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Abstract: The main components of a liquid breeder blanket in a fusion power reactor are lead lithium
alloy (PbLi) and the steel structure in which the liquid is enclosed (EUROFER). Several compatibility
tests have shown that structural materials always suffer from corrosion attacks. The governing
mechanism can be attributed to the dissolution of the steel by the liquid breeder and is strongly
related to the PbLi chemistry, velocity profile, and temperature. A new facility, CiCLo-C (CIEMAT
Corrosion Loop, Internally Coated), is dedicated to the study of corrosion in materials under the
severe breeding blanket condition. An effort was made to design an experimental facility with a
specific test section able to work at quite ambitious operation parameters: up to 550 °C and a1 m/s
flow of PbLi. Furthermore, an innovative tantalum coating was introduced in the whole loop to avoid
impurities coming from the pipeline, which can disturb the measurements, and to better preserve
the installation.

Keywords: breeder blanket; liquid metal; materials compatibility; high-temperature corrosion; coatings

1. Introduction

The chemical compatibility of breeding and structural materials is essential for safe
and reliable system operation in nuclear fusion reactors. The eutectic alloy Pb-17Li, en-
riched at 90% in ®Li, and reduced activation ferritic-martensitic (RAFM) steels, such as
EUROFEFER, are the breeder and the structural material candidates, respectively, used in
fusion reactors’ breeding blanket (BB) concepts under investigation in Europe for future
fusion machines [1,2]. The fuel of the fusion reaction is composed of two hydrogen isotopes,
deuterium and tritium, which fuse to yield a helium nucleus and one unique neutron of
approximately 14 MeV. Deuterium is abundant in nature, but tritium is a fast-decaying
radioelement that has to be produced inside a reactor [3] obtaining so-called self-sufficiency.
Thus, in all the BB concepts, tritium is produced inside the blanket following the reactions
(n is the neutron coming from the fusion reaction):

OLi + n(slow) — *He + 3T + 4.8 MeV 1)

"Li + n(fast) — *He + 3T + n — 2.5 MeV 2)

taking into account that lithium, which is composed of two stable isotopes (isotopic com-
position °Li 7.4% and “Li 92.6%), presents a low nuclear binding energy per nucleon [4].
Another key aspect is that not all neutrons produced by fusion reactions interact with the
blanket (approximately 20% [5]); therefore, they will not produce tritium. Considering
that the fusion reaction only releases one neutron, the self-sufficiency of the reactor cannot
be guaranteed. For this reason, neutron multipliers, such as Pb, are required. Thus, a
PbLi alloy enriched to 90% in Li, circulating in loops through the BB internals, provides a
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tritium breeder, a neutron multiplier, and a tritium carrier, hence playing an important role
in reactor operation. The advantages of using PbLi are due to the nuclear properties of the
eutectic (since the breeder and neutron multiplier are combined in the same material) and
the chemical properties (since the eutectic does not exhibit an explosive reaction when in
contact with air and water) [6,7]. The main drawback is its compatibility with materials due
to its high corrosion grade. Corrosion can result in significant material thinning/wastage
and the deposition of corrosion products, which may cause severe flow restrictions and
excessive accumulation of radioactive material in unshielded regions.

Within the European Fusion Technology Program, much effort has been placed on
developing appropriate steels because of safety requirements, as it is mandatory to mini-
mize problems associated with induced radioactivity in the structural materials. Several
ferritic-martensitic steels, such as MANET, OPTIFER, F82H, CLAM, and so on, have been
developed worldwide. The progress of the research activities in Europe has resulted in the
formulation of the RAFM steel named EUROFER (9% Cr, 1% WVTa) [8].

The implementation of structural materials in blanket applications required a detailed
study on chemical compatibility with a special focus on corrosion behavior. Considering
that the structural material must maintain its integrity under large temperature gradients,
severe thermal cycling, and intense irradiation, the compositional and microstructural
changes due to selective dissolution and intergranular corrosion can lead to material
failures [9]. The former consequence results in a loss of mechanical integrity, the creation
of several impurities flowing in the system, and consequent load losses that increase
the requirements for pumping power, decreasing the energy conversion efficiency and
complicating system maintenance [10].

Several experiments have been performed over the past years in different international
facilities, focusing on various aspects of PbLi flow and its interaction with structural and
functional materials for fusion applications [11-20]. Although a good understanding of
lithium lead behavior has been achieved, many compatibility problems with EUROFER as
a structural material are still unresolved, especially in several blanket relevant conditions.
These include cases of a high lithium lead flow rate together with a high temperature [21],
chemical compatibility with coating materials [22], or the effect of radiation on the corrosion
layer [23]. The changing experimental conditions have demonstrated that the corrosion
attack can drastically change when the temperature changes at a given flow velocity [24],
both of which are very important parameters for EUROFER corrosion dynamics.

The state of the art of liquid metal technologies and their future development in fusion
research demands the construction of new infrastructure in Europe that could be devoted
to the research on several topics, such as the training of scientists and engineers for the
industrial development of liquid metal technology in the fusion field, together with the
transfer of knowledge and technology among research centers and facilities, universities,
and industry to establish competent human teams for the deployment of future fusion
devices. For this reason, the prime objective of the CIEMAT Liquid Metal Laboratory (LML)
is to achieve new experimental conditions able to cover the gap present in the literature and
to study the main concerns related to PbLi technologies in future fusion reactors [25,26]. In
this frame, a new facility, the CIEMAT Corrosion Loop, Internally Coated (CiCLo-C), has
been designed with the aim of evaluating the corrosion behavior of EUROFER steel and
other fusion relevant materials when they are exposed to the liquid metal alloy flow rate.
According to the literature, a high mass loss has been observed in steel tested materials
(~20-900 um/year) [27]. Thus, it is reasonable to think that this corrosion can also affect the
steel pipeline of the system rather than only the specimens. In this scenario, the chemistry of
the liquid metal can be severely modified, thus also affecting the corrosion process [28]. In
order to prevent this situation, the pipes in CiCLo-C will be internally coated with tantalum.
Tantalum has been demonstrated to have corrosion resistance [29]. The main purpose will
be to ensure that observed corrosion products in the liquid metal are derived exclusively
from the specimens, thus not modifying the experimental conditions (the chemistry of
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the liquid metal) and assuring the isolation of the corrosion effect on the specimens. In
addition, this protection will extend the lifetime of the facility.

An added value to the corrosion measurements is the inclusion of CIEMAT irradiation
facilities [30,31] since the effect of radiation on the corrosion of nuclear materials is still an
open question. Thus, specimens can be irradiated or implanted (both with electrons and/or
ions) before or after the corrosion experiments, with the samples then being damaged
similar to that produced in the fusion reactor. Obviously, the mechanism of degradation,
which is due to neutrons or lithium transmutation, is not the same, but it is still a powerful
tool to understand the physics/chemistry behind the process [32].

The work provides an overview of the facility, focusing on the main components of
the LiPb loop.

2. Corrosion Issue in a Lithium Lead Loop

The use of lead lithium eutectic alloy as the tritium breeder/carrier provides an
attractive option for fusion reactors because of its adequate tritium breeding rate with
a reduced lithium inventory thanks to the lead acting as the neutron multiplier and the
efficient heat-transfer characteristics. The use of this alloy (PbLi) requires an assessment of
its compatibility with structural materials, mainly focusing on the corrosion, mass transfer,
and degradation of the mechanical properties of the structural material.

The principal processes that contribute to the corrosion of materials by liquid metals
are dissolution, alloying, intergranular penetration, impurity transfer from or to the liquid
metal, and the thermal and concentration gradient for mass transfer. The whole process can
bring about a significant wall-thinning wastage and the deposition of corrosion products,
which can result in a severe flow change and an accumulation of radioactive material
in unshielded regions. The direct consequence is an increase in the pumping power
requirement, a decrease in energy conversion efficiency, and the need for extra shielding
in the radionuclide accumulation areas. For all these reasons, it is extremely important to
have precise control over the evolution of structural material deterioration.

This variety of possible corrosion phenomena depends on many variables, which
include [10]:

1. the melt itself (the impurity content and the composition of the impurities as well as
the lithium content of the liquid metal alloy);

the microstructure of the material in contact with lithium lead;

the exposure time [33];

the flow velocity and profile;

the difference in temperature across the loop (AT in some specific part of the loop,
such as cold traps or pump channels);

6.  the PbLi temperature profile.

AN

Although these variables are extremely important for corrosion control, some of them
are the result of special interests. This is the case for the flow velocity, which provides the
mass transfer of the structural material, and the temperature, considering that thermal-
gradient mass transfer occurs in non-isothermal systems because of the temperature-
dependence of solubility [9]. The mass transfer rate of an element i at a determined
temperature can be described as:

R; = k(Cs - Ci) (3)

where k is the rate constant of the rate controlling dissolution, C; is the solubility of the
element i in the liquid metal and depends exponentially on temperature, and C; is the
concentration of i in the liquid metal, which is approximately constant in the liquid metal
loop. The magnitudes of Cs and C; determine whether there is dissolution (R; > 0) or
deposition (R; < 0), and the kinetics of the dissolution and deposition reactions represented
by the k factor can deeply influence the overall rate of transfer. The k factor for corrosion
is strictly related to the chemical potential, which can be expressed as the tendency of a
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component to escape from a certain phase; a higher chemical potential implies a greater
tendency of a component to leave its phase (e.g.,, W << Fe, Cr < Ni) [6].

Finally, the flow velocity is strictly related to the liquid metal composition, which must
be deeply characterized before and after every experimental campaign. A liquid metal
used as tritium breeding and as a coolant requires higher velocity, so the final design of
the reactor has a direct relationship with the PbLi dynamics inside the breeder module.
Even if the magnitude of the corrosion effects depends on the specific reactor design, the
mechanisms of mass transfer will be the same.

Starting from these assumptions, a thermal-convection pumped loop, CiCLo-C, able
to achieve a velocity up to 1 m/s and a temperature of 550 °C temperature in the test
section, was implemented with the aim of providing important results for all lead lithium
BB designs.

3. CiCLo-C Loop: Requirements and Design

There are still several technological issues of paramount importance for the practical
design and implementation of liquid metal loops in a fusion device, mostly related to
material compatibility, component integration, and engineering tool validation [34]. For all
these reasons, the setting-up of new corrosion loops is extremely welcomed in the field of
fusion materials.

The facility consists of a closed isothermal loop placed in a vertical arrangement to
facilitate emergency draining by gravity. The liquid metal flows through a permanent
magnets pump (PMP) and one exchangeable part where a test section (TS) is installed for
material compatibility experiments. One of the most important parameters is the mass flow,
which should ideally cover a wide range. The possibility of working at different velocities
thanks to the PMP will not only ensure the coverage of different BB cases but also the study
of PbLi compatibility behavior in different reactor areas. Moreover, the design of this test
section provides the possibility of studying the compatibility with other materials (coatings,
functional materials, irradiated materials, etc.) and testing new experimental devices [26].

For safety reasons, the loop is located in a collecting tray made of stainless steel (3 mm
width) with the main dimensions of the loop rack (1 m x 3 m) and a board of 100 mm. To
guarantee safe drainage by gravity, the entire system has an inclination of 4 degrees toward
one of the loop corners connected to a dedicated vessel. The tube material is stainless steel,
316 L, with well-known behavior [13,18], and the thickness of the tube is 3 mm. The total
PbLi inventory in the CiCLo loop is 7 L. The loop is connected over a flange joint, which is
sealed by a stainless-steel spiral wound.

All connections are executed by a Swagelok connection or a flange joint.

3.1. Main Components and Functioning
The main components of the loop are indicated in Figure 1 and described in Table 1.

Table 1. Main components of the loop, as indicated in Figure 1.

Main Components

Heat exchanger air outlet

Pneumatic ball valve

1 Fluid temperature measurement
2 Connection to level probes

3 Connection to argon supply

4 Expansion tank S-001

5 Loop pipes

6 Test section (TS)

7

8

9

System filling line
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Table 1. Cont.

Main Components

10 System draining line
11 Draining tank S-002
12 Heat exchanger air inlet
13 Rack
14 Pneumatic horizontal drive for flow meter
15 Flow meter
16 Permanent magnetic pump (PMP)
1 2 3 4 5
1
6
7
16
8
15 9
14 10
13

12 2 11 3

Figure 1. 3D sketch of the CiCLo-C facility.

The liquid metal loop has the main operating parameters indicated in Table 2. These
parameters were selected considering the worst extreme conditions for a breeder blanket.
Of course, it is possible to work in softer regimes and perform specific tests for less
demanding scenarios.

Table 2. Main features of CiCLo-C.

Parameters Values

Temperature of the liquid PbLi Max 600 °C

Volume flow of the loop Max 0.5L/s

Static pressure Max 3 bar

Capacity PbLi 7L

Gase value Pressurized air 10 bar/argon 3 bar
Dimensions 2360 x 2790 x 900 (height x length x width)
Total weight app. 700 kg

Inner diameter 32 mm

Outer diameter 38 mm

A description of the main components presented in Figure 1 and Table 1 is detailed below.
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A permanent magnetic pump (PMP) from SAAS GmbH is responsible for the lithium
lead circulation inside the loop. It has a rotor diameter of 250 mm, a power of 3 kW, and
a rotation speed varying between 70 and 705 rev/min. It can work at up to 600 °C, and
as visible from Figure 2, it can supply different flow rates at different working pressures.
Thus, the PMP supplies a range of PbLi velocities in the TS from 0.2 m/s to 2.5 m/s.

Pressure Flow Rate Characteristics of PMP PbLi

T=6502C
P (bar) 2.00
1.80
1.60 w100 Rev/min
1.40 =@~ 200 Rev/min
1.20 wfe== 300 Rev/min
wwpte= 400 Rev/min
1.00
wettbs 500 Rev/min
0.80 wwlp 600 Rev/min
0.60 b 700 Rev/min
0.40 s 800 Rev/min
0.20
0.00 T
0 0.1 0.2 0.3 0.4 0.5
Flowrate (L/s)

Figure 2. Pressure vs. flow rate variation characteristic curves of the permanent magnetic pump, by
SAAS GmbH.

The draining tank is responsible for recollecting all the liquid metal previously molted.
It is provided by a cap and side hook because in this way, it can be removed directly with
all the contaminated lead lithium once the experimental campaign is finished. For this
purpose, the tank was designed with a slope at the bottom, which facilitates the evacuation
of the liquid metal through a drain valve. This drain valve will also be used to extract
samples of PbLi during the experimental campaign. With periodic analysis of the liquid
metal, it will be possible to have an indirect measurement of how corrosion is acting and
identify the presence of a small leak or any possible contamination. At the bottom, a
rail system permits movement in the horizontal direction to compensate for the thermal
expansion of the whole loop (see Figure 3). An additional expansion tank is placed at the
top of the loop for filling purposes and to compensate for changes in the level of the liquid
metal (Figure 1).

Figure 3. Details of the rail system of the draining tank, which permits movement due to
thermal expansion.
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The flow meter is a magnetic flywheel one from SAAS GmbH and consists of three
main components: mechanical, inductive proximity switch, and frequency and revolutions
relay. It is described by the diagram in Figure 4a. The flow meter is powered by the fluid in
the pipe situated above it. The rotation of the shaft is recorded by an inductive proximity
switch and is subsequently analyzed by a frequency and rotation relay. For the use and
calibration of this flow meter, is necessary to use a dedicated channel with a custom-made
flat pipe (see Figure 4b). The magnets are made of SmCo alloy, and as the liquid metal
flows, the magnet system rotates at a rotation speed proportional to the flow rate. The
measurement can be read out in a voltage value range of 0-10 V or a current value range of
4-20 mA.

4..20mA
Flowmeter

Inductive proximity
switch Frequency and
revolutions relay

Rotating
magnets

(b)

Figure 4. Schematic description of the flow meter (a). Custom-made pipe in proximity to the flow
meter (b).

Temperature measurements are monitored by the thermocouples NiCrNi type K along
the entire loop in direct contact with the outer surface of the pipe. An additional temper-
ature measurement is included inside the pipe with the help of three fingers at different
depths: one before the test section and one after the pump. In this way, it is possible
to measure the liquid metal temperature at different positions along the tube diameter,
enabling possible variation in the thermal distribution along the depth of the tube to be
measured and compared with the temperature measured by the external thermocouples.
The thermocouples each have a diameter of 2 mm and are inserted into the sleeve end (see
Figure 5).

Level detection is fundamental for the filling and draining stages of the loop. The
sensors for level detection are inserted in the cap of both tanks (expansion and draining
tanks). The level of liquid metal is measured by conductive probes. Their exact length must
be determined during the commissioning of the loop. Commercial spark plugs are used as
shown in Figure 6.
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B |

Figure 5. Fluid temperature measurement system through three-point finger system.

Sparkplug | < ©

\’ ou
Welded probe

o

N

Figure 6. Principle of conductive level detection.

For forced cooling, a controllable heat exchanger is a mobile part of the design. The
transmission power of the heat exchanger was calculated for the working point of 550 °C
in the liquid metal and is shown in Table 3. The heat exchanger can use approximately
1.25 kW to adjust the thermal balance of the loop.

Table 3. Working parameters of heat exchanger design.

Parameters Inside Medium PbLi Outside Medium Air
Mass flow rate (kg/h) 6535 324.5

Volume flow rate (m3/h) 0.72 278.7

Normal flow rate (m3/h) - 251.1

Pressure inlet (bar) 2 1.03

Inlet temperature °C 550 20

Outlet temperature with cooler °C 532 85

Power transmission W —1253 1253

The loop heating is reached through several systems located in direct contact with
the tube walls, ensuring uniform heating throughout the whole loop. Flexible, high-
temperature heating tapes are used in the whole loop.



Appl. Sci. 2022,12, 3104

9of 14

The PMP does not need a heater. Its channels are heated by the induction eddy
currents inside the pump channel supplied by the magnet rotation, and its temperature
is continuously controlled by K-type thermocouples. The cooling power transmission is
1.25 kW, which means that the maximum temperature of PbLi would be of 600 °C.

The electrical equipment is located in a cabinet and includes a touch panel for the
control of the system programmed by the Siemens TIA Portal and WinCC Flexible. The
electric device is designated for a 400 V /50 Hz TNS supply, and the nominal current per
phase is 40 A.

The largest part of the electrical system is the control of the heating units, which can
be activated and deactivated, measuring the current through a heating zone and detecting
eventual failures, guaranteeing safety.

For the tanks, mineral-insulated band barrels from Watlow are used (700 W). Super-
wool Plus fiber from Morgan Advanced Materials is used as thermal insulation. This
material (128 kg/m3, thermal conductivity 0.11 W/m-K at 500 °C) withstands temperatures
up to 1200 °C.

The loop functioning starts with the melting of the lead lithium material and is de-
scribed below.

The lead lithium is supplied in form of solid ingots, which are melted and purified in
a special tank built for this purpose. The melting tank is located at the bottom of a glove box
(GB) [35] and connected to the main tank of the loop by a pipeline with a small inclination
that compels gravity filling. The vacuum-stored ingots are introduced inside the GB and
opened in Ar atmosphere to avoid oxidation. Located inside the main tank, surrounded
by band-barrel heaters, ingots are melted at 350 °C (melting point: 235 °C). Once totally
heated, the first important step is represented by the purification of the melted material: all
the impurities eventually present begin to float on the surface of the molten tank [11,35].
They are removed with extreme caution before starting the next phase: the filling of the
loop draining tank.

A ball valve at the bottom of the molten tank opens the PbLi pass to the connection
with the draining tank of the loop. Conductive probes located at different heights measure
the PbLi level inside it, informing when the tank is starting to fill, half-filled, and completely
filled. Once filled, the connection with the GB is closed, the loop is inertly insulated from
the rest of the installations, and the second phase, loop filling, can be started.

The loop filling is performed with argon pressure; it is adjusted so that the liquid
metal starts rising into the loop slowly. Three sensor levels inside the expansion tank are
responsible for informing when the loop starts filling (the first one) and is completely filled
(the second one). The third one is a safety sensor that has the important role of immediately
draining the loop if it is activated by accidental overfilling.

The PbLi circulates in a clockwise direction at the selected velocity thanks to the PMP
located in one of the corners of the circuit. The flow meter is installed just before the pump
to allow the correct measurement of the flow before the liquid metal enters the PMP.

Finally, the entire loop, except the test section, will be internally coated with tantalum.
The treatment is a gas phase process that is able to coat even surfaces with more complex
geometries (e.g., fittings, elbows, and pump channels). All dimensions of the components
are suitable to be chemically coated with tantalum. As a result, the stainless-steel tubes gain
superb corrosion resistance of tantalum while maintaining the mechanical properties of
stainless steel and thus enlarging the durability of the loop itself. Samples of 316 stainless
steel covered by tantalum have already been produced and analyzed after several heating
cycles, showing no signs of defects or distortions (Figure 7). An SEM microscopy image
shows good adhesion with the substrate and uniform thickness. The extremely rugged,
uniform, and the inert surface will ensure that all the corrosion impurities are only derived
from the degradation of the samples in the test section.
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Figure 7. SEM microscopy image of a 316 stainless steel sample covered by tantalum, showing
good adhesion with the substrate and uniform thickness (a). Mapping EDX analysis of the coated
sample (b).

3.2. Flow Meter Calibration

The flywheel is used to measure the liquid flow rate because the rotation speed, 1, is
proportional to the flow rate.

The calibration of the device is based on the thermal balance of the loop. The loop
is adjusted to a stationary thermic state. The pump works according to a theoretical
characteristic curve in an average rotation speed. All heating zones, except the horizontal
one just after the PMP, are deactivated. By adjusting the heating in this zone and the
cooling capacity of the coolant, just before the flow meter, a state is established in which all
temperatures of the loop are constant. The temperature of the fluid shall be equal to the
working temperature of the loop. The present volume flow is calculated with the following
Equation [36]:

Pei
p(9)c(8) (82 — 01)

where V is the volume flow rate, P,; is the electrical power of the heaters, p(8) is the
density depending on the fluid temperature (see Figure 8), c¢(®) is the specific heat capacity
depending on the fluid temperature (see Figure 9), ¢, and ¢, are the fluid temperatures at
the three-point temperature points: after the PMP and before the test section.

V:

Density, kg /m3

Density of PbLi vs Temperature p(9) =-1.67839 +9531.8

9500

9000 o,

———
——
8500
200 300 400 500 600
Temperature, °C

Figure 8. Variation of PbLi density with temperature.
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Figure 9. Dependence of heat capacity of PbLi on temperature.

The measured rotation speed of the flow meter in this state can be related to the
calculated flow rate. Thus, the linear characteristic curve of the flow meter using the zero
point is calibrated and can be defined for the temperature measured at the thermocouple in
the flow meter channel. To calculate the flow meter calibration for other temperatures in
the device, the constant k must be determined by the balance between the accelerating and
braking torque at the flywheel [36]:

o ( V(8) 1) ppLi(Bo)
2t Arn(dy) ow (%)

where A is the cross-section of the flow channel, r is the radius of the flow meter (45 mm),
n(d) is the rotation speed at the calibration temperature, oy, (%) is the electrical conduc-
tivity of the channel wall at the calibration temperature, and opyr;(9) is the electrical
conductivity of fluid at calibration temperature.
The conductivities of the matching metals are shown in the diagrams in Figures 8 and 9.
In both cases, the error is given by thermocouples, with a total uncertainty range of up
to £2-3% of the reading.

3.3. Test Section

In order to simulate the most realistic environment in terms of geometry, the TS was
designed as a cylindrical tube, 176 mm long. All TS components follow this cylindrical
configuration, as shown in Figure 10.

- NN NN /7700 SN NS NN YA 2z G, I NN S
8 SN X

- N Z 72, G5 7 2 ) NN S 22555
Z /7L SSS 1 v N
ANNRDIN NN o/ SSSSS NN &\'WB&\NWII//A [k zZ

r e I ”_——____—__‘

Figure 10. Tubular test section with cylindrical EUROFER samples located inside a 316 L pipe.

Inside the main pipe, 10 samples in the form of rings and an extra piece to adapt the
flow from the main pipe of the loop to the TS caudal, 32.8 x 8.5 x 16 mm?, are foreseen.
Liquid metal enters from the top of the TS and flows down with a laminar flow rate.
According to this direction, the first piece has a different shape in order to adapt the caudal
smoothly from 32 mm outside of the TS to 15.8 mm inside the TS. The lower diameter of
the TS assures the desired PbLi velocity by maintaining the rest of the circuit at a lower
velocity, as can be seen in Table 4.
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Table 4. Comparison of the main operative parameters in the TS and the rest of the loop.

Operative Parameters Test Section Rest of the Loop
Design temperature (°C) 550 400-550

Min. temperature of PbLi (°C) 475 400

Max. temperature of PbLi (°C) 550 475

Max. PbLi mass flow rate (kg/s) 2.72 2.77

Max. PbLi velocity (m/s) 1 0.25

At the end of the TS, an extra piece is installed to contain the samples in the appropriate
position even if the flow is swift.

This configuration of the test section provides an important new characteristic to
the corrosion samples analyzed: the flow regime of the lead lithium in contact with the
EUROFER will be uniform, as in the case of breeder blanket channels in a fusion reactor.

Considering that the extreme conditions that this new loop can achieve are also the
most corrosive ones, the test section has been designed to ensure them only in this part,
leaving the rest of the experiment to work in milder conditions.

In Table 4, the main operative parameters in the TS and in the rest of the loop
are summarized.

As previously mentioned, the temperature in the TS can achieve 550 °C and a PbLi
flow of 1 m/s. The experiment stops after running for 250, 500, 1000, 2000, and 4000 h in
order to obtain the corrosion rate at different exposure times and evaluate the cinematic
rules of the corrosion rate. When the pump stops running, the loop is drained by gravity to
the main tank of the loop, where PbLi keeps its temperature over the melting point. Once
the loop is totally drained, the test section is opened and manipulated in a glove box under
an argon atmosphere. The loop is turned on again without changing the experimental
conditions, and the dynamic of the flow does not change. The test section is reinstalled,
and the loop is cleaned with argon to eliminate possible oxygen and filled up again.

On the other side, there is the possibility of introducing samples with different geome-
tries from an additional port located just before the TS just described, in the elbow. In this
way;, it is possible to analyze samples with different geometries to test additional effects,
such as hardening or embrittlement.

4. Conclusions

The CiCLo-C facility will study the corrosion mechanism on nuclear materials under
the most realistic conditions according to the current breeding blanket concepts. An internal
tantalum coating helps to prevent the corrosion of the pipes and main components, while a
cylindrical test section can reproduce realistic hydraulic conditions in the blanket pipes. The
flexibility of the system allows the installation of other test sections with different materials
and different configurations for material compatibility studies. This facility provides unique
features in the nuclear material study of corrosion effects and supplies the possibility of
several upgrades in different fields (specific sensors, purification systems, magnetic field
effect in corrosion, etc.) for a deeper analysis of corrosion phenomena. Finally, the main
aims of this facility will be performing experiments simulating real reactor conditions,
observing how corrosion could act after long cycles on structural materials, mixing its effect
with that of oxidation, determining the possible presence of leaks, identifying the effects of
corrosion on welding, determining how to act in the presence of a plug in the loop, and
developing experience and manageability with security issues related to this liquid metal.
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