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d Université de Lillel, UMR CNRS 8517, 59655 Villeneuve d’Ascq cedex, France

e SCK/CEN, Boeretang 200, 2400 Mol, Belgium
Abstract

The lifetime of the beam window of the T91 liquid Pb–Bi container in the MEGAPIE target is discussed based on the
present knowledge of lead bismuth eutectic (LBE) corrosion, embrittlement and radiation effects in relevant conditions. In
the MEGAPIE target, since the high hydrogen production will likely reduce the oxygen content to a low level, LBE cor-
rosion may reduce the wall thickness up to 2%. In addition, the corrosion induced grain boundary dissolution will promote
LBE embrittlement on the T91 steel in the beam window. The DBTT data and fracture toughness values of T91 specimens
tested in contact with LBE suggest a lower bound of the lifetime of the T91 beam window to be limited to a dose of 6 dpa,
corresponding to 2.4 Ah proton charge to be received by the target in about 20 weeks in the normal operation condition.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

In the MEGAPIE (Megawatt pilot target experi-
ment) target to be operated in the Swiss spallation
neutron source (SINQ) [1], the main structural
materials are austenitic steel 316L (SS 316L), mar-
tensitic steel T91 and aluminum alloy AlMg3. SS
316L is used for all the components inside the lower
liquid metal container (LLMC) such as the main
flow guide tube, the by-pass flow tube, the fill and
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drawn tube and the central rod. The T91 steel is
selected for the most critical component, the
LLMC. The AlMg3 alloy is used for the lower target
enclosure (LTE), the safety-container as in a normal
solid target operated in SINQ. The behaviors of
these structural materials under irradiation are
essential for the safe operation of the MEGAPIE
target [2].

In the scientific R&D support program, Task X7
is assigned for studying solid–liquid interface related
issues, and Task X10 is for investigating the radia-
tion effects on structural materials. In Tasks X7
and X10 activities, the main efforts have been con-
centrated on the T91 steel because the LLMC will
be subjected to intensive proton and neutron irradi-
.
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Fig. 1. The proton beam density profile at the SINQ target at
1 mA beam current delivered from the accelerator [9]. Upper: the
beam density distribution along X-axis. Middle: the beam density
distribution along Y-axis. Lower: the projection of the beam size
and density on X–Y plan.
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ation, liquid Pb–Bi eutectic (LBE) corrosion and
embrittlement and non-negligible thermo-mechani-
cal loads. The degradation of the mechanical proper-
ties of the T91 steel in the proton beam entrance area
(beam window) has been considered as one of target
lifetime limiting factors [3,4].

Compared to the T91 steel in the beam window,
the SS 316L in the tubes will receive substantially
less radiation damage although the LBE interaction
effects and thermo-mechanical loads can be similar.
The components made of SS 316L are considered as
less critical [2]. As for the AlMg3 alloy of the safety-
container, both the existing experience from the
operation of SINQ solid targets and preliminary
studies on the radiation and water corrosion effects
[5,6] indicate that this material should be reliable
under the normal operating conditions of the
MEGAPIE target.

For the safety and reliability studies of the
MEGAPIE target, it is necessary to assess the life-
time of the LLMC beam window [3,4]. For this
assessment it is difficult to adopt the usual design
rules such as the ASME code Section 3 (for Nuclear
Power Plant components, Division I, Boiler and
Vessel code, 1986) because of the thin wall structure
of the LLMC beam window. Therefore, it is neces-
sary to use other approaches that will be discussed
in detail in this paper.

2. Operating conditions of the LLMC beam

window

2.1. Radiation damage and He production

The irradiation dose and He production in the
structural materials of the MEGAPIE target has
been calculated with different codes such as the
FLUKA code [7] and the MCNPX code [8]. The
calculations have been performed using a practical
proton beam profile as shown in Fig. 1, which was
deduced from measurements [9]. It can be seen from
Fig. 1 that the peak current density is about 21 lA/
cm2 at 1 mA beam current delivered from the accel-
erator. Currently the accelerator delivers about
1.8 mA. Therefore, the peak current density at the
SINQ target is about 37 lA/cm2. Due to a 4 cm
thick graphite target (Target-E) located in the beam
line between the accelerator and the SINQ target,
the proton beam current of accelerator is reduced
by 30% when it is transported to the SINQ target.
Meanwhile, the energy of protons decreases from
590 MeV to about 570 MeV.
Fig. 2 shows the distributions of the radiation
damage and helium production along the short
beam axis at the beam window of the LLMC and
the AlMg3 safety-container after the target receiving
6 Ah proton charge, which was calculated with the
FLUKA code. For the T91 beam window, the max-
imum dose of 15.6 dpa is slightly higher while the
maximum He concentration of 1300 appm is lower
than those calculated with the MCNPX code,
14.5 dpa and 1560 appm, respectively. It has been



Fig. 2. Radiation damage and helium production distributions along the X-axis at the beam window of the T91 container and the AlMg3

safety-hull after receiving 6 Ah proton charge. Calculation was done using the FLUKA code [7].
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noted that the peak He concentration calculated
with the updated production cross-sections mea-
sured from STIP samples is about 1600 appm.

2.2. Temperature distribution at the normal

operating conditions

The temperature distribution at the beam win-
dow of the T91 container depends on several
parameters such as the temperature of the inlet
LBE flow, the proton beam intensity profile, the
total beam current, and the main and by-pass
LBE flow. The calculation has been performed with
the CFX-4.4 code in conditions of: 235 �C annulus
inlet and 247 �C by-pass inlet temperatures,
37.5 kg/s main flow rate and 2.5 kg/s by-pass flow
rate [10]. Fig. 3 shows the temperature distributions
Fig. 3. Temperature distributions of the outer surface (left) and inner s
parallel to the major axis of the beam [10].
of the outer surface (left) and the inner surface
(right) of the beam window. At a proton beam cur-
rent of 1.4 mA, (because of the 30% reduction from
the graphite target), the maximum temperature in
the beam window is about 375 �C at the outer sur-
face and about 354 �C at the inner surface. There-
fore the temperature gradient through the wall is
about 21 �C. The by-pass flow brings the position
of the peak temperature about 1.3 cm away from
the beam center or the geometry centre of the
window, as shown in Fig. 3.

2.3. Mechanical load at the beam window

of the T91 container

The thermal mechanical load distribution in the
beam window area has been calculated with the
urface (right) of the beam window in the case of the by-pass flow
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Fig. 4. The variation of the maximum principal stress at the
beam window in the first minute after shut off the beam.
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Fig. 5. Engineering tensile stress–strain curves of T91 specimens
irradiated in SINQ Target-3 and tested at 22, 250 and 350 �C [14].
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ABAQUS code [11]. The calculation indicates that
the maximum Von Mises stress is generally below
50 MPa. In a ‘beam-trip’ transient case, the stress
drops firstly to about 20 MPa, and then returns to
almost the same initial stress level when the temper-
ature is raised up to operating level by the central
heating rod. Fig. 4 shows the stress variation in
the first minute after the beam shut off.

3. Irradiation effects in relevant conditions

The temperature at the beam window will range
from the temperature of the inlet LBE flow,
230 �C to the maximum 375 �C as shown in
Fig. 3. In this temperature range, the main effect
induced by the proton and neutron irradiation in
the T91 steel will be hardening and embrittlement,
which is the typical behavior of ferritic/martensitic
(FM) steels irradiated in low temperature regime
(60.35 Tm, Tm is the absolute melting point temper-
ature) [12]. In this section, the data of the T91 steel
and some other FM steels obtained from the SINQ
Target Irradiation Program (STIP) [13] in the rele-
vant irradiation or test temperature range will be
presented.

3.1. Tensile properties

Tensile tests are commonly used for determining
the status of materials after irradiation. Fig. 5 pre-
sents the tensile test curves of the T91 steel irradi-
ated in STIP-I up to 9.8 dpa/815 appm He at
temperatures up to about 300 �C and tested at 22,
250 and 350 �C [14]. One can see that the yield stress
increases with irradiation dose. Meanwhile, the uni-
form elongation drops to less than 1% even in the
cases where the testing temperatures are slightly
higher than the irradiation temperatures. Recently
some HT-9 and EP 823 specimens irradiated in
STIP-II to 19 dpa at 340 ± 45 �C were tested by
Maloy et al. [15] at 25, 250 and 400 �C. The results
reduction of uniform elongation to less than 1%
when tested at 250 �C and 25 �C but some retention
of ductility when tested at 400 �C. Furthermore, fis-
sion-neutron and ion irradiations normally demon-
strate the same kind of results, for example the T91
steels irradiated in the HFIR in the USA [16]
and with a-particles in Forschungszentrum Jülich,
Germany [17].

The tensile results indicate that the T91 steel still
has considerable ductility at about 9 dpa in terms of
total elongation of P6%, although the irradiation
induced significant hardening and embrittlement.
It has to be noted as well that the tensile curves were
obtained from small specimens which generally give
smaller total elongation values as compared to spec-
imens with sizes defined in the ASTM standards.

3.2. Shift of the ductile-to-brittle transition

temperature

One of the main concerns as regards the safe
operation of the target is the risk of sudden brittle
failure of the window. Therefore, it is necessary to
evaluate the change of the ductile-to-brittle transi-
tion temperature (DBTT) of the T91 steel during
irradiation. This can be assessed by impact Charpy
tests, which is the standard method to determine
DBTT of FM steels.

Fig. 6 presents the curves of absorbed energy as a
function of testing temperature for T91 steel samples
in conditions of unirradiated and irradiated to 4.6
and 6.8 dpa [18]. The figure demonstrates that the



Fig. 8. Photographs show the fracture surfaces of the specimens
after testing at different temperatures.
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DBTT of the T91 steel in as-received condition is
about �54 �C. After irradiation to 4.6 and 6.8 dpa,
the DBTT increases to 54 and 165 �C, respectively.
Meanwhile the upper shelf energy (USE) decreases
after irradiation. However, the DBTT and the USE
of a FM steel depends strongly on its chemical com-
position, manufacturing processing and heat treat-
ments. In another case, the T91 steel was 30% cold
worked after the standard heat treatment and then
re-tempered. The notch of the specimens was in the
T–L orientation. The specimens were irradiated in
STIP-II to 6.3 dpa/300 appm He at �118 �C and
12.8 dpa/785 appm He at �210 �C. As shown in
Fig. 7, the DBTT in the unirradiated condition is
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Fig. 7. Testing temperature dependence of the absorbed energy
and lateral expansion of T91 Charpy impact specimens (in T–L
orientation) irradiated in STIP-II.
about�20 �C and the USE is about 6 J. After irradi-
ation, the DBTT increases tremendously. The speci-
mens of 6.3 dpa/300 appm He fractured in a brittle
manner at 6250 �C, while the others of 12.8 dpa/
785 appm He fractured in a brittle manner at all four
temperatures between 250 and 400 �C, as can be seen
from the photos in Fig. 8.

Fig. 9 presents all the data of DDBTT (shift of
DBTT) after irradiation obtained from both
Charpy and SP tests on different FM steels irradi-
ated in STIP-I and STIP-II. These plots compile
data for different F/M steels generally in the stan-
dard heat treatment, but it should be noted that
the initial heat treatment can strongly affect the
DDBTT. T91 in the standard heat treatment exhib-
its a DDBTT of 300 �C at 9.5 dpa and 800 appm He
but when the material is 30% cold worked and re-
tempered a DDBTT of 300 �C is observed after only
6.5 dpa and 360 appm He.

3.3. Fracture toughness

The fracture toughness of materials reflects its
resistance to crack extension. It is known that the
fracture toughness of FM steels decreases after neu-
tron irradiation [12] and even faster under high
energy proton irradiation [19]. The change in the
fracture toughness of the T91 steel and another
two 8-9Cr steels (F82H and Optimax) irradiated in
STIP-I up to 9.3 dpa/530 appm He at temperatures
up to 250 �C has been evaluated [20]. Except one
tested at room temperature, the other T91 speci-
mens were tested at 250 �C because it is in the
temperature range of the MEGAPIE beam window.
The F82H and Optimax specimens were tested at
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the irradiation temperatures between 100 and
250 �C.

Fig. 10 shows the measured fracture toughness
data of the three steels before and after irradiation.
In the present irradiation temperature range (100–
250 �C) the fracture toughness of the martensitic
steels decreases with irradiation dose. At room
temperature, after irradiation to 4.3 dpa at about
100 �C, a T91 specimen broke in the elastic deforma-
tion regime and gave a fracture toughness value of
about 30 MPa

p
m, within the lower-shelf region.

Except for this specimen, all other specimens pre-
sented fracture toughness values above 100 MPa

p
m.

4. LBE corrosion and embrittlement effects

in relevant conditions

Recent experiments demonstrated that, in the
normal operating conditions of the MEGAPIE
target the T91 beam window will be slightly corroded
by LBE but could be seriously affected by LBE
embrittlement. So far, most of the results obtained
are from tests performed in flowing or static LBE
without irradiation. Only few tests have been
performed on irradiated materials or in in-beam
condition.

4.1. LBE corrosion effects

In addition to such parameters as temperature,
liquid metal flow rate and temperature gradient in
the system, the oxygen concentration in LBE can
also greatly affect the corrosion rate and corrosion
mechanisms.

The mechanisms of LBE corrosion of FM steels
can be divided into two oxygen regimes: (1) dissolu-
tion at low oxygen content in Pb–Bi (<�10�8 wt%),
and (2) oxidation at high oxygen content in Pb–Bi
(>�10�6 wt%). The oxygen saturation concentra-
tion at 300 �C is about �10�6 wt%. The oxygen con-
tent in the MEGAPIE target should be such that it
saturates at the LBE filling temperature, 250 �C.
This oxygen concentration will be slowly reduced
by the hydrogen production after irradiation starts
resulting in a low oxygen content condition.

Corrosion tests performed in LBE are normally
at P400 �C, because at these temperatures the
corrosion rate of steels is high enough to allow rel-
atively precise measurements, and meanwhile, the
oxygen content in LBE can be monitored or mea-
sured by oxygen meters developed so far.

Few experiments have been carried out at 400 �C
in LBE with low oxygen concentrations. In the
LECOR loop, tests on T91 and SS 316L steels have
been run up to 4500 h [21]. During the tests, the test
section temperature was 400 �C and the temperature
at the cold branch was 300 �C. Low oxygen concen-
tration of 10�8–10�10 wt% in LBE was achieved by
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adding 80 wppm of magnesium. The flow velocity in
the test sections was 1 m s�1. The results of these
tests show that both SS 316L austenitic stainless
steel and T91martensitic steel exhibited weight
losses after exposure in LBE. The value of weight
loss after 1500 h and 4500 h for T91 were
0.027 mg/mm2 and 0.184 mg/mm2, while for SS
316L they where 0.022 mg/mm2 and 0.155 mg/
mm2, as indicated in Fig. 11 [21]. The difference
between the values after the two exposure times is
believed to be due to the presence of a thin native
oxide film on the surface of the specimens. The
native oxide film can significantly protect from cor-
rosion at the beginning period. Once the thin native
oxide film is destroyed, linear corrosion kinetics
may start and continue. From the figure one can
see that the ‘incubation’ period is a few hundred
hours in this experimental condition.

The corrosion rates calculated from the weight
loss values between 1500 and 4500 h are 58 lm/yr
for the T91 steel and 49 lm/yr for the SS 316L steel.
Similar results were obtained from other tests in
similar conditions [22].

Observations on the samples tested in the
LECOR loop showed that a uniform attack and
Fig. 11. Specific weight change of steels after exposure in the
LECOR loop [21].

Fig. 12. SEM micrographs showing the surfaces of T91 specimens afte
about 5 lm deep intergranular and transgranular
penetrations were detected on their surfaces, as
illustrated in Fig. 12.

In LBE with a high oxygen content, oxide layers
will form on the surfaces of steels, which will effi-
ciently protect the steels against the mass transfer
and intergranular attack induced by corrosion.

In the LiSoR (liquid–solid reaction under irradi-
ation) experiments, T91 specimens were irradiated
with 72 MeV protons in a LBE loop [24]. The tem-
perature of the LBE was controlled at 300 �C and
the oxygen concentration was saturated at this tem-
perature. During irradiation the temperature in the
irradiated areas of the specimens increased, which
depended on the proton beam parameters and var-
ied between 325 and 400 �C in the three experiments
LiSoR-3 to LiSoR-5. Fig. 13 presents the micro-
graphs showing the oxide layers formed on the
surfaces of specimens of LiSoR-3 and LiSoR-5 after
irradiation for 264 and 724 h at 325 and 380 �C,
respectively. The oxide layer of the LiSoR-3 speci-
men is about 350 nm thick and that of the LiSoR-
5 specimen is about 800 nm. This indicates that
the oxide layer increases with irradiation tempera-
ture and time in LiSoR experiments.

4.2. LBE embrittlement effects

The LBE embrittlement effects of FM steels have
been intensively studied recently. Mechanical tests
such as tensile, bending and fatigue tests have been
conducted on irradiated and unirradiated specimens
in LBE in a temperature range from 200 to 450 �C.

4.3. Tensile tests in LBE

Tensile tests have been performed on specimens
with different geometries, surface conditions and
irradiation environments. Cylinder specimen of
3 mm in diameter after exposure in the LECOR
r exposure in LBE for 1500 and 4500 h in the LECOR loop [23].



Fig. 13. Micrographs showing the cross-sections in the irradiation areas of (a) LiSoR-3 and (b) LiSoR-5 specimens.
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loop for 1500 and 4500 h under low oxygen content
were tested in Ar gas atmosphere at 400 �C. The
tensile stress–strain curves presented in Fig. 14 indi-
cate that the ductility in terms of total elongation
decreases with the exposure time in LBE. This
shows the LBE embrittlement effects even when
the specimens were tested in Ar gas with a remain-
ing film of LBE.

LBE embrittlement on the T91 steel was system-
atically observed at temperatures between 300 and
425 �C through slow strain rate (10�5/s) tensile tests
on flat type specimens with microcracks (induced by
EDM cutting) on the lateral surfaces of the speci-
mens. Fig. 15(a) and (b) illustrate the tests at 300
and 375 �C. But such embrittlement effect was not
observed from the specimens without microcracks
tested in the same conditions (Fig. 15(c) and (d))
[25]. The oxygen content in the LBE was about
10�6 wt%.

Similarly, slow strain rate tensile tests conducted
on smooth cylinder T91 specimens in as-received
Fig. 14. Tensile curves of T91 specimens after exposure in LBE
for 1500 and 4500 h in the LECOR loop and tested in Ar at
400 �C [23].
and irradiated to 1.7 dpa conditions at 200 �C did
not indicate any LBE embrittlement effects [26]. It
is clear that surface flaws such as corrosion induced
grain boundary attacks (Fig. 12) or microcracks on
surfaces are important for the occurrence of LBE
embrittlement.

4.4. Fatigue tests in LBE

Most components in the MEGAPIE target will
experience fatigue induced by instabilities in the pro-
ton beam (beam trips), although the stress level may
not be high. Hence, it is necessary to understand the
LBE effect on the fatigue lifetime of steels, especially
the T91 steel, in the relevant temperature range.

A lot of fatigue tests have been carried out by a
French group in Lille, France [27]. The fatigue
specimens were smooth and cylindrical with a
gauge length of 13 mm and a gauge diameter of
10 mm. The fatigue tests were performed at
300 �C in both air and LBE. The testing mode
was push–pull with Re = �1 and the strain ranges
varied from 0.4% to 2.5%. To study the possible
LBE corrosion – plasticity interactions effect, one
batch of specimens was pre-exposed in a LBE loop
at 600 �C for 613 h at an oxygen concentration less
than 10�10 wt%. And another batch of specimens
was exposed in saturated oxygen LBE at 470 �C
for 502 h. Therefore, the specimens in the first
batch had corrosion pits on the surfaces while the
ones in the second batch had oxide layers. Some
tests were performed with a holding time of
10 min at the strain amplitude. The main observa-
tions are as the following:

(1) In general, the fatigue lifetime is reduced by a
factor of two or more when testing in LBE as
compared to that in air (Fig. 16(a)).
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Fig. 15. Tensile stress–strain curves of T91 specimens with micro-surface-cracks (a) and (b) and without micro-surface-cracks (c) and (d)
at 300 and 375 �C.
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(2) In LBE, a reduction in fatigue lifetime is
observed in the tests with hold time, although
there is no difference in the tests done in air.

(3) Dissolution corrosion shows a strong effect on
the reduction of the fatigue lifetime, while the
oxide formation demonstrates clearly an effect
in annihilating the detrimental effect of LBE
on fatigue lifetime (Fig. 16(b)).

(4) There is a trend that the LBE effect becomes
less significant at smaller strain amplitudes
with continuous cycling (Fig. 16(a)).
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pre immersion in LBE at low and high oxygen concentrations on the f
In the LiSoR experiments, due to the small pro-
ton beam spot wobbled at a low frequency (1.2 or
2.5 Hz), the temperature and stresses in the irradi-
ated areas of both the test section tube and the inner
tensile-stressed specimen change in a very complex
way [28]. Fig. 17 presents the variation of the tem-
perature-increase and stresses in the irradiation area
of the inner specimen of LiSoR-5, where the proton
beam wobbled at 2.5 Hz. Both the temperature-
increase and stresses oscillates with the wobbling
proton beam. As the small irradiation area of about
.1

1

0

100 1000 104 105

As received 
Pre immersion_Low Oxygen concentration
Pre immersion_High Oxygen concentration

Number of cycles to failure

Tests in LBE at 300°C

25% drop in the quasi stabilized tensile stress occurs. (b) Effect of
atigue lifetime in LBE at 300 �C of theT91 steel [27].



Fig. 17. The time dependence of temperature-increase, stresses in longitudinal/transversal directions and shear stress at a point in the
irradiation area of the TS-specimen LiSoR-5 calculated with the ANSYS code [28].
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5.5 · 14 mm2 size located at the centre of the speci-
men of 20 · 140 mm2, the temperature-increase
induces considerable compression stresses. Conse-
quently, the 200 MPa tension stress applied
mechanically in longitude direction of the specimen
is reduced, on the other hand, in the transversal
direction the compression stress is produced. Mean-
while, a shear stress is induced at a smaller magni-
tude and there is also a stress about 70 MPa cross
the thickness of the half of the specimen. Since these
stresses are localized and below the yield stress of
the T91 steel at such temperatures, no evident defor-
mation is expected. No microcrack was observed on
the surface can be attributed to this reason.

The situations in LiSoR-3 and LiSoR-4 are less
serious due to shorter irradiation time and less beam
current as well.

In LiSoR-2 the situation was different due to using
a smaller beam size and slower wobbling. The peak
current density in the small beam spot was about
3.5 times as great as that of LiSoR-5. The tempera-
ture-increase and the stresses were much higher,
which resulted in a crack induced in the irradiation
area of the tube. The microstructure in both irradia-
tion areas of the tube and the inner specimen demon-
strated well developed dislocation cells which
indicated heavy deformation [29]. However, no
microcracks were observed in the irradiation area
of the inner specimen where the maximum tempera-
ture calculated was 600-700 �C and the stress varied
from 200 MPa to about 500 MPa. The reason for
the crack generated in the tube can be attributed to,
on one side, the high temperature and high stress,
and on the other side, the pre-existed microcracks
on the inner surface of the tube, which were produced
by EDM cutting.

4.5. Bending tests

Only few bending tests were performed in LBE
presently. The French group in Lille conducted 4-
point bending fatigue tests on T91 specimen in



318 Y. Dai et al. / Journal of Nuclear Materials 356 (2006) 308–320
LBE at 300 �C [27]. The results show that crack
growth rate is much higher for the tests in LBE,
as can be seen from Fig. 18.

In another case, 3-point bending tests were per-
formed on T91 specimens irradiated to 7.1 and
9.1 dpa in LBE at 250 �C. The oxygen concentration
in the LBE was saturated. Fig. 19 presents the load–
displacement curves of the specimens tested in both
Ar [20] and LBE. As illustrated in the figure, LBE
embrittlement effect is clear, particularly in the case
of the 9.1 dpa specimen. For this specimen, the
crack propagated suddenly through the whole spec-
imen after three loading–unloading cycles, and
resulted in a brittle fracture. The breaking proce-
dure is believed to be such that after three
loading–unloading cycles, the crack was slightly
opened so that the LBE could enter the crack and
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Fig. 18. Fatigue crack growth curves of the T91 at 300 �C in air
and LBE (f = 5 Hz, R = Pmin/Pmax = 0.5) [27].
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Fig. 19. Load–displacement curves of irradiated T91 specim
wet the crack tip. Once the sharp crack tip was wet-
ted, the crack could propagate at a high speed. To
evaluate the fracture toughness, one may treat this
as a brittle case by taking only the fast crack prop-
agation part into account, because during the first
three loading–unloading cycles the LBE might not
yet effectively affected. In this case, the correspond-
ing fracture toughness value is about 42 MPa

p
m,

which is significantly lower than that of test in Ar,
105 MPa

p
m.

For the other specimen of 7.1 dpa, LBE also
resulted in a quicker breaking as compared to the
case in Ar. However, the LBE effects took place
after about 12 loading–unloading cycles. At this
dose the DBTT of the T91 steel is around 200 �C.
Therefore the steel should be still ductile at
250 �C. So the crack tip might be relatively easier
blunted, and consequently the LBE effect is less
pronounced.

In Fig. 19, the maximum loads of the specimen
depend on the irradiation dose and the pre-crack
length. For the specimen of the same irradiation
dose, it depends on the pre-crack length only. As
the pre-crack length is slightly different for different
specimen, it results in different maximum loads for
different specimens.

5. Discussion

The results presented in Sections 3 and 4 indicate
clearly that each of following three effects: LBE cor-
rosion, embrittlement and proton/neutron irradia-
tion, can introduce significant, even life-limiting
damage to the T91 beam window if certain require-
ments are fulfilled.

For LBE corrosion effects, the low oxygen con-
centration situation is of significant concern. The
essential issues are two: reduction in thickness and
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

100

200

300

400

500

600

700

Lo
ad

 (
N

)

Displacement (mm)

T91 7.1 dpa, Ti = 170-200 °C
Tt = 250 °C

in LBE

in Ar

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

100

200

300

400

500

600

700

Lo
ad

 (
N

)

Displacement (mm)

T91 7.1 dpa, Ti

Tt = 

in LBE

in

ens tested at 250 �C in Ar and LBE (oxygen saturate).



Y. Dai et al. / Journal of Nuclear Materials 356 (2006) 308–320 319
grain boundary selective dissolution. The corrosion
rate measured at 400 �C under low oxygen concen-
tration and about 1 m/s LBE flow velocity is less
than 100 lm/yr. It was also found that the corrosion
rate is proportional to u0.87D0.7, where u is the LBE
velocity (m/s), and D the diffusion coefficient (m2/s)
of iron in LBE, which is proportional to tempera-
ture [22]. In the MEGAPIE case, the maximum
LBE velocity at the inner surface will be about
0.6 m/s [10], while the temperature will be lower.
Therefore, the iron diffusion coefficient in MEGA-
PIE case will be smaller. Therefore, it is believed
that the maximum corrosion rate at the T91 beam
window will not be higher than that in the LECOR
loop, �60 lm/yr. For 6-month planned operation it
will be about 30 lm or less. This means that the wall
thickness (1.5 mm) may be reduced about 2%. In
fact, due to the initial oxygen content in the LBE,
the irradiation area of the beam window will be oxi-
dized in the beginning period which will delay the
dissolution process. Thus the actual thickness
reduction should be even smaller. The strength of
the T91 beam window will not be a safety issue if
the wall thickness is reduced by 2%.

Comparing to the thickness reduction, the grain
boundary penetration could be more dangerous
because it initiates microcracks on the surface,
which can promote LBE embrittlement. LBE can
induce brittle fracture in the T91 steel, particularly
in the irradiated condition. But the brittle fracture
may only take place when a critical stress level is
reached. At a low stress level (50 MPa), in the thin
beam window of MEGAPIE a brittle fracture is
unlikely to occur within a short irradiation period.
This has been demonstrated by a linear elastic frac-
ture mechanics (LEFM) analysis [4].
Fig. 20. (a) Semi-elliptical surface crack of depth a and length 2c. (b) St
of crack depth a in the window of thickness t = 1.5 mm [4].
In the LEFM analysis, the presence of a crack at
the surface of the window was assumed and the
stress intensity factor was calculated for mechanical
loads corresponding to normal operating condi-
tions. The stress intensity factor values as a function
of crack depth are plotted in Fig. 20. The results
imply that the fracture toughness of the T91 steel
of the beam window can be allowed to reduce to less
than 10 MPa

p
m when a surface crack is as deep as

half of the wall thickness (1.5 mm). From Sections 3
and 4 we know that the fracture toughness of the
T91 steel will maintain at a level much higher than
10 MPa

p
m at 9 dpa.

It is not so clear whether the LEFM analysis can
be taken as a guideline for the lifetime assessment. It
is difficult to imagine that the fracture toughness of
T91 steel could drop to few MPa

p
m. The lower-

shelf fracture toughness value of T91 and other
FM steels are normally about 40 MPa

p
m [12]. So

far it seems no such fracture toughness values below
20 MPa

p
m were obtained from 7-12Cr FM steels in

either unirradiated or irradiated conditions. Of
course, the fracture behavior of a component
depends strongly on its geometry. Generally thinner
structures can allow for lower fracture toughness.

Nevertheless, for a safe operation of the MEGA-
PIE target it is strongly recommended that the T91
steel in the beam window should work in a ductile
condition rather than in a brittle one. This means
either the DBTT should not reach the operation
temperature or the fracture toughness should not
drop below 40 MPa

p
m.

Using the DBTT judgment: Since the lowest oper-
ating temperature will be 230 �C in beam-off condi-
tion, and the DBTT of the unirradiated material is
about �50 �C, a shift of 280 �C is required to raise
ress intensity factor for a large (c� a) surface crack as a function
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the DBTT to 230 �C. Using the data of T91 speci-
mens in the normal heat treatment condition, a dose
of about 9 dpa is needed for a corresponding
increase in DBTT. It corresponds to a proton
charge of 3.5 Ah received by the target.

Using fracture toughness judgment: As the T91
specimen of 9.1 dpa tested in LBE gave a fracture
toughness value of 42 MPa

p
m, this can be taken

as the limit, which is basically the same as the other
deduced from the DBTT data.

In above discussion no safety margin was taken
into account. If one takes a 30% margin, it reduces
the dose limit to about 6 dpa, corresponding to
about 2.4 Ah. This can be considered as the lower
bound of the lifetime of the T91 beam window.

There is not meaning to give an upper bound
because: (1) the fracture toughness of the T91 steel
at the beam window is not expected to degrade to
the low value given by the LEFM analysis during
the planned irradiation period, and (2) the AlMg3

safety-container can save the SINQ facilities if the
beam window has a leakage.

6. Conclusions

In this report, the lifetime of the beam window of
the T91 liquid Pb–Bi container in the MEGAPIE
target is discussed based on the present knowledge
of LBE corrosion, embrittlement and radiation
effects in the relevant condition. It is suggested that
the lower bound of the lifetime of the T91 beam
window is considered as when the steel becomes
brittle at the lowest operation temperature, 230 �C,
and with a safety margin of 30%. Evaluated from
the DBTT data and fracture toughness values of
T91 specimens tested in LBE, it gives a dose limit
of about 6 dpa, corresponding to 2.4 Ah proton
charge to be received by the target in about 20
weeks in the normal operation condition.
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