ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT®

Journal of Nuclear Materials 335 (2004) 185-188

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Corrosion behaviour of steels in lead—bismuth at 823 K
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Abstract

The corrosion behaviour of the martensitic T91 steel and the austenitic AISI 316L steel was analysed. The steels were
immersed in stagnant molten Pb—55.2wt%Bi alloy at 823 K for different exposure times (¢ = 550-2000 h). The corrosion
tests were carried out both under Ar and under Ar-5%H, mixture. Under the oxidising conditions (Po, = 6 X 1073 Pa),
the formation of oxide layers was observed which prevent the penetration of the liquid alloy into the matrix, while
under the Ar—5%H, mixture (Po, = 3.2 % 1072 Pa), two phenomena occurred: a ‘reactive penetration’ at the liquid
alloy/steel interface and the competition between oxidation and penetration.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Lead and lead-bismuth eutectic alloy (LBE) have
been proposed as target and coolant material in the
accelerator driven system (ADS) [1], due to their phys-
ico-chemical properties such as high atomic number,
low melting points, low vapour pressure. In spite of
these features, liquid lead and its alloys could give rise
to corrosion related problems. The selection of appro-
priate structural materials to be exposed to liquid Pb-
Bi alloys is a crucial point in the ADS design and
compatibility studies are required. It is known that se-
vere corrosion occurs when steels are in contact with lig-
uid lead or its alloys [2,3]. For this reason the behaviour
of different martensitic and austenitic steels has already
been compared when exposed both to flowing and stag-
nant LBE alloy [4,5]. Two basic approach can be used to
solve the corrosion phenomena: (a) to choose physico-
chemical conditions in which the steel surface is inert;

* Corresponding author. Tel.: +39 010 6475 720; fax: +39
010 6475 700.
E-mail address: e.ricci@ge.ieni.cnr.it (E. Ricci).

(b) to protect the steel surface by coating or alloying it
[5] or by an ‘in situ passive oxidation’ [6,7]. However,
as the phenomena affecting the interactions between a
liquid metallic material and a solid substrate depend
strongly on the particular system and on the operating
conditions, specific investigations have to be performed,
helping the compatibility behaviour between the materi-
als to be understood. Among them, the wetting experi-
ments represent a preliminary study with particular
emphasis on a complete characterisation of the Pb-Bi
liquid phase in terms of thermodynamics [8] and surface
properties [9]. Moreover, phenomena such as liquid
metal embrittlement and penetration of liquid metals
along the grain boundaries have also to be taken into ac-
count [10,11]. In this work the behaviour of the T91
martensitic steel and the AISI 316L austenitic steel at
two different oxygen contents has been analysed. The
steel samples were immersed in stagnant molten LBE
alloy at 823 K for different exposure times (550, 1000
and 2000 h). The oxygen content was imposed by using
different atmospheres: high purity Ar and the Ar—5%H,
mixture. In the first case the complete saturation of the
system was attained in order to compare the results on
the oxides formation with those obtained under the
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same conditions in flowing LBE; the second one pro-
vided a very low oxygen content in the system in order
to obtain a deoxidised steels surfaces with the aim to
provide an actual contact between the liquid metal and
the substrates [12].

2. Experimental

The corrosion-device consists of a stainless steel vac-
uum chamber which contains two alumina crucibles
(Pexe =20 mm, 4 =30 mm), each of them heated by a
Thermocoax® resistance. The temperature was moni-
tored by a K-thermocouple regulated by a digital con-
troller. ENEA-RC Brasimone (IT) supplied the LBE
alloy with composition close to the eutectic one (Pb—
55.2wt%Bi) [4]. Samples of the T91 steel (composition
in wt%: 8.26Cr; 0.13Ni; 0.95Mo; 0.38Mn; 0.20V;
0.075Nb; 0.43Si; 0.105C) and the AISI 316L steel (com-
position in wt%: 17.3Cr; 12.1Ni; 2.31Mo; 1.8Mn; 0.35Si;
0.02C), sized 20 x 6 x 3 mm were prepared for the corro-
sion tests by metallographic polishing with SiC paper
(up to grit 1200). The LBE alloy was pre-melted under
vacuum (P = 107! Pa) at T'= 723 K. The steel samples
were immersed about 2/3 of their length. The tests were
carried out both under pure Argon (AirLiquide-N60)
and an Ar-5%H, mixture, introduced in the vacuum
chamber via a metal leak valve. The gas flow in both
cases was kept at a rate of 1072 Pas™". A solid-state elec-
trode (MicroPOAS-SETNAG®) with a built-in Pd-PdO
internal reference monitored the oxygen partial pressure
inside the working chamber. Under the pure Ar atmos-
phere, the oxygen partial pressure Po, = 6 X 1073 Pa at
T =823 K was measured, providing the conditions of
a complete saturation of the system (Co > 1077 wt%)
[13]; while, under the Ar-5%H, mixture, a Po,=
3.2x 1072% Pa at T = 823 K was measured, correspond-
ing to an oxygen concentration in the melt Co=
3.9x 10~° wt%. Referring to the Ellingham diagram as
reported in [14], in these last conditions the oxygen par-
tial pressure measured was lower than that required for
the magnetite formation: this condition should provide a
deoxidised steel surface.

The metallographic examination of the samples ex-
tracted from the melt were accomplished by optical
microscopy, SEM, EDS and XRD.

3. Results and discussion

At the end of the experiments performed under the
saturation conditions, the surface of the T91 specimens
were covered by an oxide layer homogeneously distrib-
uted with thickness ranging between 7 and 12 um after
550 and 1000 h, respectively. The oxide scale had a frac-
tured structure and was formed by two zones composed

of iron and oxygen with a different chromium content:
12 at.% in the inner part and about 9 at.% in the outer
one. By the EDS and XRD analyses, an oxygen diffusion
zone about 4 um thick with spinel formation along grain
boundaries was also detected (Fig. 1). No dissolution of
any T91 components into the melt was found. These re-
sults are in agreement with those obtained by long-time
tests (up 3000 h) performed under flowing or stagnant
conditions at a lower temperature as reported in Ref.
[15,16]. These authors reported comparable results on
martensitic steels: the presence of an outer layer consists
of magnetite (Fe;O4) with an inner layer being a mixed
spinel oxide (Fe,Cr);04.

Under the same conditions, AISI 316L specimens
developed partly a two-phase oxide scale (thickness
about of 7-8 pum after both the two exposure times),
consisting of a magnetite and a spinel zone underneath.
The relative contents of iron, chromium, nickel and
oxygen lead to consider the internal layer as a
Fe(Fe,_,,Cr,),04 spinel plus nickel. In a few areas of
the samples a double oxide layer was also found com-
posed by magnetite containing lead in the external part
while the inner part consisted of spinel. In fact, the
EDS analysis showed the presence of lead in the magnet-
ite layer (Fig. 2), with a concentration decreasing from 6
at.% in the external part to 3 at.% in the internal one. In
addition, Ni enrichment at the matrix/oxide interface
was detected. As in the case of the T91 samples, the re-
sults obtained are comparable to those performed under
flowing or stagnant conditions at a lower temperature
and for longer time (up to 5000 h) as reported in Ref.
[4,17]. These results show that under saturation condi-
tions, both the austenitic and the martensitic steels pro-
duce stable protective oxide layers, which prevent the
liquid metal attack.

Under reducing atmosphere conditions (Ar—5%H,)
the corrosion behaviour of both steels, maintained in
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Fig. 1. SEM micrograph of T91 steel after immersion in LBE at
T =823 K for 1000 h under an Ar atmosphere.
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Fig. 2. AISI 316L steel after treatment with LBE at 7= 823 K
for 550 h under an Ar atmosphere: (a) SEM micrograph of the
cross-section; (b) EDS concentration profiles.

the molten alloy for 550 and 2000 h changed completely.
After 550 h the T91 steel surface exhibited a limited
intergranular attack, while at longer time (2000 h) the
penetration of lead and bismuth into the matrix was
more evident (Fig. 3). The penetration increases with
increasing of exposure time: up to 30 pum after 2000 h.
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Fig. 3. SEM micrograph of T91 steel after treatment with LBE
at 7=3823 K for 2000 h under an Ar-5%H, atmosphere.

However the corrosion did not occur uniformly: despite
the low oxygen content in the surrounding atmosphere,
some portions of the T91 specimen were covered by a
thin layer of oxide (<10 um) composed mainly by mag-
netite in the outer part and by Fe—Cr spinel in the inner
part. No penetration occurred where the oxide layer was
present, confirming the protection efficiency of a surface
oxide layer even if very thin.

On the AISI 316L samples, the liquid metal attack
after 550 h was found not uniformly distributed on the
entire surface of the specimen, while after 2000 h the en-
tire surface of the specimen was attacked (Fig. 4). The
LBE penetration was deeper than that observed on the
T91 samples and increased with the increasing of
the exposure time reaching a depth of about 60 um after
2000 h. At variance with T91, no oxide layers on the sur-
face were detected, but the EDS-analysis showed the
presence of oxygen in the LBE. The whole penetration
zone resulted in depleted Ni and Cr (Ni<1 at.%,
Cr <10 at.%).

As already mentioned, the choice of a reducing
atmosphere would have assured a solid/liquid interface
free of oxygen. That partially happened during the
experiments under the Ar—5%H, atmosphere: the sur-
face of the austenitic steel was completely free of oxygen
while the formation of a thin oxide layer was sporadi-
cally observed on the T91 surface. Moreover, as detected
by the EDS analysis, where the penetration occurred,
the LBE in the matrix was oxidised. The presence of
oxygen in the molten alloy lead to suppose that the
penetration occurs by erosion of the GBs (‘reactive pen-
etration’). In this case, the particular ‘interconnected-
network’ aspect of the penetration zone could be
explained by the oxygen-driven corrosion mechanism
which bring the oxidised LBE to follow some preferen-
tial way inside the matrix due to the different energetic
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Fig. 4. SEM micrograph of AISI 316 steel after treatment with
LBE at 7= 823 K for 2000 h under an Ar-5%H, atmosphere
(element concentrations in at.%).
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state of the different boundary interfaces between the so-
lid grains and the liquid alloy. However, the simpler
explanation of a corrosion mechanism due to the disso-
lution of the steel elements in the liquid metal have not
to be excluded.

4. Conclusions

The behaviour of the T91 martensitic steel and the
AISI 316L austenitic steel in contact with LBE alloy
has been analysed at 823 K and at two different oxygens.
High purity Ar and an Ar—5%H, mixture were used as
working atmospheres in order to attain two opposite
limiting conditions for the LBE: the complete oxygen
saturation and very low oxygen content.

Under oxygen saturation conditions the protection
efficiency of the oxide layer formed on the surface of
both steels has been confirmed. Although the oxides
scale of the AISI 316L samples was thinner than that
grown on the T91 steel, it seems sufficient to prevent
preferential dissolution of the steel elements in the melt.

On the other hand, under reducing atmosphere, the
intergranular attack of both steels was observed, accom-
panied by liquid metal penetration. The thickness of
penetration increased with the exposure time. A compe-
tition between corrosion and oxidation has been evi-
denced on the surface of the T91 samples, while a
larger and uniform attack on the whole specimen has
been observed on the AISI 316L surface. The presence
of oxygen in the LBE penetrated along the grain bound-
aries associated to Ni and Cr depletion could be thought
as the progressive step of a reactive LBE attack begin-
ning with the erosion of the steel microstructure.

The results herein reported indicate that the two
steels investigated are resistant in Pb—Bi when the oxy-
gen content in the system is such as to assure the forma-
tion of a passive oxide layer on the surface. However this
is valid at the testing temperature and times used in this
work: 7= 823 K, ¢ < 1000 h. Further investigations in a
wider temperature range will be reported [18] to confirm
the physico-chemical conditions for both the stable
oxide formation and the corrosion phenomena.
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