF readings
of opposite sign if only oxygen saturated liquid metal solutions are examined. The same phe-
nomenon, namely the opposite sign of collected EMF data is expected during a comparison of
EMF values with respect to the Pt/air reference (positive sign) [Hans77] and/or to the In/In,O;
coexistence reference electrode (negative EMF values are expected after the analysis of ther-

mochemical data gathered in tables) [JANAF].
Platinum/air reference electrode

Using data from Ullmann et. al. [Ull73], the following relationship between the resulting
EMF and po»‘ was calculated:

E =-0.03369T - 0.021526T Inp'

0 02
with Thp , = 2AGppp
O R
and 2
AGPbO =—-436850+197.991T (J/mol 02)

and assuming the activity value of lead in PbBi to be ca. 0.5, the EMF for an oxygen-saturated

solution of lead (if PbO is the first precipitating oxide) is as follows:
E(mV) =1136.06—-0.5762T (K)

For unsaturated solutions of oxygen, one has to take into account the solubility of oxygen in

PbBi, which is simply correlated with its thermodynamic activity value.

C
a = o1

C[O] sat

where c is the oxygen concentration and c(s the saturation concentration in the liquid metal.

With the temperature-dependent solubility data of Orlov et. al.[Orl98]

7827

In csat =11.969 — T(K (wppm O)

O, PbBi
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and the above equation, one can calculate the dependency of the EMF on the oxygen concen-
tration in PbBi as:

where copppiis in wppm oxygen (Fig. 2).

E(mV) =794.09 —0.06085T —-0.0431 Inc

O,PbBi
Temperature [K]
1 4800 550 600 650 700 750 800 850 900 950 1000
I P e 107
130 e 107 07T
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B ——— 10
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100| T B
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L 0,00 F T —————— Q2w
E |
4
0.80 | 10
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Temperature [°C]
Figure 2: Calculated EMF’s for saturated and unsaturated solutions of oxygen in PbBi

for an oxygen sensor with Pt/air reference electrode

In/In,0; reference electrode

According to the stoichiometry of the indium sesquioxide formation one obtains (dimension:

J/ mol oxide) [And77]:

2 :
AGOyef = RTlnpgg = 3AfG0 In, 0, (J/mol oxide)
In case of oxygen saturated solution in PbBi

AGOsample = RTlnpglinple = ZAfGOPbO — 2RTlnan
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and finally for the case of an oxygen unsaturated solution:

AGOsampie = RTInpg™" =2A,G°Pb0 —2RTInay,, +2RTIn Co

Csat
The virtual overall reaction of the cell has the stoichiometry:
4 2
—In + 2PPO — ~In0O, + 2Pb (charge = 4F)
3 3

Using Gibbs free energy of indium oxide formation data (these of lead oxide are given

(¢]

above): AGIHZO3 =—-618365+216.3T (J/molOz)

the EMF for oxygen saturated Pb can be calculated as:

AG global — AG right AGleﬁ
0_. 1 2 0 0
E0=+ 110Gy, 1,0, ~2A:Gpy

and assuming the activity value of lead in PbBi to be ca. 0.5, the EMF for oxygen saturated

PbBI can be calculated in the same manner:
E(V) = -0.4703 +1.7567 -10-5T (K)

In case of unsaturated solutions of oxygen in PbBi, the EMF of the cell can also be estimated

E=+ 1|24, G o —2A:Gp _2RTIn SO _+2RTnay,

O PbO
4F | 3 In,04 )
by using the temperature-dependent solubility data from Orlov as (Fig. 3):

E(V) = —0.80754+5.3324-10~4T — 4.308-10~5T Inc

O, ppBi
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Figure 3: Calculated EMF’s for saturated and unsaturated solutions of oxygen in PbBi
for

an oxygen sensor with In/In,O; reference electrode

Bi/Bi,0; reference electrode

The thermodynamic calculations for the reference system Bi/Bi203 [Ise79] [Chat73] were ful-
filled in accordance to the scheme presented above in case of the In/In,Os3. There is only one

important difference: the reaction path (affinity A>0) is the following:

2Bz’203 + 2Pb —)ﬂBi + 2PbO (charge = 4F)

3 3
The affinity of that unidirectional reaction (formation of lead oxide) is A>0. The RED and the
OX parts of the global REDOX process are given below:

The oxidation (anodic process) —the left side of the galvanic cell scheme - is simply:

3P, 3Pb2t 1 6e

The reduction (on the cathode) — and accordingly the right side of the galvanic cell scheme -
is consequently:

2Bi3t +6e — 2Bi

so the galvanic cell scheme becomes the form:
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(-) SS, Pb, PbO | YSZ |, Bi, Bi,0; Mo (+)

Notice, that in this system oxygen ions as such have no influence on the potential, if only the

liquid metal is saturated with dissolved oxygen.

According to the stoichiometry of the bismuth sesquioxide formation one obtains (dimension:

J/ mol oxide):

AGOrer = RTlnprCf = 3AfG0 Bi, 0, (J/mol oxide)

In the case of oxygen saturated solution in PbBi
AGOsumpie =RTInpS™e =24,GOppO ~ 2RTIna,,

and finally for the case of an oxygen unsaturated solution:

AGOsumpie =RTINE™ =24, GOPhO ~2RTIna,, +2RTn Co
CSCI
Let us repeat once again: the virtual overall reaction of the cell has the stoichiometry:
2o, + 2pPb - %Bi + 2pPbO (charge = 4F)
3 3

Using Gibbs free energy of bismuth oxide formation data (these of lead oxide are given

above): ° - _
AG . 1,0, 386790 +188.95T  (J/mol O,))
the EMF for oxygen saturated PbBi can be calculated as:
E0=-1[2A.G0  -2a,GY
A4F 3 f ]_3)1203 £~ PbO

E (V) =0.1297 - 5.33 00 "2 T(K)
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In case of unsaturated solutions of oxygen in PbBi, the EMF of the cell can also be estimated

1

E =

4F

2 0 _ 0 _ Co
3AfGB1203 2AfGPbO 2RT1I1Cgat+2RTlnan

by using the temperature-dependent solubility data from Orlov as Fig. 4):

E(V) =-0.2075 +4.62 10~*T -4.308 00-5T1Inc

O,PbBi
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Figure 4: Calculated EMF’s for saturated and unsaturated solutions of oxygen in PbBi

for an oxygen sensor with Bi/Bi,Oj; reference electrode



Design of the oxygen meter

The schematic design of the oxygen meter can be seen in Fig. 5. The photograph on the right
presents the YSZ tube, the gas in— and outlet valves, the metallic wire and the outer test cap-

sule, filled with PbBi.

ceramic EMF
solid electrolyte Mo or Pt wire
Zr0,-Y,0,

Reference
electrode

PbBi melt with
dissolved oxygen J;_
Reference Zr0,Y,0, In PbBi
electrodes dissolved
In/in,0, oxygen
Pt/air
Bi/Bi,0,
o
cathode anode
Theoretical EMF
ref
Nernst equation: E (V)= ti;;r In %myr
Figure 5: Photograph and schematic view of the electrochemical oxygen probe

The meter was connected to the test capsules with a leak tight Conoseal™ flange. Regardless
of the type of reference electrode, only O* ions are moving through the ceramic solid electro-
lyte lattice towards the PbBi-side where the oxygen ions are subsequently discharged. After-
wards, the electrons are transported through the connecting wires back to the reference side
where oxygen atoms are ionized into the O state. The cationic flux and the electronic flux
through the ceramics are negligible in that temperature range. The solid electrolyte made of
YSZ was supplied by Friatec. The EMF was measured by means of a Keithley high imped-
ance voltmeter; the acquired data were stored on a PC. In case of liquid indium/indium ses-
quioxide, a 4/1 molar mixture of the powder was used to produce the Nernst mass of the coex-
istence reference electrode. All oxygen meters were built and prepared for testing in an inert
gas argon glove box. Tests were performed in the KOSIMA facility (Fig. 6). This abbrevia-
tion stands for: Karlsruhe Oxygen Sensors in Molten Alloys. This easy to handle facility was

built and set up in operation with the purpose of simultaneous testing and calibrating of oxy-
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gen probes (6 independent test stands) immersed in the melt parallel to gas phase po, meas-

urements— all this under stagnant conditions.

— - — =

Figure 6: KOSIMA facility

For comparison and calibration of oxygen sensors, the KOSIMA-AT (advanced technology)
facility was designed and constructed (Fig. 7).

Figure 7: KOSIMA-AT facility with and without the thermal insulation

In Fig. 7 one can see the positions of the oxygen sensors, the thermocouples, the gas inlet and
outflow and the metallic heating elements. The temperature was controlled by an inside ther-
mocouple at £ 2°C. For the gas change experiments, dry air for oxidizing and Ar-5%H, for
reducing conditions could be bubbled through the melt. The software periphery is the same as

of the THESY'S loop of KALLA lab (KOCOS oxygen control system).
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The meter-to-meter performance, EMF selectivity and accuracy of several probes, their spe-
cific ranges of EMF reproducibility, long time endurances (defined as the time without
change of meter characteristics: EMF— mean values, internal impedances due to absence of
plugging or precipitation of non-conducting phases on surface in contact with the LM), fur-
ther times without change of the root mean squared values of the intrinsic electrochemical
EMF-noise, voltage noise sources), resistivities against thermal and mechanical shocks of the
probes, failures of the YSZ ceramics of unprotected oxygen probes, shielding (external noise
pick—up), probe mounting, sealants are some of the main topics which can be convenient
multi-tested here. The loops CORRIDA, THEADES and THESYS will all benefit —
immediately — from the information feedback obtained with the help of that new experimental
device. The arrangement of many sensors in the same liquid alloy bath, may also help to fur-
ther development in the oxygen control (KOCOS at KALLA) since the meter EMF responses
on local oxygen activity changes (perturbations) either in the gas phase or in the liquid alloy
solution can be examined in a simple way at laboratory scale. Although the experimental
conditions of a stagnant and a flowing (especially non-isothermal) setup are not the same,
EMF drifts appear and “engineering” —correction factors are required, stagnant meter quality
tests allow however to point out possible risks of meter employment which are not easily

provable (not easy to found) in a large scale loop technology at KALLA.

4 Results and discussion

A large number of different oxygen-meters with platinum/air and In/In,O3 reference elec-
trodes were tested in liquid PbBi with varying amounts of dissolved oxygen. The results of
the EMF-measurements are compared with the expected dependencies of the EMF on tem-
perature and concentration of oxygen dissolved in PbBi, according to theoretical calculations
(Figs. 8, 9).

In both figures the dashed lines represent the theoretical temperature dependency of the EMF
for unsaturated solutions of oxygen in the liquid PbBi eutectic corresponding to the indicated
oxygen concentrations, given in wppm, whereas the full lines give the EMF—temperature de-

pendency for oxygen saturated PbBi.
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Figure 8: Comparison of calculated and measured EMF’s for oxygen sensors with Pt/air
reference electrodes

For the Pt/air system (Fig. 8) coming from the unsaturated state (high temperature), the point
of coincidence of the cooling curve with the theoretical expected EMF(T) line for the oxygen-
saturated state is reached at about 530°C. At lower temperatures both lines are in excellent
agreement for the whole temperature range of about 150 degrees down to ca. 370°C. Regard-
ing EMF measurements in strong unsaturated oxygen solutions, the slope and magnitude of
the EMF(T) cooling curve coming from 570°C down to 370°C are identical with the expected
values for a solution with dissolved oxygen content slightly below 10° wppm. A very flat
ascending deviation to higher EMF—values was observed here only at temperatures below
400°C, according to the knowledge about the ionic transference number (values smaller than
one) for YSZ.

In that figure the EMF lies at about 0.7V for the loop-relevant temperatures between 500°C
and 550°C. In oxygen saturated PbBi nearly theoretical behavior of the EMF(T) dependency
with the same negative slope down to 400°C and a small constant shift in the EMF level is
observed. Another test in nearly oxygen-free PbBi solution revealed also the expected EMF

dependency — in this case a positive slope of the straight line was detected — as predicted from
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the theory. However such low real values for the oxygen concentration could not be evaluated
analytically up to now. Special analytical methods and equipment have to be developed. In
comparison to Pt/air with its very good EMF-response, the dependency on temperature of the
EMF readings obtained with meters based on In/In,O; reference system, exhibit a much dif-
ferent behavior (Fig. 9). New experimental data are obtained as an addition to the work done
before. These data are compared with new theoretical calculations regarding the sign of cells
with such a reference electrode. The measurements showed a sufficient coincidence with the
theoretical straight lines even for the oxygen saturated solution: Coming from the unsaturated
state (high temperatures) the tangential point of the cooling curve with the theoretical ex-
pected EMF(T) line for the oxygen-saturated state is reached by ca. 480°C. An agreement of
both lines was only found in a temperature band of about 60 degrees down to 410°C. Meas-
urements in a strong unsaturated oxygen solution exhibited the slope of the EMF(T) cooling
curve (straight line) — to be lower as expected from the theory and will not be reported here.
The reason for the slope deviation is maybe of kinetic nature (coexistence electrode, transport

phenomena between liquid indium and the solid indium sesquioxide).
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Figure 9: Comparison of calculated and measured EMF’s for an oxygen sensor with
In/In, O3 reference electrode
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The general conclusion is, that for the oxygen-saturated probes, the In/In,O3 cell gives the
best performance at temperatures of about 410-470 °C. The non-linearity at higher tempera-
tures could be a limiting factor for the general use of that electrode in PbBi, but because this
non-linearity’s are deterministic (reliable data obtained), the observed performance of
In/In,O5 on temperature seems not to be a serious disadvantage [Kata99]. This non-linearity
may also be due to partial electronic conduction of YSZ [Mai94] [Nas74] in connection with
liquid indium. Cells, which exhibit even partial irreversible behavior, cannot be linearly cali-
brated. Fig.10 describes the response of an oxygen meter with Pt/air reference system during
bubbling of reducing and oxidizing gases through the PbBi melt. First Ar+5%H,, then air
(p=0.21bar) with subsequent Ar+5%H, bubbling was performed. The rate of meter response
to oxygen activity changes in the PbBi has been found to be very rapid. Transient response to
step changes of the oxygen activity in PbBi exhibit no unusual behavior. The excellent time
response of the EMF values after replacing of the Ar+5%H; with air bubbling (no time delay)
is temperature fluctuations at the beginning of the curve (Fig. 10 lower part) are due to the
reaction enthalpies of oxide scales degradation (oxygen removed by Ar+5%H;) and growth of
oxides (air bubbling) respectively, whereas at the end of the curve only the noise level of the

control unit was measured.
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Figurel0: Changes of EMF for an oxygen sensor with Pt/air reference electrode due to
bubbling of reducing and oxidizing gases through the liquid PbBi
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A very similar behavior was seen for the In/In,O3 cell at ca 550°C (Fig. 11). Shortly after
starting of Ar+5%H, bubbling from an intermediate oxygen level, a strong increase of the
EMF, corresponding to a decrease in oxygen activity in the PbBi, was measured. After about
10-12 hours, an EMF level of ca. -0.05V was reached, which stayed nearly constant for the
rest of the bubbling period.
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Figure 11: Changes of EMF for a typical cell with In/In203 reference system due to bub-
bling of reducing and oxidizing gases through the liquid PbBi
Figure 12 shows the long-term stability of the EMF of a cell with Pt/air reference electrode at
555°C over 1 year of continuous collecting of data during the exposure of the oxygen-meter
in the PbBi melt. Regardless of the high level of the EMF during and after the equilibration,
the long-time stability within a small range of 75 mV over 12 months without any intermit-
tencies buried in noise seems to be very good. The ascending of the EMF at the beginning of
the experiment was due to the chemical reaction of the dissolved oxygen with the steel of the
container wall with increasing exposure time to the melt. Figure 8 demonstrates the long-
term stability of the EMF of a cell with Pt/air reference electrode at 555°C over a year of
continuous collecting data during the immersion of the oxygen meter in the PbBi melt. Re-
gardless of the high level of the EMF during and after the equilibration, the long-time-
stability within a small range of some mV over 12 months without any intermittencies or

noise seems to be very good.
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Figure 12:  Long-term behavior of EMF at 555°C for a cell with Pt/air reference system

The ascending of the EMF at the beginning of the experiment was due to the chemical reac-
tion of the dissolved oxygen with the steel of the container wall (EMF increase due to getter-
ing of oxygen). The non-linear behavior of the collected EMF—data during the first 2800h of
immersion is due to short-time oxygen loss and uptake experiments at the beginning. Soon
after the long—time performance of the oxygen probe were the main point of interest. The
probe was not subject to any changes for more than 5000h — it is enough to recognize the ex-

cellent long time stability of acquired voltage data.

General remarks

To secure correct EMF measurements many precautions must have been taken into account:
the cell reaction studied must be reversible, any thermoelectric potentials must be excluded or
avoided, at every temperature the cell itself must be allowed to attain equilibrium, and one
must be sure that these equilibrium could be reached from both higher and lower temperatures
(in some cases it could require many hours). Further precautions of importance are: the solid
electrolyte must exhibit (nearly) pure ionic conduction in the whole temperature range
examined, secondary electrode reactions are not allowed to take place, id est the EMF is
allowed to be generated only by the considered (virtual) overall cell reaction. What depends
the metrology to be applied, the requirements are among others: the measurement device

(electrometer or voltmeter) must be an instrument of high input impedance (Giga- or
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Teraohm), the electrical leads (metallic wires) must be of the same nature at the both ends
(right and left) of the cell or temperature dependent correction terms must be subtracted or
added as thermoelectric incremental data etc. There is no doubt about this, that Pt/air [Ond95]
and In/ In,O5 are well known coexistence reference electrodes. We applied them successfully
in our laboratory for years by measuring the oxygen activities in liquid sodium so that our
measurement equipment, the design and the performance of experiments cannot be a real
source of error. The facilities were set up in operation correctly: Many electrochemical probes
with the In/In,Os oxide internal reference have been tested at the same time (some of them
were carefully sealed, the others — for the sake of comparison — were allowed to remain open
to the air). The meter —to - meter performance in both classes was not so good as originally

expected.

Measurement of the oxygen activity in flowing PbBi (THESYS loop of KALLA)

Our main objective was to test Pt/air oxygen sensors, developed in the stagnant KOSIMA
facility, under dynamic loop conditions. Two of our oxygen sensors were adapted to the
THESYS loop of the KALLA lab to measure the oxygen activities in the flowing PbBi before
and after the oxygen control chamber (Figs. 13, 14). The oxygen sensors are a part of the
oxygen control system KOCOS, which allows the control of the oxygen content in the flow-
ing PbBi by establishing an oxygen partial pressure in the gas phase above the melt via a
definite H,/H,O ratio. Both sensors should reveal the equilibrium constant of oxygen between
the gas and the liquid phase [Wala85].

The EMF values were measured and stored periodically together with data for the H,/H,O
molar ratio, the dew points of the in- and out coming gas, the oxygen partial pressures in the
gas phase and the temperatures of the sensors. The time needed to reach a desired oxygen
activity in a PbBi system of a given Reynolds number is an important issue for the operation
of large-scale loops. This kinetics was investigated with respect to oxygen uptake or loss in
the flowing PbBi melt. A gas with a definite po, determines the activity of oxygen dissolved
in PbBi. To set the desired pO; in the gas phase, a mixture of argon carrier gas and Ar+5%H;
adjusted the H, concentration and the needed steam was added by passing the gas through
water in a thermostat. The H,/H,O ratio (and so the po, value in the gas phase) was fixed by
changing the gas flow of Ar+5% H, The gases were flowing through a moisture sensor and
then over the PbBi surface of the test stand at a constant (low) loop temperature of ca. 400°C.
Further details are given in [LefhO1]. The pO, in the outlet gas was measured by two different

oxygen probes: an industrial lambda gas phase sensor and the XIROX™ sensor (pre-heated to
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750°C). The total gas flow rate (Ar + Ar+5% H,) was kept constant. Changes in the H,/H,O
ratio were made stepwise. EMF-measurements were performed until equilibration in each step
was reached. Our Pt/air oxygen sensors have been installed in the melt to obtain data about
the oxygen activity in the liquid metal and to correlate them with known values of the oxygen
partial pressure in the gas phase. The oxygen control was reversible in time and the setting of
pO> was accurate (exhibited only a small error) but one could only detect relatively high oxy-
gen exchange rates between the phases corresponding to a stepwise change in the H,/H,O
ratio of about one order of magnitude (Fig. 13). The time response (i.e. the kinetics) of the

immersed Pt/air probes was slower than the fast response of both types of gas phase sensors.
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Figure 13:  The dynamic behavior of an online Pt/air oxygen probe under loop conditions
in the THESYS loop of KALLA (oxygen loss)

A comparison of some experimental results obtained under the PbBi-loop conditions after a
stepwise change of the H,/H,O ratio in the opposite direction i.e. from dry to wet steam-
hydrogen mixture, shows that the amplitude resolution (precision, accuracy) of the time re-
sponses obtained in case of the Pt/air oxygen probes compared to the data acquired at the
same time from the gas phase sensors, was low probably due to the low operating temperature
in the THESYS loop (Fig. 14). Despite of this, the time constants for the EMF response as
well as the absolute value of the steady state EMF, before and after the po» step, were in both
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cases the same. The KOCOS oxygen control system installed at KALLA is fast enough to
allow the investigation of processes, which determine the kinetics of oxygen transport from

the gas phase towards the melt for flowing PbBi in dynamic loops.
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Figure 14:  The dynamic behavior of an online Pt/air oxygen probe under loop conditions
in the THESYS loop of KALLA (oxygen uptake)

5 Conclusions

Development of on-line electrochemical oxygen sensors is needed for controlling and fixing
acceptable trigger levels of the oxygen activity in PbBi under loop conditions. This general
issue - including impurity control - is correlated with other main topics, linked strongly to
corrosion and stable protection of structural materials in flowing PbBi via dissolved oxygen.
For measuring the oxygen activity the relevant thermodynamic data of oxide formation as
well as the solubility data have to be considered. We have established a thermodynamic data-
base for 3 types of oxygen probes: i.e. systems with Pt/air, In/In,O3; and Bi/Bi,O; reference
electrodes. The resulting predictions concerning the theoretical EMF-temperature dependen-
cies, both for oxygen saturated and unsaturated PbBi solutions, were verified and proved by
experimental meter calibration. We have compared the performance of these different elec-

trode systems taking into consideration actual thermodynamical data and new formalism in
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the calculations. The EMF-measurements agreed very well with the expected dependencies of
the EMF on temperature and activity of oxygen dissolved in PbBi, according to the theory.
One should especially point out, that the experiments with the Pt/air sensors exhibited a low-
est operational temperature of about 380°C. Excellent long-term stability of oxygen sensors
based on Pt/air reference have been experimentally proved in stagnant tests continued over 1
year of data acquisition. No thermal or mechanic shocks occurred. The bubbling of oxidizing
and reducing gases through the lead-bismuth melt did not show any problem during the cell
operation. Important development can be reported also in connection with the reliability of the
EMF data obtained with our oxygen probes based on the In/In,O3 coexistence electrode refer-
ence system. Our experimental data indicate that the design of our sensors with In/In,Os-
reference system would allow us to integrate them in a large scale PbBi-loops, although the
lower operational temperature limit is in the range of 420°C. Results with the Bi/Bi,O3 system
have shown, that they are able to give reliable data, too, as we have expected from oxygen
measuring systems utilized successfully over a long time at IPPE Obninsk, Russia.

The first experimental results of oxygen sensors with Pt/air reference system under flowing
conditions (THESYS loop) have proven, that they are able to work properly, giving reliable
oxygen activity values. Further experimental work must be been done in the field of meter-to-
meter performance, calibration (several meters in the same PbBi oxygen solution) as well as
in the correlation between the results of EMF measurements under stagnant and flowing PbBi
conditions. The future efforts will be focused mainly on the long-term-behavior of oxygen
meters under dynamic PbBi flow. The accuracy and sensitivity of the meter response of dif-
ferent types of oxygen probes on changes of oxygen activity in the melt have to be proven and

further developed, too.
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