
PROCEEDINGS OF THE IV INTERNATIONAL CONFERENCE/HIGH TEMPERATURE CAPILLARITY

J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 2465 – 2470

Corrosion behaviour of steels and refractory
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The corrosion behaviours of AISI 316L and T91 steels, and several refractory metals as W,
Mo and Ta, were investigated in flowing lead-bismuth eutectic (LBE) at 400◦C. The tests
were performed in the LECOR (Lead Corrosion) loop, at low oxygen activity in LBE. The
results obtained show that all materials exhibited a weight loss after exposure to the
flowing LBE, except for the case of tantalum, which exhibits a weight gain. The resistance
to corrosion offered by refractory metals has been found higher in comparison to the case
of both steels. Moreover, the austenitic steel behaved more resistance to corrosion induced
by LBE than the martensitic steel, under the test condition adopted.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The lead-bismuth eutectic (LBE) is foreseen as spal-
lation target and coolant in ADS system, due to its
favourable physical, chemical, thermodynamic and
neutron properties. The compatibility of materials with
the liquid metal became one of the important issues in
ADS when them are in contact with LBE. In this frame,
studies on the behaviour of several selected materials
exposed to flowing LBE under definite oxygen con-
centration have been carried out at Brasimone ENEA
centre.

The aim of the experimental activities performed
with the LECOR loop was to describe corrosion mech-
anism and to estimate corrosion rates of AISI 316L
austenitic steel, T91 martensitic steel, W, Mo and Ta
exposed to flowing Pb-Bi with low oxygen activity.

The martensitic T91 steel is a readily available indus-
trial material (stabilized with vanadium and niobium
additions), which was qualified as steam generator ma-
terial for non-nuclear and nuclear power plants. The
modified 9Cr-1Mo steel T91 has higher strength, low
thermal stress and lower ductile-brittle transition tem-
perature (DBTT) shift after irradiation. Another mate-
rial of interest is the austenitic steel AISI 316L, that
have a superior weldability. The refractory metals are
considered as reference materials too, in the hot win-
dow target concept.

This paper is focused on the corrosion properties of
these materials after exposure in flowing LBE with low
oxygen concentration. Corrosion tests were performed

∗Author to whom all correspondence should be addressed.

in the LECOR loop under continuous controlling of the
oxygen concentration in LBE.

2. Experimental
The corrosion tests were performed in the LECOR loop.
As shown in Fig. 1, the plant has a “figure-of-eight”
configuration, typical for a corrosion loop, with a high
temperature section running from the economiser (EX)
to the test sections (TS) and a low temperature section
including the delivery and return pipes between the S2
tank and the economiser, including the by-pass line. The
S2 vessel contains a mechanical pump, with submerged
impeller, sized to provide the loop with a maximum
liquid metal flow-rate of 4 m3/h.

The three test sections TS1/2/3, containing the spec-
imens to be investigated are placed downstream of the
electrical heater (H ). In the steady state, the thermal
power provided by the heater is equal to the power ex-
tracted by the forced air heat exchanger (C). This con-
figuration enables a continuous transport of corrosion
products from the hot region, where the test sections are
located, to the cold region where they are partially re-
leased, simulating the actual behaviour of coolant fluid
in a thermal production plant. The structural materials
of the loop are as follows: the cold part is fabricated in
austenitic steel, while the hot region is in ferritic steel
representing a good compromise between the require-
ments of acceptable ductility and corrosion resistance
in a liquid metal environment.
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Figure 1 The LECOR loop.

During normal plant operations the total liquid
metal flow-rate available to the test sections is ad-
justed through the by-pass line, while the liquid metal
flow-rate in each test section is automatically con-
trolled by electro-pneumatic regulation valves using
feedback signals from electromagnetic flow-meters
(EF).

Two kinds of stainless steel were investigated in this
wotk, one is austenitic steel AISI 316L, the other is
martensitic steel T91.The chemical compositions of the
materials, which were given by the supplier, are sum-
marized in Table I.

The as-received steels were machined to cylindrical
specimens with 10 mm diameter and 50 mm length.
Before placing the specimens into the test sections of
the loops, they were degreased and weighed. The di-
mensions of each specimen were measured. There was
no additional heat treatment to the specimens after ma-
chining. The specimens were fitted together in the test
section by fixing their ends with pins. The test section
temperatures of both loops were 400◦C, and the cold
branch temperatures of the loops were 300◦C. The oxy-
gen concentration in LBE were maintained in the range
of 10−8–10−10 wt% and monitored with electrochem-
ical probe. The total duration of the tests was 4500 h.
Some specimens were removed for analysis after 1500 h
of exposure time.

After corrosion tests, one specimens of each
material was immersed in a fresh solution

TABLE I The chemical compositions of the stainless steels (wt.%,
balance Fe)

Element Cr Ni Mo Mn V Nb Si C

AISI 316L 17.3 12.1 2.31 1.8 – – 0.35 0.02
T91 8.26 0.13 0.95 0.38 0.20 0.075 0.43 0.105

(CH3COOH:H2O2:C2H5OH = 1:1:1) at room temper-
ature to remove the adherent LBE. Specimens were
then cleaned and dried for visual examination and
weight measurement. Specimens without cleaning
were cut and polished for cross section examination
by optical microscopy (OM) and scanning electron
microscopy (SEM). Energy dispersion X-ray spec-
troscopy (EDX) was used to analyse the chemical
composition of the adherent corrosion products and
bulk materials.

3. Results
3.1. Steels
Fig. 2 shows the weight changes over time for all steel
coupons that were tested in the LECOR loop. Both
austenitic stainless steel AISI 316L and martensitic
steel T91 exhibited weight loss after they were exposed
in LBE with low oxygen concentration. With increasing
test time, the weight loss of specimens increased sig-
nificantly. The value of weight loss for T91 after 4500 h
was 0.184 mg/mm2, while the value for AISI 316L was
0.155 mg/mm2.

Optical microscopy analysis on the cross section of
both steels showed that they suffered a very limited
attack after 1500 h of exposure. With increasing expo-
sure time, the specimens were corroded evidently (see
Fig. 3).

In order to reveal the microstructure of the corroded
layer, the specimens were etched with a solution of ox-
alic acid. Fig. 4 is the SEM micrograph of an AISI 316L
specimen after exposed in flowing LBE. As shown in
this figure, a corroded layer was detected already af-
ter 1500 h. The EDX point analysis performed on this
layer, but on a not etched part, revealed that the de-
pletion of Ni and Cr had occurred in this layer (see
Fig. 4b). This means that the austenitic steel AISI
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Figure 2 Specific weight change of steels after exposure in LECOR loop.

Figure 3 Optical micrograph of austenitic steel exposed in LECOR loop
after 4500 h (C[O2] = 10−8–10−10 wt%, T = 400◦C).

316L was corroded by dissolution of the alloying el-
ements to the liquid metal and formed a ferritic layer.
This is consistent with the result of weight loss of the
specimens.

Concerning the martensitic steel T91, an uniform at-
tack on the surface of the specimen after 4500 h of
exposure (see Fig. 5) was detected. The SEM results
showed the liquid metal penetrated into the matrix of
steel (see Fig. 6).

The corrosion rates of steels have been estimated
with the measurement of weight variation (�m) assum-

Figure 4 SEM cross-section (a) and EDX spectrum (KeV versus relative counts) of austenitic steel in LECOR loop (C[O2] = 10−8–10−10 wt%,
T = 400◦C, t = 1500 h).

Figure 5 Optical micrograph of T91 exposed in LECOR loop after
4500 h (C[O2] = 10−8–10−10 wt%, T = 400◦C).

ing a linear evolution of the weight loss. After 4500 h
of exposure, the calculated corrosion rate of austenitic
steel AISI 316L is: Vcorrosion = 6.8 mg · dm−2 · d−1;
while the corrosion rate of martensitic steel T91 is:
Vcorrosion = 10.2 mg · dm−2 · d−1.

3.2. Refractory metals
Visual examination of all refractory specimens
(Mo, W and Ta) did not show evident attacks
by LBE. The weight change measurements on the
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Figure 6 SEM cross-section of T91 after exposure in LECOR loop
(C[O2] = 10−8–10−10 wt%, T = 400◦C, t = 4500 h).

specimens corroded at different time were reported in
Table II.

In Fig. 7 the OM-micrographs of the corroded re-
fractory metals are reported and it is evident that these

Figure 7 Metallurgical micrographs of refractory metals (LECOR, T = 673 K).

metals still exhibit a smooth surface, even after 4500 h
of exposition. For pure W and Mo, the weight loss could
be associated with the uniform dissolution, and this can
be explained by the low solubility of W and Mo in LBE
at 673 K.

Ta exhibited a different behaviour in comparison to
the previous materials, showing a weight gain.

4. Discussion
4.1. Steels
At the fixed low oxygen concentration (C[O2] = 10−8–
10−10 wt%) both steels exhibited the dissolution of al-
loying elements, and a weight loss was measured. For
austenitic steel AISI 316L, Ni depletion has been de-
tected, with the formation of a ferrite layer in the cor-
rosion area. This seems due to the high solubility of Ni
in LBE (the solubility of Ni in LBE at 400◦C is about
16000 wppm [2]). For martensitic steel T91 a uniform

2468



PROCEEDINGS OF THE IV INTERNATIONAL CONFERENCE/HIGH TEMPERATURE CAPILLARITY

TABL E I I Weight variation of refractory metals exposed in LECOR

Metal W Mo Ta

Test time (h) 1500 4500 1500 4500 1500 3000
Weight loss (mg/mm2) 1.36 × 10−3 1.54 × 10−3 1.08 × 10−3 4.5 × 10−3 0.80 × 10−3∗ −1.37 × 10−3∗

∗Minus sign means weight gain.

attack by LBE was observed, and the liquid metal pene-
tration appears on the interface between steel and liquid
metal. However, no preferential dissolution of alloying
elements was detected in the attack area. Comparing
the corrosion rates of AISI 316L and T91, the corro-
sion rate found for the martensitic steel is higher than
that for austenitic steel. As previously referred, the op-
tical analysis on the corroded specimen showed a very
limited attack after 1500 h for both steels. The corro-
sion became well clear for T 91 after 4500 h while for
the austenitic steel at the same time is possible to dis-
tinguish some not attacked regions on the specimens
surface (see Fig. 2). For T 91 the corrosion proceeds
uniformly on the whole surface of the specimens, as
shown in Fig. 5. This behaviour could be explained as-
suming that a thin layer of natural oxides is present on
the specimens when they are inserted in the test section,
and it works as barrier against the liquid metal attack.
Before that the corrosion can take place, this layer has
to be destroyed. Under the test condition adopted in the
LECOR loop, the natural oxides film on the martensitic
steel is more easily removed by the LBE than the ones
on the austenitic steel. This could be the reason for the
higher corrosion rate obtained for the martensitic steel
and could also explain the increase in the corrosion rate
observed with increasing the time of exposure.

Figure 8 Comparison of the oxidation potential of W, Mo, Ta and Fe with the mean oxidation potential in the LECOR loop.

4.2. Refractory metals
Also in the case of refractory metals W and Mo, the
corrosion mechanism is governed by dissolution. How-
ever, the low solubility of pure elements in the LBE un-
der the test conditions results in a very good resistance
to the liquid metal. Then, the weight loss of refrac-
tory metals is two orders of magnitude smaller than
that of steels. Concerning Ta, the weight gain found
on the specimens can be explained by the formation
of a very thin oxide layer on the surface, even if it
has not been detectable with the analytical techniques
used. This assumption can be reported considering the
free energy of formation of the oxides. As shown in
Fig. 8, the oxygen potential needed to form Ta ox-
ide is much lower than for the other refractory met-
als and for Fe; the experimental conditions could be
consistent to this assumption. Indeed, estimating the
thickness of the oxide film as an ideal cylindrical shell
uniformly growth around the specimen, the result of
less than 1 micron is obtained. This value is close to
the sensitivity limit of the performed microanalysis,
that could be the reason because of the film has not
been detected. Then, concerning the morphology of
the Ta oxide, more detailed analysis will be necessary
to clarify the nature as well as the dimension of this
oxide.
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5. Conclusion
The main conclusions are summarized as follows:

Under the experimental conditions both austenitic
and martensitic steels exhibited weight loss, and the
corrosion was due to the dissolution of alloying
elements.

The austenitic steel AISI 316L was affected by pref-
erential dissolution of Ni and Cr in the LBE, and the
growth of a ferritic layer on the surface has been de-
tected. Under the same condition the martensitic steel
T91 was affected by uniform corrosion, and no prefer-
ential dissolution has been noted.

The higher corrosion rate found for the martensitic
steel in comparison to the austenitic steel, could be
explained by the presence of a thin natural oxide layer
on the surface of the specimens. Under the test con-
ditions adopted this layer is more resistant to the LBE
attack in the case of the austenitic steel, so the corrosion
proceeds slowly in the case of AISI 316L.

All the refractory materials tested exhibited a weight
loss after 1500 h and 4500 h exposure in LECOR except
Ta. The weight loss of refractory metals is by two orders
of magnitude smaller than that of steels.

The assumption of the growth of a thin oxide layer
on the Ta specimens could explain the weight gain
found, and is consistent with the experimental condition
adopted.
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