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1. INTRODUCTION
In nuclear power plant, materials can be corrodeligpid metals that are either flowing as coolamfirst and secondary
circuit (lead alloys: Pb-Bi) or stagnant as fisspoduct in cladding (tellurium). Steel corrosiomgessdepends: (i) on
the concentration of dissolved corrosive elemen®Das C that can lead to oxidation or carburizatiamilarly to
corrosion processes in gas phase; (i) on the fiatexxistence of

intermetallic containing elements originating froth liquid metal 0.001 uT (K'l) L0015

and steel (Fee CrsTey); (iii) on capability of steel dissolution in  -0.7
the liquid metal. For all these corrosion procesgmodynamic
databases have to be developed in order to modetdirosion
mechanisms. The obtained corrosion model is supptmsbe used -1.1
for life time prediction. This paper deals with bahermodynamic
data acquisition (Ni solubility limit in liquid l&hbismuth alloy) with
thermodynamic database development (Calphad metlzod)
corrosion experiments with mechanism modelling. uidgmetal
environment considered are liquid Te and Pb-Biyalldorroded
steels are austenitic steels.
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2. EXPERIMENTAL
. . : : - Fig 1. measured and calculated solubility
Corrosion experiments are carried out in stagnaptid metal 9 T h
! Xperl I ut 9 ! limit (Calphad method) of Ni in Pb-Bi

conditions in crucible in glove box at 500°C and135 for alloy [1-4]

respectively Pb-Bi alloy and pure Te. Ar or As-ls are sweeping

over the liquid metal to avoid steel oxidation. $des dimensions are Te
30x10x(0.5 or 1) mm. Two experimental techniquesehdeen 1.00 Yliquid
implemented for the determination of the nickelibdity limit in Pb- 0.95- <>L

Bi at low temperatures. The first one is perfornfemm 400°C to 0.90" / \¢
500°C using Laser Induce Breakdown Spectrosco@{)I The LIBS 0855 / \
technique permits to obtain in situ measurementctdy performed 0.80 \
on liquid Pb-Bi. It allows to monitor on line themcentration of the & 0755 X
dissolved impurities in the liquid coolant. Howevthis technique is 0.70 5

still under development and optimization for liquigtdia. The second 0.65 77 Cr,Te,
technique is ICP-AES. It is commonly used to aralysloys 0-60;\/ -
composition. It permits a very reliable analyseaoPb-Bi sample. 0.55 P
However, ICP-AES analysis is ex-situ. The investtigatemperatureso'50 0 “ 0‘} 02
for nickel solubility limit measurement via ICP-AE&nges from Cf

350°C to 535°C. For technical reasons, the expetisneould not be Fig 2: Te rich domain of the ternary Te-Cr-

performed above 535°C. Fe phase diagram calculated at 550°C
(Calphad method)

3. RESULTS AND DISCUSSION
3.1. Thermodynamic data acquisition



Ni solubility limit has been measured in Pb-Bi etie
and then compared to literature data (Fig 1.) [1,2]
The solubility limit law, obtained for the highest L
temperatures, is in agreement with the literaturta d o N Fe @ %0
[3,4] for the same temperature range. | @Odd . - 80
In this study, a change of slope in the solubiliiyit v Q a I Zz
law (Fig 1) is obtained at lowest temperaturesrtier 1 A A uh AL G I
to better predict the metals (Cr-Fe-Ni) solubibtiat ﬂﬁ*‘?ﬁ:ﬂ A‘%}‘A{‘ﬁ}, ~( - 30
equilibrium, thermodynamic modelling has bee 1 A - 40
performed using the Calphad method [2]. According
this modelling, the Ni solubility exhibit a changé
slope due to the precipitation of BiNi intermetaléit
low temperature (instead of FCC-Ni at highc. ‘
temperature). 0,0 0,2 04
For corrosion in pure Te, Cr-Te and Fe-Te binaries Distance (um)
have been modelled [5]. The ternary phase diagnam C
Fe-Te is calculated b[y ]extrapolatior): gf these tbgmr Fig 3: TEM-EDX profile c-)f 316L sample
corroded 1470 h in Pb-Bi at 500°C.
To predict the phases at equilibrium, the isothé@na
Fe-Te cross section is calculated in the Te riahaia
(Fig 2). The diagram is plotted at 550°C that is th O Austenitic steel§ experiment
temperature of interest for corrosion experiments. 316L
Results show the presence of a three phase domain —O—AUSten't'C steel
where liquid Te equilibrates with two Cr-Te and Fee- 4.0E-06 W 316L

intermetallics: Tg, + CrsTes + FeTe. 3.5E-06 “model
ICr diss

Ferritic layer
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3.2. Corrosion tests and modelling =
Corrosion of 316L in liquid Pb-Bi with low oxygen g
concentration leads to pure dissolution of thelstee
However the dissolution is not congruent. Prefeaént ‘5
dissolution of Cr and Ni leads to phase transfoionat
from austenite to ferrite of 316L in contact with-Bi
(Fig 3). For all tested austenitic alloys, corrosio
kinetics are linear and Cr dissolution rates hasenb 5.0E-07 ’Q,‘O/ o)

measured and are presented as a function of @itgcti 0.0E+00 O

of steels in Fig 4. It shows that the Cr dissolutiate 03 0.32 0.34 0.36 0.38 0.4
is proportional to the Cr activity in the steel.drder 7

to determine the corrosion mechanism, the corrosion Ger

rate has been modelled considering that it is odatt
by diffusion of dissolved Cr across the diffusion
boundary layer generated by natural convectiomef t
liquid metal. Fig 4 shows that the calculated csiop rate is also proportional to the steel Cnagtiand approximately
twice the experimental one. Then diffusion of Cdifiusion boundary layer could control the coraysrate of the various
studied austenitic steels.
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Fig 4: experimental and modelled corrosion rate of
austenitic alloys in liquid Pb-Bi.



For corrosion of 316L in pure Te, thermodynamicig (B forecasts formation of two intermetallic ppasas GiTes and
FeTe. Indeed, EDX map of Fig 5 shows that a Te-Cr ldagdormed at the 316L/Te interface. This layetogped by a

Cr-Fe-Ni-Te
However all
(Fe,Ni,Cr)Te

complex  mixed
intermetallic layer.
phases have
stoichiometry. During cooling,
solidification of Te led to
precipitation of several Cr-Ni-Fe-Te
intermetallics as (Fe,Ni,Cr)Te [

phases (Fig 5). The corrosion rate of (3) QBSD image

(b) Fe and Cr map

316L is mainly due to congruent Fig5: SEM-QBSD image of cross section of 316L after insion in the melt for

dissolution of the steel. The 30 min.

adherent intermetallic layer seems

porous. Model of this corrosion rate has been damssidering
that: (i) the corrosion rate is controlled by teaction rate of iron
dissolution; (ii) the corrosion rate is controlled diffusion of iron

in liquid Te. Calphad method used to fit experinaémtata from
literature (Fig 2. Part 3.1) permitted to obtaité&eestimation of
the iron solubility limit used in the two models Fig 6, both
models are fitted on experimental concentratiorie$olved Fe
coming from corrosion of 316L. From these two fite diffusion

coefficient of Fe in Te (diffusion model) and thgparent reaction
rate constant (interface reaction model) are obthand equal to,
respectively: 10 cn? st and 7x1¢ s'. The obtained diffusion
coefficient agrees with the usual values of diffmscoefficients in
liquid. Moreover this model presents a better fitexperimental
results. On this basis, it is concluded that Fauglibn in the liquid

Te controls the 316L corrosion rate.

4. CONCLUSION
Determination of thermodynamic and kinetic databese
necessary in complex media as liquid metals. Theyused in

o ‘ Experimental calculated from mass balance

£ [ Interface reaction model

o Diffusion model

g 0.004

g’00035

= =l

T 0.003 .

3 7

if 0.0025 ®

© 0.002 o

5 0.0015

5

'(‘3 0.001

' 0.0005 |

8 o

5 0! ‘

© 0 10 20 30 40 50
Time (min)

Fig 6: calculated concentration of

experimentally dissolved Fe from mass

balance for various corrosion time;

corresponding models considering a control
by interface reaction rate or by Fe diffusion
in liquid Te.

mathematics model, firstly to discriminate the flolescorrosion mechanisms and secondly to evaliedife time of
components. In this study, corrosion of 316L arfeeotustenitic steels (for corrosion in Pb-Bi)tagmant pure Te and Pb-
Bi alloy seem to be controlled by the diffusiondigsolved species in the liquid.
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