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Liquid lead (Pb) and lead-bismuth eutectic (LBE) are attractive heat-transfer fluids for energy-related technol-
ogies despite their chemical aggressiveness towards solid materials. In this work, the new erosion-corrosion test
facility CORELLA-2 is introduced and its design and commissioning are reported. CORELLA-2 is a rotating
machine that enables corrosion studies of up to six specimens of arbitrary shape in liquid Pb and LBE under
flowing conditions. The facility is designed for temperatures up to 700 °C and allows controlled adjustment of the
dissolved oxygen content thanks to the use of corrosion- and oxidation-resistant components. Numerical simu-

lations of the flow field supported the design of the facility and provide information on the relative speed be-
tween the specimens and the liquid metal. First experiments performed in liquid Pb at a relative speed of 1 m/s
and a temperature of 450 °C demonstrate successful commissioning of the new erosion-corrosion test facility

CORELLA-2.

1. Introduction

Heavy liquid metals such as lead (Pb) or lead-bismuth eutectic (LBE)
are promising heat transfer fluids in energy-related technologies due to
their excellent thermal properties. Examples are Gen-1V fast reactors,
accelerator-driven systems, concentrating solar power, or thermal en-
ergy storage systems (Alemberti, 2016; Wallenius, 2019; Heinzel et al.,
2017; Vignarooban et al., 2015; Pantaleo et al., 2024; Niedermeier,
2023). One of the main challenges when using Pb or Pb alloys as heat
transfer fluid is their chemical aggressiveness towards structural mate-
rials, in particular when exposed to extreme conditions. The latter
include regions experiencing very high temperature or high flow rates of
the heat transfer fluid.

Due to the high solubility of steel constituents like Ni and Cr in liquid
Pb or LBE at elevated temperatures, steel surfaces in contact with the
liquid metal may be heavily corroded by dissolution combined with
heavy liquid metal penetration. Structural and phase changes (ferriti-
zation), degradation of the mechanical properties, and finally material
failure may result (Zhang, 2009; Handbook on Lead-bismuth Eutectic Alloy
and Lead Properties, Materials Compatibility, Thermal-hydraulics and
Technologies, 2015). By adding an appropriate amount of oxygen to
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the liquid Pb or LBE, an oxide layer can grow on the steel surfaces and
protect the material from dissolution attack. However, high oxygen
concentrations can lead to excessive growth of thick oxide scales, which
impede heat transfer and bear the risk of spallation. At temperatures
below 550 °C and with a concentration of 10~ wt% oxygen dissolved in
the liquid metal, austenitic steels typically form oxide layers with a
duplex or single layer structure, depending on the surface and operation
conditions. The duplex-layer oxides consist of an outward-growing layer
of magnetite and an inward-growing Fe—Cr spinel layer (Handbook on
Lead-bismuth Eutectic Alloy and Lead Properties, Materials Compatibility,
Thermal-hydraulics and Technologies, 2015). The dense and stable
spinel layer forms both in stagnant and flowing conditions, whereas the
porous and mechanically less stable magnetite might not be observed in
flowing conditions (Weisenburger et al., 2008). At lower oxygen con-
centration (~10~7 wt%), the oxidation kinetics is slowed down and
mainly Cr is oxidized. The thin Cr-oxide layer is protective only at
temperatures up to about 400 °C (Tsisar et al., 2014; Tsisar et al., 2016).
In oxygen-poor conditions (~107% wt% and below), the dominant
corrosion mechanism is dissolution (Lambrinou et al., 2017).

With increasing temperature, both the oxidation kinetics and disso-
lution are enhanced. Fe- and Cr-based oxide scales are not protective
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anymore and dissolution corrosion of common steels occurs (Wang
et al., 2022; Wang et al., 2024; Purwitasari et al., 2025a; Purwitasari
et al., 2025b). The situation may substantially improve when Al-con-
taining alloys are used, which enable selective oxidation of Al and the
growth of an Al-rich oxide scale. Compared with Fe- or Cr-based oxides,
Al oxide grows more slowly and forms a denser and more stable oxide
scale, which substantially improves the corrosion resistance at high
temperature or low oxygen concentration (Takaya et al., 2012; Popovic
et al., 2018; Shi et al., 2019; Domstedt et al., 2020; Shi et al., 2021;
Domstedt et al., 2019; Cionea et al., 2016; Popovic et al., 2019).

In most applications of liquid metal technology, the liquid metals are
in motion. In addition to the chemical interaction between the liquid Pb/
LBE and the solid material that leads to its corrosion as described above,
fluid flow additionally adds to the material degradation. Depending on
the flow conditions, various types of erosion-corrosion may be distin-
guished. Flow-accelerated corrosion denotes chemical corrosion (i.e.,
dissolution as in stagnant conditions), where the liquid flow enhances
the transport of dissolved material from the solid surface to the liquid
bulk and thus accelerates the dissolution process. Hereby, the mass
transport depends on the local flow conditions such as the wall shear
stress or the near-wall turbulence level (Wan and Saito, 2018). At high
speeds, the liquid flow additionally imposes significant mechanical
stress on the solid surfaces, which may result in mechanical erosion. This
becomes even more severe when solid particles are dispersed in the
flowing liquid and impinge on the solid surfaces, leading to abrasion.
Erosion is very actively researched in aqueous and oil solutions (pipe-
lines, etc.), whereas literature on erosion-corrosion in heavy liquid
metals is rather scarce.

To generate flow of liquid Pb/LBE, either forced convection loops or
rotating machines might be used. Forced convection loops use pumps to
drive the flow of the liquid metal and typically operate at non-
isothermal conditions. In non-isothermal systems, the temperature-
dependent solubility results in a continuous mass transport of dis-
solved material from hot regions with on-going dissolution to colder
regions, where the dissolved material re-precipitates. Available forced
convection loops operate at flow speeds up to about 2-3 m/s in the test
section in accordance with the envisaged flow in the core of lead-cooled
fast reactors (Wan and Saito, 2018; Fazio et al., 2003; Schroer et al.,
2011). However, much higher relative velocities between the liquid
metal and solid components with values up to 10 m/s are expected for
pump impellers. Such high speeds might be achieved by rotating
machines.

Rotating machines are operated at isothermal conditions. The flow of
the liquid metal is driven by rotating components (inner cylinder or
disk) inside a stationary container. The test specimens are either held at
a fixed position within the generated flow field or mounted on the
rotating component. Numerous designs of rotating machines are pub-
lished (Kondo et al., 2011; Chakraborty et al., 2015; Jiang et al., 2020;
Choi et al., 2021; Li et al., 2021a; Li et al., 2021b; Chen et al., 2020;
Martinelli et al., 2020; Ali et al., 2022; Wong et al., 2024; Wong et al.,
2026), some of them solely based on detailed CFD simulations of the
flow field (Ali et al., 2022; Wong et al., 2024). However, ready-made
facilities available for erosion-corrosion testing in liquid Pb/LBE are
less numerous (Choi et al., 2021; Li et al., 2021a; Li et al., 2021b; Chen
et al., 2020; Martinelli et al., 2020; Wong et al., 2026). The rotating disk
facility in Korea holds the samples snug fitted into the rotating disk
(published experiment: LBE with ~3 x 107 wt% oxygen, velocity
range ~ 0.5-3 m/s, 600 °C, 150 h), which does not allow variations in
the sample geometry and orientation (Choi et al., 2021). In the rotating
cylinder machine in China, the samples are directly mounted on the
rotating cylinder (Li et al., 2021a; Li et al., 2021b). Corrosion on both
the sample surfaces oriented parallel to the flow and the ones perpen-
dicular to the flow was studied in oxygen-saturated LBE (test conditions:
1 and 5 m/s, 400 °C, 1000 h). Similarly, the rotating disk facility built in
China (3 m/s, 550 °C, 1500 h) operates in LBE at oxygen-saturated
conditions due to the absence of an oxygen control system (Chen
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et al., 2020). In the CICLAD facility (France) the cylindrical samples
are fixed to the rotating shaft (angular velocity from 35 to 450 rad/s)
(Martinelli et al., 2020). The rotating machine CICLAD is combined with
a loop for removal of dissolved corrosion products from the liquid metal.
Published data were obtained at very low oxygen contents of the LBE
(1078 wt% for 1-day exposures, even less for longer exposure tests up to
790 h). The ECO-Rig in Sweden (Wong et al., 2026) allows the investi-
gation of four cylindrical specimens at the same time, fixed on a rotating
disk at an angle of 30 degrees from the radial direction to maximize the
shear rate at given speed. The published experiment ran for 288 h in Pb
at 500 °C with ~1078 wt% O and a sample speed of up to 9.9 m/s. The
liquid metal flow was not considered.

The published exposure tests in Pb/LBE-filled rotating machines
operated either at oxygen-saturated conditions (Li et al., 2021a; Li et al.,
2021b; Chen et al., 2020) or at very low dissolved oxygen concentrations
(~10~® wt%) not sufficient to form protective oxide scales on the sur-
faces of the test samples (Choi et al., 2021; Martinelli et al., 2020; Wong
et al., 2026). The latter also turned out to be an issue of the previous
CORELLA facility due to excessive oxidation of the chamber interior
during the exposure tests (Heinzel et al., 2024). The CORELLA facility at
Karlsruhe Institute of Technology (KIT) was a fully operational erosion-
corrosion test facility with a rotating inner cylinder (Heinzel et al., 2024;
Kieser et al., 2009; Fetzer et al., 2021). The specimens were mounted at a
fixed position within the flow field generated by the rotating cylinder.
Because of the free liquid surface deformation and splashing, the rota-
tional speed of the inner cylinder was experimentally limited to 1200
rpm (rounds per minute). At this speed, the liquid metal reached a bulk
velocity of 1.6 m/s when the facility was loaded with 5 specimens
(Heinzel et al., 2024; Fetzer et al., 2021). Responsible for the rather low
flow velocity were the turbulent nature of the flow and the decelerating
effect of the fixed specimens. Both effects were not taken into account in
the design stage of the facility, which resulted in an originally predicted
flow velocity of up to 20 m/s (Kieser et al., 2009).

In order to achieve higher relative velocities between the specimens
and the liquid metal (Pb or LBE) and to enable oxygen contents between
depleted and saturated conditions, a new rotating machine called
CORELLA-2 has been designed and built at KIT. The facility has been
successfully commissioned and first results of the commissioning test are
available. This study presents the design of CORELLA-2, numerical
simulations of the flow field generated during its operation, and the first
operation test demonstrating the functioning of the new erosion-
corrosion test facility.

2. Design of CORELLA-2

The main design goals of the new erosion-corrosion test facility
CORELLA-2 are (i) to achieve a high relative velocity of at least 4 m/s
between the specimens and the liquid metal (Pb or LBE), (ii) to enable
erosion-corrosion tests of specimens with different geometry (cylindrical
and flat) and orientation, (iii) to ensure a reliable setting of the oxygen
content in the liquid metal, and (iv) to enable operation at test tem-
peratures up to 700 °C.

2.1. Oxygen control system

Oxygen control in CORELLA-2 is achieved via the gas phase above
the liquid pool as in the previous facility CORELLA. A continuous flow of
an Ar/Ar-5%H; gas mixture with defined Ho/H5O ratio (achieved by
streaming the gas through water at a specific temperature) is used to fix
the oxygen partial pressure in the gas phase above the liquid metal and
to supply or remove oxygen to/from the system. Oxygen is either sup-
plied to or removed from the liquid metal via transfer across the liquid-
gas interface until thermodynamic equilibrium is achieved between the
concentration of oxygen dissolved in the liquid metal and the set oxygen
partial pressure in the gas phase. Since this process takes several hours to
days depending on the initial conditions, amount of Pb/LBE, and
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transport properties inside the liquid metal (extent of convection), the
liquid Pb/LBE is preconditioned to the desired oxygen content and
temperature in a conditioning chamber before it enters the test chamber
with the specimens, see Fig. 1a for the design and Fig. 2 for a photograph
of the final facility. In addition to a gas inlet and outlet, the gastight
conditioning chamber is equipped with sensors for the temperature, the
oxygen concentration in the liquid metal, and the filling level.

Once preconditioned, the liquid Pb/LBE is transferred via a con-
necting pipe to the test chamber, which is also equipped with temper-
ature, oxygen, and level sensors and an oxygen control system via the
gas phase (gastight chamber, gas in- and outlet). Continuous and
controlled oxygen supply via the gas phase is provided throughout the
entire erosion-corrosion test to guarantee that oxygen consumption in
the chamber does not lower the oxygen content of the liquid metal.

Experience from the previous CORELLA facility showed that a stable
oxygen level of, e.g., 10~® wt% in the liquid metal is not possible without
additional corrosion protection of the chamber interior. The reason is
that oxygen is consumed not only by oxide scale growth on the speci-
mens' surfaces but also by oxidation of the interior chamber components
and of dissolved species in the liquid metal. To minimize both liquid
metal corrosion and oxidation of chamber components (made of stain-
less steel 316T1i), the main parts in direct contact with the liquid metal or
its vapor phase have been aluminized prior to assembly. This applies to
both the conditioning chamber and the test chamber of CORELLA-2.

2.2. Test chamber interior

In addition to the better oxygen control achieved by using chamber
components with higher corrosion/oxidation resistance, the main pur-
pose of the new facility compared with the old one is to achieve a higher
relative velocity between the liquid metal and the specimens. Hereby,
the facility should allow the test of both cylindrical and flat specimens,
the latter with flexibility in their orientation relative to the flow. To
achieve this goal, a new concept is introduced: The specimens are
rotating, while the Pb/LBE is kept as stagnant as possible. The latter is
achieved by forming a narrow channel for the moving specimens and by
slowing down the flow in the open space above the rotating parts by four
stationary plates (baffles). These baffles are L-shaped and welded to the
cover plate of the chamber, see Fig. 1b. The specimens are mounted to
specimen holders, which are attached to a rotating disk. This disk is not
solid but contains six large holes that allow exchange and mixing of the
Pb/LBE above and below the disk to enhance the oxygen transport from
the surface of the liquid metal to the specimens. The oxygen sensor (Pt/
air sensor with Y-stabilized Zr oxide electrolyte) is located close to the
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bottom of the channel to monitor the oxygen content in the vicinity of
the specimens. All rotating parts (shaft, disk with sample holders,
specimens) are held by a grooved ball bearing.

A schematic of the chamber interior with respective dimensions is
also shown in Fig. 3. The test chamber has an inner diameter of 400 mm.
The central part of the chamber's bottom plate is elevated to form a
channel for the specimens. The channel is 40 mm wide and 45 mm high.
The rotating parts comprise the disk (thickness 12 mm, diameter 300
mm) with the six holes (diameter 60 mm), six connectors to mount the
sample holders, and up to six pairs of sample holders and specimens.
Note that a symmetric loading with samples is required to avoid an
imbalance of the rotating parts. Thus, either two, three, four, or six
specimens and their respective sample holders are mounted to the
rotating disk, with either all or at least opposing specimens having the
same geometry and orientation. Up to now, specific sample holders are
available for cylindrical and flat specimens, but further options are
possible. The only limitation on the geometry of the specimens is the
available space in the channel.

2.3. Exterior components

Both the conditioning and the test chamber are designed for oper-
ating temperatures up to 700 °C. The high temperature is achieved with
heating plates below the chambers and heating wires wrapped around
the walls of the chambers. Furthermore, the valves at the connecting
pipe and the drain pipe can be heated. Chambers and pipes are thermally
insulated, see the final facility in Fig. 2. The high temperature in the test
chamber requires a cooling unit between chamber and less heat-resistant
parts above the chamber. The most critical component in this respect is
the rotary feedthrough for the drive shaft. It contains a magnetic fluid
for the dynamic sealing and is additionally cooled by air ventilation. An
electric motor is used to drive the rotation of shaft, sample holder disk,
and specimens. Computerized control of rotational speed, temperature,
and oxygen content (via an adjustable gas flow) are provided.

The final setup is shown in Fig. 2. The cover plates of both condi-
tioning chamber and test chamber with all connected parts can be
opened with the help of a crane.

3. Simulation of flow field

Calculation of the absolute velocity of the rotating specimens is
straightforward. However, the liquid metal in the rotating machine is
not at rest but moves along with the rotating parts inside the chamber.
Since relevant for the effects of flow on corrosion is the relative motion

(b)
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R, =

specimen holders

rotating disk

Fig. 1. Design of CORELLA-2. (a) Entire facility comprising a conditioning chamber and a test chamber, (b) interior components attached to the cover plate of the

test chamber.
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Fig. 2. Photograph of fully assembled CORELLA-2 with conditioning chamber on the left (crane ropes are attached) and test chamber on the right.
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Fig. 3. Simulation domain. Blue parts rotate, grey parts are fixed in space.
Some domain boundaries (free fluid surface and solid chamber wall in front) are
hidden. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

between the specimens and the liquid metal, knowledge of the flow field
inside the test chamber is required. Furthermore, the extent of vertical
flow is of interest for the oxygen transport inside the liquid metal.
Therefore, the respective hydrodynamic equations were solved numer-
ically using the simulation software COMSOL Multiphysics®.

3.1. Methodology

The simulation domain corresponds to the liquid metal filled part of
the chamber, see Fig. 3. The default filling height is 120 mm, which
means that the horizontal parts of the L-shaped baffles are fully

submerged. Because the four baffles reduce the velocity in the upper part
substantially, the deformation of the free liquid surface (liquid/gas
interface) is not taken into account and the simulation domain is fixed.
This is justified by a simulation with a filling height of 140 mm, showing
a merely slight reduction of around 3% of the bulk velocity in the
channel where the samples are located. A full-slip boundary conditions
is applied at the free liquid surface, whereas a no-slip boundary condi-
tion is applied at all liquid/solid interfaces.

The z-axis of the coordinate system is chosen to coincide with the
symmetry axis of the chamber and to have its origin at the base of the

chamber (base of channel). A rotational motion v = @ x 7 with @ = —

Qe, is prescribed to all rotating parts, i.e., the shaft, the disk, the six
connectors between disk and sample holders, the sample holders, and
the specimens. Cylindrical samples with diameter 8 mm and length 20
mm as well as flat specimens with dimensions 27 x 8 x 2 mm are
considered in the simulations. The cylindrical samples are positioned
with their axes at r = 172 mm, whereas the inner surfaces of the flat
samples are located 174 mm away from the z-axis.

To solve the hydrodynamic equations in the 3-dimensional (3D)
simulation domain, incompressible flow is assumed, gravity is taken into
account, and isothermal conditions are applied. The material properties
of liquid Pb at 550 °C are used (Pb properties at 450 °C and 650 °C yield
similar results, see below), which means that the kinematic viscosity is
of the order of 107 m?/s. For specimen velocities of order 1 m/s and
typical specimen dimensions of 0.01 m, Reynolds numbers around 10°
and thus the occurrence of turbulence are expected. Therefore, the
Reynolds-averaged Navier-Stokes (RANS) k-¢ model for turbulent flow is
used with wall functions selected as wall treatment. Note that for a high-
accuracy prediction of the flow field around specimens of different
shapes and orientation, a turbulence model better suited for resolving
the wake field and a more rigorous treatment of low Re numbers near
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walls would be required. To maximize accuracy of the turbulence model
selected for the present study, careful meshing aiming for a wall lift-off
in viscous units, y*, in the range 25-100 is done. The simulation domain
is meshed using an unstructured tetrahedral mesh with corner refine-
ment. Boundary layers are added at all solid walls, with four layers
added at the walls of stationary components and six layers added at the
walls of moving parts. Different meshes are used for the simulations to
ensure mesh independence of the results. The final mesh consists of
about 3 x 10° domain elements. All results of the 3D simulations pre-
sented below are fully developed, yet transient, converged solutions
obtained by the so-called “frozen rotor” study. For a truly time-
dependent solution, a transient study is required (the solution of the
frozen-rotor study may serve as initial condition), which is exemplarily
performed for a 2-dimensional (2D) simulation of the flow in the
channel loaded with cylindrical specimens. The time-dependent study in
2D confirms that the bulk velocity of the liquid metal obtained in the
frozen rotor study corresponds to the bulk velocity reached in the long-
term limit of the transient study.

3.2. Numerical results

The angular velocity Q set by the motor (100, 250, 400 rpm), the
number of specimens (2, 6), and the specimen geometry (cylindrical,
flat) were varied.

Fig. 4 shows the results of the 3D flow field simulation for a fully
loaded chamber (6 pairs of sample holders and cylindrical specimens)
exemplarily for an angular speed of 400 rpm. The qualitatively same
flow patterns are observed for 250 rpm, though at a slower velocity
scale, whereas minor deviations are obtained for 100 rpm. This indicates
a fully turbulent flow at 250 and 400 rpm. The wall lift-off in viscous
units, y*, reaches the highest values at the outer stationary chamber
wall, up to 110 for 100 rpm and up to 420 for 400 rpm. The corre-
sponding wall lift-off in length units reaches 0.5 mm. The lower cut-off
limit of y* (11.06) is in place for 100 rpm only, namely along the edge of
the cylindrical elevation. In respective locations, the wall lift-off is
around 0.1 mm, i.e., much smaller than the dimensions of the geomet-
rical features.

As expected, the flow velocity is highest in the channel where the

(a) Velocity magnitude (m/s) 200 (C)
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specimens move. This is seen in Fig. 4a (highest velocity magnitude of
around 3 m/s appears red) and in Fig. 4b, where the most negative
azimuthal velocity components of around —3 m/s appears dark blue.
Generally lower speeds are obtained in the upper part of the liquid metal
thanks to the action of the L-shaped baffles. Here, significant vertical
and radial velocity components are achieved (Fig. 4b), indicating effi-
cient mixing and oxygen transport. In the channel with the rotating
specimens, the flow is mainly azimuthal, with an average bulk velocity
between the specimens of around 0.75 m/s for 100 rpm, 1.9 m/s for 250
rpm, and 3.0 m/s for 400 rpm (Table 1). For Pb properties taken at 450
and 650 °C, respectively, the results are the same within the uncertainty
range given. As demonstrated in Fig. 4c (plane 1), the distance between
consecutive samples is large enough to avoid a pronounced influence of
the preceding specimen on the flow pattern around each sample.
When the test chamber is loaded with only 2 cylindrical specimens
instead of 6, the average bulk velocity in the channel is reduced, see
Table 1, which means that the specimens achieve a higher velocity
relative to the moving liquid metal. The relative speed between the
specimens on their outer side and the liquid metal bulk velocity is also
given in Table 1 for the different configurations simulated. Finally, a flat
specimen geometry was implemented in the simulations. The deviation
of the bulk velocity between cylindrical and flat specimens is

Table 1

Average bulk velocity (m/s) of liquid metal in channel of test chamber and
relative speed (m/s) between the specimens' outer side and the liquid metal bulk
velocity for different specimen loadings and rotational speeds. Bulk velocity
given with an uncertainty of about +10%, uncertainty of relative speed
accordingly.

Bulk velocity Relative speed
100 250 400 100 250 400
rpm rpm rpm rpm rpm rpm
6x 0.75 1.9 3.0 1.1 2.7 4.4
cylindrical
2% 0.55 1.4 2.2 1.3 3.2 5.2
cylindrical
6x flat 0.73 1.8 2.9 1.1 2.8 4.5

Velocity magnitude (m/s) on horizontal planes

3

Radial velocity component (m/s)

27—\
e T
EE J_CQ\;_A_T‘_M\/

w B

0 50 100 150 mm 0 50

150 mm 0 50 100 150 mm

Fig. 4. Numerically solved 3D flow field for chamber loaded with 6 cylindrical samples at an angular speed of 400 rpm: (a) 3D view showing the velocity magnitude
on the y-z plane and streamlines (color of streamlines also represents velocity magnitude), (b) results on vertical plane marked in (a) with the color representing the
azimuthal (left image), vertical (middle), and radial (right image) velocity component, (c) results on horizontal planes as indicated in (b) with the color showing the

velocity magnitude.
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measurable but negligible, see Table 1 for respective numbers. However,
flat samples are expected to experience higher shear rates around their
edges compared with cylindrical samples.

4. Commissioning and first operation test
4.1. Materials and methods

For commissioning and the first functional check, the conditioning
chamber was filled with pure Pb (purity 99.99%). Solid blocks were
successively inserted and the chamber was heated until complete
melting of a total of 12 L (136 kg) Pb was achieved. Since this process
was done in atmosphere, Pb oxide formed on the surface of the molten
Pb and the bulk of the liquid Pb became saturated in oxygen. Once all Pb
was molten, the Pb oxide was removed from its surface and the condi-
tioning chamber was closed. Using the gas control, further oxygen was
removed from the liquid Pb until the desired exposure conditions were
achieved (here: 450 °C and 107 wt% dissolved oxygen, obtained by
using a gas mixture with a Hy/H50 ratio of 0.2). The test chamber was
loaded with four samples and hermetically closed. All specimens were
made of stainless steel 316 L, two of them with flat rectangular geometry
(named F1 and F2) and two with cylindrical shape (C1, C2). The di-
mensions were the same as in the simulations. The specimens were used
as obtained from machining without any further surface treatment. The
RMS surface roughness was 0.7 pm (F1, F2) and 0.9 pm (C1, C2),
respectively.

Once the excess oxygen was removed from the molten Pb in the
conditioning chamber and equilibrium was achieved, the Pb was
transferred to the preheated test chamber, where it was again exposed to
the gas control system and allowed time for equilibrating temperature
and oxygen content. Unfortunately, because of insufficient preheating of
the test chamber, the ceramic of the oxygen sensor in the test chamber
broke upon contact with the hot Pb. Nevertheless, the test was started
and the motor was set in motion. A rotational speed of 83 rpm was
selected to achieve a relative velocity of 1.0 m/s between the samples
and the liquid Pb. After 500 h of continuous motion at 450 °C, the motor
was stopped, the liquid Pb was transferred back into the conditioning
chamber, and the test chamber was allowed to cool down. Finally, the
test chamber was opened and the samples were extracted. Adherent Pb
was removed from the exposed samples by immersion into a 1:1:1
mixture of acetic acid, hydrogen peroxide, and ethanol for up to 30 min.

4.2. Experimental results

The photographs in Fig. 5 show the general appearance of the
specimens after the 500-h erosion-corrosion test in liquid Pb at 450 °C.
The surfaces got a blue-purple color where they were directly exposed to
Pb, a typical sign for the growth of a thin oxide layer. The parts not in
contact with Pb but with the sample holder (upper part of the inner
surfaces of F1 and F2) show a brown color. There is one deviation from
this general behavior. As visible in the photograph depicted in Fig. 5a,

(a) I Outer surfaces

Front
Front
Rear

Nuclear Engineering and Design 458 (2026) 115115

the outer surface of sample F1 shows a different color towards the rear
end. Here, the blue color transitions via a bright stripe to a brown region.

On the surfaces with the typical blue-purple color, scanning electron
microscopy (SEM, Zeiss LEO 1530 VP) images (signal from secondary
electrons — SE) reveal that the coarse surface textures from machining
are still there — no signs of dissolution corrosion or erosion-corrosion are
observed (Fig. 6). Energy-dispersive X-ray analysis (EDX) also shows no
indication of selective dissolution. However, in contrast to the surfaces
prior to exposure (Fig. 6a), the coarse surface structures are decorated
with fine crystals after exposure, presumably Fe-Cr-spinel. The presence
of an oxide scale is confirmed by EDX, showing an oxygen enrichment at
the surface, i.e., when the composition is measured with lower accel-
erating voltage. Although the exact oxygen content during the exposure
is unknown due to the breakdown of the oxygen sensor in the test
chamber, these results confirm the presence of oxygen dissolved in
liquid Pb during the erosion-corrosion test in a concentration sufficient
to grow an oxide scale and protect the steel from dissolution corrosion.
This is a great achievement compared with the previous CORELLA and
other rotating machines reported in literature, where only oxygen
depleted conditions (~10~8 wt% and below) were realized (Choi et al.,
2021; Martinelli et al., 2020; Wong et al., 2026; Heinzel et al., 2024).
The absence of a thick layer of magnetite in the present commissioning
test can have two reasons. Either the oxygen content was too low to
support its growth or the fluid flow with 1 m/s relative speed prevented
its growth to a continuous layer, i.e., magnetite formed but was instantly
removed by the flow.

Finally, analysis of the region apparently affected by the liquid metal
flow is presented, i.e., of the rear end of the outer surface of F1.
Respective results obtained by a scanning profilometer (pscan from
NanoFocus) and SEM are summarized in Fig. 7. The topography data
obtained from the profilometer show that material is lost from the sur-
face, with the flow-induced corrosion marks reaching a depth of 10-15
pm. SEM analysis confirms the loss of the machining-specific surface
texture.

So far it remains unclear why only one of the two flat samples shows
distinct signs of flow-induced corrosion while the other flat sample and
the cylindrical samples do not show similar features. A possible expla-
nation is that the sample F1 was unintentionally mounted with a slight
angle relative to the flow direction, leading to an increased shear rate at
the rear end of the outer surface. A respective improvement of the
sample holders is planned to ensure a defined sample orientation. An
alternative explanation of the more severe corrosion towards the rear
end of F1 is a locally enhanced flow turbulence due to a sample irreg-
ularity. To critically test the hypothesis of an angular misalignment,
further systematic erosion-corrosion tests at different angles and speeds
are required, which are planned for future studies using the CORELLA-2
facility. The task of the commissioning test, however, was fulfilled. The
CORELLA-2 was demonstrated to be an operational facility for erosion-
corrosion tests under controlled temperature, oxygen content, and flow
conditions, suitable for specimens of different shape. The facility's ca-
pabilities regarding higher temperature and speeds are to be

Inner surfaces (b)

Rear

<——— Sample motion ———»

Fig. 5. Photographs of flat (a) and cylindrical (b) samples after erosion-corrosion test.
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Fig. 7. Analysis of flow-affected corrosion region of sample F1. (a) High-resolution surface topography image, (b) line profiles extracted from (a), (c) overview
topography image with same height scale as in (a), (d) low-magnification SEM-SE image, (e) SEM-SE image with higher magnification.

demonstrated in future tests.
5. Conclusion

This work introduced the new erosion-corrosion test facility
CORELLA-2 for material testing in flowing Pb and Pb-alloys. The design
and successful commissioning of CORELLA-2 was reported. CORELLA-2
enables exposures of up to six specimens at the same time, moving
against the liquid metal under full control of temperature and oxygen
concentration. Hereby, full flexibility of the sample shape and orienta-
tion is provided, only limited by the available space in the test chamber.
CORELLA-2 is designed for temperatures up to 700 °C (operation at
450 °C has been experimentally demonstrated) and can operate at any
desired oxygen concentration between depleted and saturated condi-
tions. First experiments have demonstrated a successful run at a relative
speed of 1 m/s between specimens and liquid Pb as determined by nu-
merical simulations of the flow field during operation. Higher velocities
and temperatures as well as systematic erosion-corrosion studies are

planned for the near future.
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