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Reduced activation ferritic-martensitic steels are considered for application in future fusion technology
as structural materials. In the past, corrosion testing was performed at moderate temperatures of about
480 �C and showed acceptable homogeneous corrosion behavior. However, in the mean time the envis-
aged temperature limits increased to around 550 �C. Due to large uncertainties in extrapolations of the
corrosion behavior from 480 to 550 �C, long-term tests were initiated which include also the develop-
ment of modeling tools and analyzing for the first time in more detail transport and precipitation
phenomenas. The tests performed at 550 �C and flow rate of 0.22 m/s revealed a corrosion rate of about
400 lm/year with emphasis to the long term exposed samples. The high amount of dissolved compo-
nents formed precipitations at cooler loop positions which led to line blockages after short operation
of about 3000 h. A comparison with global Pb–17Li data and 480 �C testing will be shown.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In a future fusion system of the He-cooled liquid lead blanket
type (HCLL), reduced activation ferritic-martensitic steels (RAFM)
are considered as structural material, which are in direct contact
with the breeding material Pb–17Li. At moderate temperatures of
up to 480 �C various corrosion experiments in flowing Pb–17Li
were performed in the past [1–4]. All examined RAFM steels (e.g.
Manet, F82H-mod., Optifer and EUROFER 97) showed similar
corrosion behavior concerning activation energies and mechanism
[2,4]. These test series were mainly performed with respect to
determine corrosion rates and mechanisms, only, and were
neglecting other loop features like transportation phenomenas or
precipitation effects. Extrapolations of these data to the newly
envisaged 550 �C limit are problematic and exhibit large uncertain-
ties due to missing models. Thus long-term tests at 550 �C includ-
ing the development of modeling tools were initiated to build up a
consistent data base for Pb–17Li corrosion and precipitation ef-
fects. These new activities are driven by the changes in TBM
requirements and analyzing the knowledge on interacting loop ef-
fects with corrosion and safe loop operation like transportation of
corrosion products and their precipitation at cooler loop sections.

2. Corrosion testing

The corrosion testing of bare EUROFER 97 samples was per-
formed in flowing Pb–17Li with a flow velocity of 0.22 m/s in the
PICOLO-loop. The highest temperature in the loop was present in
ll rights reserved.

s).
the test section with 550 �C. The coolest sections were the electro-
magnetic pump and magnetic trap devices with roughly 350 �C.
The fresh test samples had a diameter of 8.0 mm and were
mounted concentrically in the test section with inner diameter of
16 mm. The flow velocity of 0.22 m/s is the calculated value for
the fresh ‘‘un-corroded” configuration. The longest exposed sample
was removed after nearly 12,000 h and the smallest exposure time
was 500 h. Due to the high corrosion attack at 550 �C a high
amount of precipitates was present in the loop which caused a first
plugging after about 3000 h of operation. The blockage appeared in
the mounted magnetic trap section which is installed to collect
precipitates and prevent the electromagnetic pump from damages.
Replaced fresh magnetic traps had in the following an average life
time of around 3000 to 4000 h.

3. Corrosion attack

The corrosion testing of RAFM steels performed at 480 �C in
PICOLO-loop in earlier test campaigns showed that dissolution of
e.g. Fe, Cr out of the steel matrix is the acting corrosion mechanism
which leads to a corrosion rate at 480 �C of roughly 90 lm/year at
0.22 m/s. The new tests performed at 550 �C delivered the same
corrosion mechanisms and showed also a homogeneous attack of
the surfaces at longer exposure times. In contrast to 480 �C testing
the new corrosion testing showed rather small incubation periods
below 500 h. The first sample removed in this campaign after 500 h
exhibited only some small not attack surface fractions of about 5%.
Measuring the step occurring between eroded and not attacked
areas (Fig. 1) gave first hints that the corrosion attack is dramati-
cally increased and indicated possible upper margins up to
700 lm/year. The whole testing program was running up to about
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Fig. 1. Surface section of a sample removed after 500 h from PICOLO-loop testing at
550 �C.
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12,000 h and showed always a good wetting of the surfaces and a
homogeneous corrosion attack as can be seen for example in the
micrograph shown in Fig. 2a. Compared to 480 �C (Fig. 2b) only
insignificant changes in the surface structure may be present. No
evidence was found in metallographic analyses for leaching or
Fig. 2. EUROFER 97 exposed for about 10,006 h at 550 �C (a) and for about 12,320 h at 480
Pb–17Li melt after removal.
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Fig. 3. Line scan path of a sample (SEM, C-coated) exposed 1025 h to
cracking off of complete martensitic needles in shape of particles.
Line scan analyses showed that a sharp boundary is existing be-
tween matrix and Pb–17Li melt as can be seen in Fig. 3 by the con-
centration signal for e.g. Fe which drops within the resolution
distance (�3 lm) from roughly 90% to 0%. This behavior excludes
deep grain boundary infiltration effects by Pb–17Li. The enrich-
ment of the adherent Pb–17Li scale by e.g. Fe or W corrosion prod-
ucts indicate that in surface near regions a reduced mixing is
present and diffusion controlled transport may be pronounced
near surfaces.

The material take off was measured optically in dependence of
the exposure time using the metallurgical cuts and all samples
showed a symmetrical spherical attack within the resolution limits
of about 5 lm. The determined corrosion attack during Pb–17Li
exposure is given in Fig. 4. Extrapolations done by samples re-
moved after short times (500–1500 h) deliver rather high corrosion
values of about 700 lm/year. This high rate seems to be an
overestimation of the yearly loss due to error bars in diameter
determination and short exposure times. For long exposure times
(2500–12,000 h) smaller rates were evaluated. Fig. 4 depicts the
measured values without and with corrections for flow velocity
changes. Due to diameter changes by corrosion in the test section
the flow velocity of v(t = 0) = 0.22 m/s was reduced to nearby
0.18 m/s after about 12,000 h roughly 80% of the originally selected
velocity. Thus depicted measured corrosion values in Fig. 4 are too
small and show a too optimistic behavior. At least the reduced flow
has to be considered and a correction has been performed for
�C (b) to Pb–17Li in PICOLO-loop. Both samples were cleaned from adherent excess
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Pb–17Li in PICOLO-loop and corresponding concentration profile.



Fig. 6. Precipitations in the centre of the magnetic trap.
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constant flow velocity 0.22 m/s to see more realistic corrosion val-
ues. Assuming that Sannier’s correlation [5] is valid at least for con-
stant temperature and small changes in flow velocity a correction
should be possible with high reliability. Sannier’s correlation pre-
dicts material loss (ML) in the given form of dissolution depth
per year by:

ML ¼ 8� 108 � exp½�25;690=1:98T� � v0:875 � d�0:125
h ½lm=a�

Thus, the correction has to consider only the parameters v (velocity)
and dh (hydraulic diameter) to find out relative changes. Calculating
the changes of F(v �dh) and comparing to the start value F0 for
v0 = 0.22 m/s and dh0 = 4.0 mm predicts the impact of flow velocity
changes on corrosion attack.

For a material loss of about 0.48 mm as determined for expo-
sure time 12,000 h a reduced corrosion attack by about 19% is pre-
dicted if constant loop parameters would be used. Assuming that
the correction factor F(0)/F(t) changes linearly all observed rates
have to be increased e.g. for 12,000 h by about 9.5%. Some other
parameters will also affect and reduce corrosion attack during test-
ing. For example a reduced mass flow (90 – 100% level of nominal
value due to delayed adjusting by control devices for about 10% of
testing time) will cause an additional correction by 2%. This type of
Fig. 4. Corrosion attack of EUROFER 97 at 550 �C in PICOLO-loop. Depicted are the
measured values without correction for reduction in flow velocity due to gap
widening.

Fig. 5. Drained tube section with adherent Pb-Li scale and precipitates included.
corrections was performed for some long term exposed samples to
generate corrosion attack values at constant 0.22 m/s Pb–17Li flow
velocity. These corrected values are given by separate symbols in
Fig. 4. The linear interpolation of the corrected values leads to a
corrosion rate of about 400 lm/year with more emphasis to the
values evaluated for the long term exposed samples.

Sannier’s correlation is also a possible method to compare
empirically the Pb–17Li corrosion regimes in general. Both deter-
mined corrosion rates for 480 �C with about 90 lm/year and for
550 �C with roughly 400 lm/year fit very well into these correla-
tion. This means that the newly performed 550 �C testing series
deliver realistic values. New modeling tools were developed in par-
allel for analyzing the PICOLO testing campaigns and the results
will be found in [6]. The most reasonable result will be that small
changes in temperature of 70 K lead to drastically increased corro-
sion rates by a factor of 5 and those remarkable amounts of corro-
sion products are present and transported by Pb–17Li in the loop.

4. Precipitations

The corrosion products dissolved in warm loop regions will
form precipitations in cooler sections. First metallographic analy-
ses, performed at some tube segments operated at 350 �C, con-
firmed not the expected homogeneous coating of the inner
surfaces by deposition as opposite process of dissolution. The ana-
lyzed cuts of drained loop sections showed a lot of nicely grown
crystals up to 100 lm in size embedded in the adherent Pb–17Li
melt as given in Fig. 5. The dimensions of the crystals indicate that
they were formed over longer time intervals, however, not neces-
sarily at the position of detection. A higher amount of such precip-
itates (Fig. 6) was collected in the mounted magnetic trap device
with their main axis oriented parallel to the magnetic field. The
chemical analyses detected a Fe concentration of about 4.3 wt.%
in Pb–17Li. The Pb–17Li flow was heavily suppressed by these par-
ticles after an operation time of about 3000 h at 550 �C in the test
section. This behavior represents clearly the risk of line plugging by
precipitations in a loop due to dramatically increased corrosion
at hot temperature positions and the transportation/nucleation
effects.

5. Conclusions

For the first time corrosion testing of EUROFER 97 was success-
fully performed under 550 �C conditions at a flow rate of 0.22 m/s
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and exposure times up to about 12,000 h. The newly started corro-
sion testing and modeling activities showed that a dramatically
increase in corrosion rates takes place at a small increase of oper-
ation temperature from 480 to 550 �C by a factor of 5. The observed
dissolution/corrosion mechanisms in the testing zone are the same
as detected at lower temperatures in the past and are in agreement
with results reported earlier [2–4]. The loop operation and corro-
sion testing pointed out the high risk of loop blockages by forming
precipitates within short operation times of roughly 3000 h. The
performed first analyses indicate that the precipitates are freely
transportable in the melt and may be deposited/collected at posi-
tions with low flow velocity or special magnetic field conditions.
The modeling tools developed in parallel confirm the evaluated
corrosion mechanisms and rates as well as the observed precipita-
tion behavior. Both, experimental and analytical analyses indicate
that safe operation of Pb–17Li systems without the risk of line
plugging may need corrosion resistant coatings to bring down cor-
rosion and precipitation behavior at high operation temperatures
to a manageable level also at small flow velocities.
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