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Abstract

The control of the impurities 15 of mujor mterest for ensuring adequate and safe operation of lead alloys faclities
from the viewpoint of the corrosion phenomenon, Speafic methods have to be mplemented for efective control of the
liquid kead—bismuth eutectic quality to the required specifications, as for mstance: dissolved oxygen menitorng, dip
samphing system, analy tical techniques for impurities measurement, Even though the oxy gen control in the static factlity
BIP proved difficult, a better knowledge of kinetics behaviour of the oxy gen is acguired. Oxygen sensors gave results in
agrecment with the theory during the tests achicved on the BIP and on the COLIMESTA facihites. The dip sampler was
vahduted on static devioe: it allows an effective sumpling of the bguid metsal melt and an easy separation of the melt
from the sampling device when cold. The szt of analvtical techniques for the messurements of metallic mpurities is
efficent as well, except for the nickel element, for which the method of analy=sis with stomic absorption spectroscopy
coupkd with spiking method should aliow the lower detectdon limit to be decreased below the 5 pgle as for the iron
Impurity.

1. Introduc tion gific requrements for corrosion protection mmplementa-
tion and for ligud metul quality control, in order to

Lead and lead-bismuth eutectic (LBE) are studied ensure ndequate and safe operations. The control of

worldwide ss spallaton targets m accelerator driven
systermn { ADS), inwhich high energy protons collide with
lead throughout & window to produse 15-20 fast new-
trons by the spallation reaction. These neutrons might
be used either in sub-cntical power reactor systems, that
present an mtrnsic safety quabity, or in the long-lived
actimdes transmutation system in the frumework of the
nuclear waste management. The latter option is cur-
rently under study in France within the 1991 law on
nuckar wastes mansgement, Besides, the lead alloy can
be used a5 & primary coolant, but unlike the hguid so-
dium, used #s coolant in fast reaciors worldwide, lead
alloys wre nol computible with any steel, inducng spe-
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oxygen and impuntbes in LBE 15 then & challenge for
both corrosion control {ensure steel protection, .. ) and
gquahity control {aveid skhg's formaton, bmit circuits
contumington, . . .}, that is one of the key issus for any
lead allov systemn. Specific methods must be mmple-
mented for the effectve control of the lgmd LBE quahity
to meet the required speafications, such as dissolved
oxygen momtoring, dip sampling system, and anabytical
technigues for impuritics messurements.

2. Oxypen monitoring in kead—bismuth eutecic

A typical electrochemical cell puts in contact two
different media throughout & solid electrolvoc bridgs
which presents pure ionic conducton. One of the me-
din & clled the reference, as its function is to provide
4 constanl oxyeen thermodynamic activity. The other
is the hguid LBE, for which the dissolved oxygen
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comcentrution is to be measured. The solid eecrolyte is
made of ceramic m the form of & thimble that specif-
ically conducts the oxygen ons such as yitra stabilised
rirconia (Y S2) or magnesia stbibsed rirconia { MSZ),
Sturting from the hgud sodium experimental feedback
for oxygen sensors operatng at low wmperature (350
500 *C) [1-39). the objective of first experiments in
LBE melt 15 to venfy the prototype sensors behaviour
with regurds to;

# The use of zrconia instead of the fragile thoria that
was used for the bquid sodium at low tempersture
{lower clectrolytic domain boundary) [4- 7k

#» The operating temperature, as for mstance the inter-
fwcial resistance between the ceramic and the mternal
reference {mujor contribution of the overall cell resis-
tunce) & increasing with lowerng temperature that
eventually prevent any mexsurement [11};

® The compatihility of the ceramic with the LBE melt
und with the internal reference, that delermings the

sensor bfe tmme [11]

First experiments can be made in static faciliies
Ulamately, sdected proioty pe sensors should be tested
on dynamic facilities in order to provide real operating
conditions to fully validate the sensors (tme dnft,
thermal operating shocks, calibration possibiliics, long
term operafion,. . ).

2.1, Theoretionl formulation

For the dissolved oxygen concentrabon, the hy-
pothesis of an ideal solution 15 often made |B], and the
Henry's low is applied to the solote oxygen. Assuming
sohid kead monoxide as the standard stote for the oxygen
in LBE [B], the oxyesn activity shall be egual to onity
when saturation 15 made:

Ca
F-

]

B =

where (7, 1 the dissolved oxypen conceniration and O 15
the saturated oxygen concentration expressed in weight
peroent,

The general relatonship for & metal-metal oxde (M/
M 3400 reference s denived from the Mernst relabon,

Tahle 1

assuming & pure ionic conduction of the solid electrolyte
(reversible cell):
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with & the perfect gus constant (831441 Jmol/K) and
F the Faraday constant (964846 C/maol).

All constants are defined im the following relation-
ships, Saturated oxypgen concentration [T} InC] .
A— (B Tix) with 4 = 27631 and B = 7828.789; Lead
activity in LBE [T} Inem =—(2/Ti)— b with a =
13521 and b = 0 8598, Standard Gibb's energy of PhO
formation [10f AGh . . =+ 6Ty with & =
216936 and &' = 99.412 for 298 < T < 1159 K. Standard
Gaibb's enermy of the MO, oude formavon: 4,
Cht o ipmaty = —¥ + 305 . Thermodynamic table |10}
grves the values for the different reference systems:

A7 Gt = — 581242 420717 Tixy

for 298 < T < 1800 K,

A0 oinmes = —925021 4 30,05 7w,
for 298 < T < 1600 K,

A% o ppmay = — 579466 + 28282 T
for 28 < T = 1003 K,
The two relabonships can be wdentified to the following
relations defining the rdevani constants:
and

Epy =K + KTy + Ky T In € ms

Hﬂl.u-_e._::\-] =K+ -ﬁ.fr,'l{l

Mumerical values of comtants for the theoretical emf. relations for vanoo reference systems

K K K K: Ky Meltirg T {*C)
Pl —{Le =3.T05E — 05 -3l BXIE—- {5 4 MWE - 05 327
Sy —0.377 =1542E - 0F -0.T15 1. {36E — 04 = MHE -0 23
a0y —i{ 468 6ISME — 07 — {06 LLISTE — (i —4 3HE — 03 157
B0y 1R —636RE — 03 — 0210 F5RE— 08 —4 JHE — 03 m
AarfPt 1129 —SRSRE —M 0T — G6RE — 04 —4 3HE — 03 -




Post print

Courouau, J. -L., P. Trabuc, G. Laplanche, Ph. Deloffre, P. Taraud, M. Ollivier, R. Adriano, et S.
Trambaud. « Impurities and Oxygen Control in Lead Alloys ». Journal of Nuclear Materials 301, n° 1 (1
février 2002): 53-59. https://doi.org/10.1016/50022-3115(01)00726-7

Numenical value for some reference systems are given in
Tabk 1. Graphical presentation can be made expressmg
the emf, values versus temperature, taking the oxypen
concentration as a parameter [12] This representabon
allows 4 rapd interpretaton of signal output from ox-
yeen probes, This kind of graphic 5 used m Figs. | and
2. Theoratical emf, vales start at the melimg tempera-
ture of the reference, which defnes the lower operating
temperature for the oxygen sensors, assummg that there
15 no electrical contact below this temperature,

2. Sensors fested

Up to now, five prototy pe sensors were tested: four of
them were provided by the Heracus Electro-nite Com-
pany { HEN) (sensor nos. 1-3 and 5) and built from the
maoda of the Harwell sereor type ME2A larpely used in
hquid sodm facihies, with the stundard materink used
by HEN (75 mm height, 6.5 mm outside digmeter, 1.5
mm thickness), The last cne was bt on purpose using
commerciil Degussa YSZ (35 mm haght, 9 mm outside
dwmeter, 1.5 mm thickness), The sensors are described
as follows:

Terparsturs, 'C
am 350 400 450 500 ]

1wt
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Fig. |, Results obtained with sensor no. | in LBE melt in the
BIP facility with oxvgen comoen tation in wih 83 pammetar.
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Fig. 2, Results obiained with sensor no. 5 in LBE melt in the
COLIMESTA Tacility with oxygen concentration in with as
paraAmELar.

» nos 1-3 steel wire (carthyLB E-PhOY SZPb- POV
Re wire, no. | 15 profected by a $5304 sheath;

» no. 4 steel wire (earth)/LBE-PRONYSZVBi-Bia O/
Mo wire;

» no. 5 stecl wire {carth)y/LBE-PROYMSZNSn-Sn0h/
Re wire, 55304 sheath,

Al measurements are made with 2 high m
voltmeter { 10°? £ PH-meter Tacussel PHNEL

2.3 Swmiic foacilities

Expermments were mainly carried out on the static
crucible (100 mm diwmeter, B0 mm height, S8316 stzel)
Facibity called BIP |91 which cnables to work with a
Hmited amount of LBE melt (around 6 kg, at & con-
trolled temperature and with a controlled cover gas. It
was recently mmproved mooorder to impement up to
four sensors al the same time, and to introduee gus
throughout a bubbler (8 an diemeter tonc bubbler).
Thiz fality s coupled to a ternary gascous mixture
system, which allows the preparaton of steam, hydro-
gen und argon with defined ratio of water to hydrogen
(from 100 to 10F), Melting procedure for the preparation
of the LBE melt is as follows: first melt in & glove box
(argon) after a careful deanmg and brushmg of mgots,
removal of the remanmg oxdes, coohng and transfer to
the static faality when sohid. Other measurements were
achieved in the OOLIMESTA fucility [13], which was
used for long term corrosion expenments in stafic cru-
cibles (55316 steel) at defined temperature and under
purified argon cover gus.

2.4 BIP resulis

A lest campaign was carried out in the Bip Facility
for 15 days at the end of the year 2000 with the sensor
nos, 1-4, The initial operatimg conditons were as [ol-
fows: bubbling of & reductive gas mixtore (0,256 J'min of
Ar <+ 4%H; then | Vmin of Ar 4 4%H3). Then, a ternary
gas mixture composed of argon (1 Vmm), Ar +4%H;
(0,052 Ifmm) and steam (100 gh) was bubbled in the
facility; this defines a dissolved oxvgen activity of 10-°
wih at 500 =C (0.1 pgle) according to the water to hy-
drogen molur ratio of 1000, In practce, the gquubty
control for this pecubiar set of experiments showed odd
effects. During the first week of the expermment, there
wis only & thin film of oxide covenng part of the free
lewel of the liquid mewl, which appearsd constnt in
aren during this period. After about seven days, whik
the cover gas was still 2 reductive gas mxiure of argon
with hydrogen, o thick layer of powder deposited on the
free hguid level, most probably because of an ket of mr
back through the discharge line cansed by a break m the
feeding argon line. A lot of acrosols were also observed
stuck on all the mternal purts of the facility. Bubbling of
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diluted hydrogen tn argon for a few duys had no efect
on that pollubon. The water-hydrogen-argon gaseous
mixture wis then put in operation, in order to determne
the possibality to obtan under-ssturated solution, even
in spite of the presence of sobd oxides. The bubbling of
the termnary mixtoure worsened the pollution of the faal-
iy, a5 the quanfities mvokved in the pollution incressed
tremendously. Indeed, the quantties of deposits on the
structural surfaces of the facihity were large thickness up
1o 2 cm, composad mamly of lead mono-sades (Yelow
or Red phases) with a relative built up of pure bismuth.
The mass of the lead-bsmuth mek m the oucible de-
creased by 1,7 kg

Two migrpretatons of this poor oxygen control may
be proposad: conceptual and operating defaults of the
wvent bne und kinetics reluted problkem, The former is
associated to the absence of a discharge wvalve, that
eventually ciusad an air ingress when the argon feeding
gas botte went empty st one moment or when the gas
flow rate was too low. The latter 15 pssocated to the
bubblng of gases: the steam oxidation kinebe of the
LBE melt appears to be faster than the hydrogen re-
duction kinetic. Indeed, the kad oxide were preferen-
tielly produced, while the water to hydrogen molar ratio
should have prevented any oxides formation, For a
better control of the oxyzen with this techmque, t would
huve been better to recirculate with the sirictly required
amount of gasss for any concentration change when
bubbling, Another option is to control only the cover gus
composition m order to control the desolved oxvesn
concentration: kinetics are then bmited by the small
exchunge nrea of the free level, favouring the thermo-
dynamic equilibrium. As & condusion of the oxypen
control for this set of experiments, the LBE must have
been saturated over the whole operating time. This
comclusion 15 confirmed with the metallur gieal analysis
of a shoe of the cruable, which shows a relatively thick
oxide kuver between the steed and LBE meltup to a 1 cm
depth, and shows no wettability of the L BE melt with the
steel crucible downwards dus to thinner oxides luyers,

The four sensors werz mmmersed m the lead-bismuth
melt gs soon as the metal was hquid. The probe ne. |1,
which 15 the only one protected with a metallic sheath,
gave & vollage response over the whole operating tme,
whereas the other probes showed limited life time 6
davs forno. 2, 2 h for no. 3, and & few minutes for no. 4.
The cause of the early breakdown of the latter probe 1=
maost probably the hitde height of the eramic thimble
used (35 mm), that puts high thermal stresses on the
ceramic pulty (Cotromics's aluming  based  ocramic
cement) wsed to seal the nternal metal/metal oxide ref-
erence, When the first three sensors operated simulta-
neously, all of them gave roughly identical responses,
The plots of the emf. versus operating temperature for
sensor ne. | are shown in Fig. 1, where the theoretical
saturated und unsutorated lines are also plotted. All the

experimental values are close to the theoretcal ssturated
line, with & shift of —14 mV, which is small considering
all possibibities of thermocouple effects at the vanous
electneal connections from the probe to the PH-meter,
These possible efiects wall be taken into account in a
later stage of development. The slope of the experik
mentil curve is equal to the theoretical one for a tem-
perature  range of 33350 °C. Howewer for
temperatures lying between 350 and 420 °C an unex-
pluned bttle peak 15 observed (5 mV dewiation). When
decressing temperature, the curve & somewhut different
{kmetic effect at coolmg), Beaides, time to response to o
temperaturs shift & very rapd. The results of the sensor
no. | over the 15 days of operation showed very stable
emf, value, considermg all temperature changes and
operating conditions disturbances,

After the expeniments, HEN's Y52 broken ceramics
showead very poor mechanical resistance, The was con-
firmed by optical and electronic microscopy analyses.
Mo trace of corroston were detected, but multiphe cracks
on the HEN's Y5, whereas only few cracks were de-
tected on the Degussa’s ¥SZ, The reason for that dif-
ference may be the open porosity which 1s null for the
Degusss und equal o a few percent for the HEN YSZ,

As a concluston, proxmity of the ceramic with the
cold bubbing gas comparad to LBE temperature | 300
“C gradient at keast) caused thermo-mechanical stresses
on the cernmc, that eventually lead to the breskdown,
The metallic shesth mmplemented on the probe no, |
appeared very useful from this point of view, Probes are
behaving according to the theory, even showing the
possibility of n messurement down to 33 5C, with a
relative stability over 2 weeks, Expernments are to be
continued with better oxygen control in the faality with
no bubbling and possibly with mefalhc sheath for pro-
tection of probes.

25 COLIMESTA result

When the COLIMESTA long term experiments
started, early 2004, the opportunity was taken to mea-
sure the oxygen content with probe no. 5; megsurements
are reported on Fig, 2. First the probe was immersed in
54 °C LBE melt, and gave —350 mV response for 2
min, and then —226 mV stable. Probe was then e
moved, and re-immersed i the bath: —316 mV were
read for o few moment and then — 23 mV stble were
read for hours, This may be explamed by the oxide laver
formed on the ceramic thimble due to transport 1in open
atr, which oxides {leisd and bismuth oxides ) are dissolved
immediatel after mmersion. Indeed, & readmng close to
—35) mV indicates saturation, whereas the stable read-
ings indicate a bath under saturated at aboot 1075 wit
(0.1 pgle) according to the theoretical line. The sensor
wis then inserted 1 the sscond bath at s temperature of
300 °C: reading gave —365 1o —430 mV unstable. A very
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poor wettability was observed between ceramic and
liguwid meh. The temperature was then increased o 300
“C, but unfortunately with no dam recordmg. When
reaching the 400 °C temperature, readings went stuble,
indicating the wettability transition. At 300 5C, readings
were stable for 3 days at —170 mV, corresponding to
107% wi%e (0.01 pelg) according to the theoretical plots,
Then, readings decreased regularly to a null value, whch
15 significant of & typical falure mode of the kind of
sensor, This may be caused by an electrical short-cut mn
the sohid clectrolyte, caused either by corrosion or by
mserbon of bquid metul m the sold electrolyte. Another
cause may be the corrosion of the 58304 sheath, which
deposited a growing oxde lhyer on the Y52 micrface,
increasing the mterfucial cell impedance that eventually
cuncelled the emf. As a conclusion, no, 5 sersor behaved
i agrecment with the theoretical nes, bul cabbraton
of the emf. with oxygen conentration messurement is
needed to confirm any condusion.

3. Dip sampler validation

The ohjective is to be able 1o tale o sample of hquid
LBE m any facility through an air lock to perform
subsequent chermcal wnalysis with the following re-
quired spedfications for the ssmpling system: sample
homogencous and flud hquid metal; 8 system that docs
not pollute bquid metal sumple; a system which is easy
to operate, as it is required to operate m g nuclear en-
wronment, @ svstem that may be quickly cooled. Such
device has already been developed for the lead-lithiom
related technologies, The basic principle was to adapt
the sumphng system to the LBE melt and achieve a first
guahification on a stabic facthty m saturated conditons,
A view of this dip sampler developed for the lead—lith-
tum allovs is provided in Fig, 3. The twbe on the bottom
part, opposite to the hole for the inlet of the melt, was
necessary to ensure 8 good fillmg of the sampler by en-
abling out pussmg. This iwbe is no more needed for lead-
bizmuth alloy, becuuse of its density. The dip sumpler
fabrication is thus simplified, The nuture of the alloy
used is stumless steel, The stripy marks done dunng
fabricaton on the external surface of the dip sampler
coable 2 very casy dsaardng of the skel, hke the

Fig. 3. View of the dip sampler (92 mm kength, 12 mm outside
dameter),

opening of a tin, debivenng the LBE sumple ready for its
analbysis,

4. Chemical analysis of kead—bismuoth eutectic

Various techniques are wsed for kead alloy charac-
terzaton, as follows: composition analysis; metalhc
impurities cheracterization; oxygen present mthe alloy
measurement. The composition analysis techniques ure
based on clormetry. suriioe spectroscopy anslysis, or
atomic absorpbion spectroscopy (AAS). The alonmet-
ric method prindple is to measure the thermal Aux
absorbed or produced by & sample subjected to 2 lem-
perature mncrease. The results enable to deduce the re-
spective reachon temperature, the entectic and peritectic
poimnis, as well as the reaction specific heat. But this kand
of anulyss is not sufficient by 1sell as several composi-
tions are often possible when referning to o phase dia-
gram. The surfuce spectroscopy analvsis consists of
X-ray analysis, scannimg electron microscopy (SEM ), or
wavelength dispersive X-ray Auorescence (WDXRF),
When energy dispersive X-ray speetrometer (EDS) 1s
couplad to & sunnmg ekctron microscope, the measure
of the alloys composition is possible in any pomnt of the
sumple, Mean valoe of several pomnts (10 at kast) could
be used to determine the mean composition of the al-
loys. The scanning ckctron miocoscope enables the
general state of the alloys to be determined, through the
study of its enriched or depleted zone. The WDXRF
method enables the measurement of virtually all the
Periodic Table (2 = 11) for concentrutions shove 500
pg/g. This method 15 thus well adupted 0 the alloys
composition determmation, but not for any impur-
ties measurement. The metallic mmpurties analyses are
achieved first by dissolution of the lead alloy, and then
by the wse of indudive couplad plisma-mass spec-
trometry (ICP/MS) or AAS, The ICP/MS method en-
ables the measurement of & wide renge of iImpunbes
such as Fe, M, Cr, Ag, Cd, Cu, Sn, 5b,.... The iron
impurity has an sobarc mterference with Ar() gaseous
mixture (Ar being the plisma gas), that mcreases the
lower detection bmit to 50 pe'e. For the iron impurity,
the AAS techmique coupled with the spiking method
is then a better choee than the ICP-MS techmique. re-
sulting in a lower detection lmit decreased to 5 pgfe. For
the mickel mpurity, because of the pollubon commge
from the mickel cones of the transfer chamber of the
ICP-MS apparatus, the lower detection limit & high
when compared to the other impurities. There ure
two methods for decreasing the lower detection limit:
changing the cones to platmum cones, or messurng
nicke by AAS with spiking method as for the iron, The
analytical measurement of oxveen m o sample can be
made usmg two methods, both of which measure the
1ol amount of oxygen present m the alloys: ather the
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dissolved oxyzen and the oxides. The first method is
based on the reductive fusion of the sample m 2 graphite
cruable. The resuling carbon diomide 1= messared
by infra-red spectroscopy. This techmgue 15 wsed with
careful calibration in the expected range, and with de-
voted preparation procedures for the sample in order to
reduce any superficial oxide. The other method 15 bused
on dectrochemical messurement as desaribed  above
with kboratory scale electrochemical cells.

The alloy composition mezsured in the LBE supplicd
by Metaleurop is: 41.7+2 wi% of lead and 57,342
wite of bismuth (WDXRF). The alloy fusion tempera-
ture is measured by culonimetry; 126.2 °C, Dunng the
cooling phase of the dip sumpling, a segregation phe-
nomenon happens, resulting n a relative heterogeneity
of the lead alloy depending on the method wsed for
composition characterization. Typically, o better com-
postion measurcment 15 obtamed by dissolution of the
whole sample, than on parts of the sample. The impu-
ritics measured by ICP-MS cxeept for the iron (AAS)
are #5 follows: Sn (<2 pele); Fe (<5 pelek Ni (<20
pefgh Ag 3 pglek Co (<2 pgle) Zn (<2 pgle); Cd
(<1 pe'el; Sb (<2 pale) As (<2 pgle); Te (<1 pale).
Thess values correspond to the lead and bismuth re-
spective characterization before being mined. except for
the mckel whose detection himit 1s to be improved with
AAS coupled with spiking method. The first wests for the
oxyeen messurement were made with 8 LECOD appara-
tus calibrated with steel matnx giving thus a different
fuston temperature, The results showed dispersed values
lor the lead alloy sumple; from 1 to 5 pgfe, A different
spproach based on cahbration of the apparatus with o |
peg'e lead sumple did not allow the detection limit to be
lowered, Actually, the apparstus used for these mea-
surements proved insufficent for ths kind of study;
background level of the LECO apparatus is too high
und 1ts resulting smsitvity appeared oo low.

5. Conelusions

Even though the oxygen control in the static faal-
ity BIP proved difficult, some kimebe behaviour of the
oxvgen in LBE was acquired. Electrochemicul oxygen
sensors mve results that are m agreement with the the-
ory for the Ph/PbO reference ¥S8Z sensor (no, 1), as
well as for the Sn/Sn0: reference MSZ smsor (no. 5).
Maore experimentsl results with control of dissolved
oxyeen are needed for any vehdabon, as well as o cal-
ibration procedure to confirm the theoreocal set of
lines. Morcover, the hypothesis of thermo-mechanical
stresses o explain the breakdown of three sensors out
of four, scemingly confirmed through metallurgical
analysis, has to be confirmed through long term ex-
periments with no stressss of any kind, and no protec-
tve metalbe sheath.

IPPE and research centre Cadaraches, The main impurities
and their comditions in the Ph-Bi coolant, Obninsk, 1998,

Bl HU. Borgstedt, CK. Mathews, Applied Chemistey of

the Liguid Alkali Metals, Fenem Press, New Yok,
1987,

B 1-L. Courowean, G. Laplasche, J. Desreumauy, C. Large,

Physico-chemistry of lead-hismuth eutectic; alloy charac-
tefaation and on-lne oxygen-meter valdation, Eumpean
Workalwop on Heavy Liguid Metal Technology for wse in
ADS, Forschungazentrum Karkrohe, Germany, Seplem-
ber, 1999,

The dip sampling system adapted from the lead-
lithium technology proved to be effictent m ssturated
conditions, but has 1o be confirmed in unsaturated bath
for & full vabdaton.

I'he set of analytical techmiques for the messurement
of metallic impurites is efficient as well, except for the
nmicksl element, for which the method of analvsis with
AAS coupled with spiking method should allow the
lower detection hmit o be decreased below the 5 pele
as For the iron impurity,

All these techniques are o be implementad on a dy-
namic feahty for long term operation and vahdabon
in typical operatmng conditions (Standard Technology
Loop for Lead Alloys),
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