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This paper presents experimental findings on the behavior of iron-based alloys in environmental conditions
typical of nuclear fusion technology, specifically focusing on material degradation, which is a critical aspect for
the water cooling system of EU DEMO breeding blankets. The experimental campaign investigates potassium
hydroxide’s role as an alkalizing agent, testing various concentrations to assess its impact on corrosion resistance.
Additionally, it examines how oxygen levels affect localized corrosion development, which is crucial for miti-
gating corrosion risks in fusion applications. Seven 1000-hour tests were conducted to determine optimal con-

ditions for corrosion reduction. Findings include identifying an oxygen concentration threshold to prevent piping
cracking on EUROFER97 specimens.

Introduction

The cooling circuit operation in a nuclear Fusion Power Plant (FPP)
involves complex and consequential phenomena, among which the
variation in corrosion rates is particularly critical. More than just a
technical issue, these variations significantly affect the degradation of
materials in the circuit, jeopardizing the plant structural integrity, with
relevant safety consequences. Moreover, in the unique and harsh envi-
ronment of a FPP, the burning plasma’s neutron field activates both the
structural materials and their Corrosion Products (CPs). Once activated,
these CPs evolve from a simple byproduct of corrosion into a potential
radiological hazard, emitting radiation that poses a risk to the plant
personnel and environment.

The literature on nuclear safety and radiological protection has
extensively documented that Activated CPs (ACPs) are a significant
radiological source term for occupational dose assessment. Once mobi-
lized, ACP can pose a substantial risk during accidental scenarios [1-4].
Therefore, understanding the corrosion process, managing its byprod-
ucts, and mitigating its effects are essential for the safe and efficient
operation of FPPs.

As detailed in [5], corrosion is not a monolithic process; there are
various types of corrosion. The most common classification is between
wet and dry corrosion. Wet corrosion is the prevalent type of corrosion
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in the context of a cooling circuit, because the primary catalyst for
corrosion phenomena is water, which acts as the coolant in the system.

This prevalence underscores the importance of water chemistry in
managing and mitigating corrosion phenomena. Optimizing water
chemistry, therefore, is not just a matter of efficiencys; it is a fundamental
strategy for ensuring the safety and longevity of the plant. The water
chemistry of the cooling circuit within a FPP is a matter of balance. It
necessitates the addition of an alkalizing agent to counteract acidifica-
tion, which can result from radiolysis or increased temperatures.
Furthermore, maintaining an inert atmosphere is essential to prevent the
creation of an oxidizing environment or the solution’s carbonation. The
safety measures are not optional; they are vital for the safe operation of
the plant. In addition to the formation of a high rate of corrosion
products, localized corrosion phenomena could affect the structural
integrity of the piping material; in this case, the damages could be
initiating events for accidental scenarios.

In the frame of the Work Package Breeding Blanket (WP-BB) of the
EUROFusion consortium, experimental analyses have been conducted to
gather data on the corrosion behavior of different alloys under specific
environmental conditions of the Water-Cooled Lithium Lead (WCLL) BB.
The WCLL BB concept, under design for EU-DEMO, is operated in con-
ditions typical of a PWR, with water temperature ranging from 295 °C to
328 °C and an operating pressure of 155 bars. These alloys include
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EUROFER97 and Stainless Steel 316L, with Potassium Hydroxide (KOH)
being used as the base. These studies are part of a broader effort to
understand and manage corrosion in FPPs. For the performed experi-
mental analyses, the KOH has been used as alkali rather than lithium
hydroxide, because of the successfully primary coolant pH control in
Water-Water Energetic Reactors (VVER) [6], and one of the goals of this
work to obtain a better pH control performing high-temperature high-
pressure tests.

This already mentioned approach aligns with the one in [7], where
experimental activities were conducted to verify different water chem-
istry compositions for FPPs. However, Lithium Hydroxide (LiOH) and
Ammonia (NH3) were used as the base in this case. While using different
bases, these studies share a common goal: to provide valuable insights
into the corrosion process and its management, contributing to the safe
and efficient operation of FPPs.

This paper presents the results obtained from seven different expo-
sitions, focusing on the occurrence of localized corrosion. These findings
contribute to the broader understanding of corrosion in FPPs, providing
valuable insights for improving operational safety and efficiency. By
examining these results, we can better understand the corrosion process,
its causes, and its effects, leading to more effective strategies for man-
aging corrosion and ensuring the safety and efficiency of FPPs. In
addition, this paper aims to contribute to the ongoing studies on
corrosion in FPPs. Providing a comprehensive analysis of the corrosion
process and its implications will support the development of more
effective strategies for managing this corrosion phenomenon and
ensuring long-term safety.

Case study: Corrosion of Fe-base alloys

Both EUROFER97 and SS316 are iron-based alloys [8-10], which
implies that the CPs under study are mainly formed starting from the Fe
corrosion.

Fe-based alloy corrosion is a process widely described in the litera-
ture for different environmental applications, whether nuclear fusion
applications or not. There are examples in the literature where Fe-based
alloy corrosion behavior has been studied in sulphuric acid environ-
ments [11] or supercritical water environments [12]. The problem of
corrosion and CP movement and activation into the environment of a
FPP affects not only fusion applications, like in [13] where the effect of
lithium breeders on EUROFER97 corrosion is described, but also fission
applications.

As explained in [14], the corrosion chemical reactions give different
products according to the metal considered. In the case of Fe, the overall
reaction is given by:

3Fe + 4H20—>F€304 + 4H2

Where Fe3 O, is a compound called magnetite and is composed of Fe with
two oxidation numbers, in particular, Fe*? and Fe*3. For this reason, the
magnetite formulation can also be written as FeO(Fez0s3).

The materials employed in this experimental campaign consist of flat
hot rolled coupons fabricated from EUROFER97 and SS316L, all
meticulously crafted within the laboratory. Each specimen adheres to
standardized dimensions of 20x20x3 mm. The chemical composition of
EUROFER97 specimens is synthetically outlined in Table 1, while the
chemical composition of SS316L specimens is detailed in Table 2.

For the EUROFER97 specimens, the application of grease is foreseen,
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Table 2
SS316L chemical composition (wt %).

Material C Mn Cr Ni Ti Mo Si Cu

SS316L 0.01 1.0 16.63 10.1 0.007 2.06 0.32 0.37

as it is not a stainless alloy, to pre-empt corrosion prior to exposure
within the autoclave.

High-Pressure High-Temperature loop

The seven tests were performed in RINA-CSM laboratories, with a
corrosion testing loop tailored explicitly for the experimental conditions
required. This corrosion loop test apparatus, named High-Pressure High-
Temperature (HPHT), comprises:

e an autoclave of 1.5 L,

e a heat exchanger,

o the pipeline and the pumping system,
e a pre-heater and a deaeration vessel

All of the components cited above are shown in Fig. 1.

The superalloy Ni-based autoclave is equipped with an electrical
heater capable of reaching 300 °C. The heat exchanger cools the solution
from 300 °C to 25 °C to reach a temperature suitable for the piping
system. The pumping system propels the solution with a velocity of 2 m/
s, corresponding to a mass flow rate of 5.72 kg/s and a volumetric flow
rate of 28.8 m>/h. The fluid velocity has been maintained under the limit
value of 7 m/s [15]. Downstream to the pumping system, a preheater
heats up the solution to 100 °C before re-entering into the autoclave. The
direction of the flow during the test phase is shown in Fig. 1 with a black
arrow.

Prior to each experimental test, the HPHT loop underwent a rigorous
leak test using flowing nitrogen at a pressure exceeding the experimental
pressure requirement by 20 %. Nitrogen was selected due to its lower
molecular weight compared to the solution. Therefore, the absence of
nitrogen leaks from the seals and junctions ensures the integrity of the
solution containment.

Furthermore, both the autoclave and the loop were thoroughly
cleaned with flowing ultra-pure water before and after each experi-
mental test to eliminate any presence of deposited particles that could
potentially contaminate subsequent tests.

Test Description

Each experimental test is divided into three different phases: the
pretest phase, the test phase, and the post-test phase. All of them are
described in the following.

Pretest phase

In the preparatory phase, the entire experimental setup is arranged.
The HPHT loop undergoes a cleaning process using flowing ultra-pure
water heated up to 300 °C. Meanwhile, the laboratory chemistry
department prepares the solution, measuring its pH before transferring
it into the deaeration vessel within a short timeframe to prevent
contamination and carbonation of the solution.

Table 1
EUROFER97 chemical composition (wt %).
Material Cr Ni Mn Ti v Al Ta w Mo
8.89 0.01 0.51 0.005 0.34 0.01 0.10 0.92 0.01
EUROFER97 C si P Sn sb N s Co Nb
0.11 0.05 0.005 0.001 0.001 0.21 0.003 0.06 0.01
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Fig. 1. HPHT schematic loop.

Furthermore, the solution container is exclusively designated for this
corrosion test campaign, ensuring no contaminations from other
chemical substances. Once the solution is in the deaeration vessel, it is
sealed off, and nitrogen is bubbled through to maintain a controlled
environment. The vessel remains isolated from the rest of the loop
throughout this process.

A magnetic stirring is employed to prevent errors in oxygen mea-
surement resulting from oxygen stratification within the solution. It has
to be clarified that the oxygen measurement was performed only in the
deaeration vessel before the solution was poured from the deaeration
vessel to the vessel. An in-line oxygen measurement is not possible with
the configuration shown in Fig. 1.

The specimens, previously produced by the dedicated department,
are degreased with Acetone (C3HgO) and weighed before the test. All
specimens are systematically identified using an alphanumeric code, as
notable in Fig. 2. Subsequently, the specimens are carefully positioned
within the autoclave, ensuring a sufficient distance between each
specimen, as shown in Fig. 2.

Following the allocation of the specimens, the autoclave is securely
closed and sealed. This closure process is facilitated by a system of pis-
tons activated by compressed air, followed by the manual sealing of the
autoclave head.

The concluding step of the pretest phase involves the complete
deaeration of the entire loop. This is accomplished by flowing nitrogen,
which displaces any pre-existing air from the loop into an air trap con-
nected to the autoclave via a plastic tube equipped with a non-return
valve.

Test phase

The campaign encompasses seven tests, with the primary specifica-
tions outlined in Table 3. From these tests, two distinct outcomes were
derived. Initially, a more consistent pH pattern was noted throughout
the test duration by altering the KOH concentration within the solution
(shown in bold within the brackets — column “Solution”). Furthermore,
starting from the third test, after achieving a relatively stable pH

Fig. 2. Specimens allocated into the autoclave.

trajectory, the oxygen concentration within the solution was regulated
(shown in bold within the brackets — column “O2”) to identify a
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Table 3
Test conditions.
Test N. Solution 0 Specimen type Pressure Temperature Time Aim
[ppb] [bar] [°cl [h]
1 KOH <10 EUROFER 100 300 1000 Looking for pH stability
(5 ppm) SS316L
2 KOH <10 EUROFER 100 300 1000
(26 ppm) $S316L
3 KOH <10 EUROFER 100 300 1000
(52 ppm) SS316L
4 KOH 100 EUROFER 100 300 1000 Looking for localized phenomena
(52 ppm)
5 KOH 200 EUROFER 100 300 1000
(52 ppm) $S316L
6 KOH 300 EUROFER 100 300 1000
(52 ppm) $S316L
7 KOH 400 EUROFER 100 300 1000
(52 ppm) $S316L

threshold value beyond which localized corrosion phenomena might
manifest.

The electrical heater is activated at the onset of the test phase to
attain the requisite experimental conditions. Once the desired temper-
ature is reached, the pumping system is initiated, signaling the begin-
ning of the test.

Throughout this phase, in tests 1, test 2, and test 3, samples of the
solution are extracted weekly to establish a time-dependent pH graph.
The exact volume of the collected solution is reintroduced from the
deaeration vessel.

After 1000 h, the electrical heater is deactivated, and the autoclave
can be opened after cooling the hot side of the loop. At this juncture, the
specimens are individually packaged and prepared for post-test analysis,
while two solution samples are procured for chemical analysis and pH
measurement.

There are slight variations with respect to the DEMO WCLL BB
thermal-hydraulic condition, such as the operating pressure and tem-
perature. About the fluid velocity, it has been maintained at 2 m/s to
avoid erosion phenomena, but in any case, is respecting the requirement
of being below 7 m/s.

Post-test phase

The post-test phase consists of several meticulous steps, according to
ASTM G1 standards, to analyze both specimens and the water solution
while also entailing the cleaning of the loop.

The HPHT loop undergoes a comprehensive draining and cleaning
procedure. After draining, the autoclave is meticulously cleaned using
Acetone and ultra-pure water to eliminate any precipitated particles that
may have emanated from the specimens during the test.

The pH of the water solution is measured using a pH meter at 25 °C in
an air-controlled environment. The second sample is also analyzed to
ascertain the concentration of various chemical elements released into
the solution.

The specimens undergo various analyses to assess their condition
comprehensively. One EUROFER97 specimen is designated for metal-
lography analysis, while the remaining specimens undergo weighing
and macroscopic and microscopic evaluations using an optical micro-
scope. Subsequently, a pickling solution containing water, hydrogen
chloride (HCI), and hexamethylenetetramine (HMTA) is applied to
remove the oxide scale. Following the pickling treatment, the specimens
are weighed again to determine corrosion rates via weight loss and
undergo a second round of macroscopic and microscopic evaluation.

The metallography analysis for EUROFER97 specimens is conducted
separately. These specimens are embedded in an Araldite resin matrix

for oxide scale characterization using Scanning Electron Microscopy
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS or EDX). Spe-
cifically, SEM analysis is utilized to observe the oxide scale both on the
surface and in cross-section and measure oxide scale thickness. In
contrast, EDS analysis focuses on oxide scale composition character-
ization. Additionally, if localized corrosion is detected, specimens are
examined using a 3D digital microscope to assess the depth and profile of
each pit.

Results: Chemical analysis

Multiple findings can be derived from the chemical analysis. Fig. 3
depicts the pH trend observed across test 1, test 2, and test 3. The graph
illustrates the attainment of the objective by test 3, as evidenced by a
more consistent pH trend. Subsequent to test 3, the concentration of
KOH was maintained, as detailed in Table 3, and the focus shifted to-
ward identifying localized corrosion phenomena.

Moreover, the other analysis gave the concentration of several
chemical species released in water. These concentrations are summa-
rized in Table 4.

Results: Corrosion analysis

From a corrosion standpoint, as previously mentioned, corrosion
rates were assessed by measuring the weight loss of the specimens. The
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Fig. 3. Ph trend from test 1, test 2 and test 3.
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Table 4

Releases concentration.
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Test N. Fe Cr Ni Co Mo Cu w pHi, T=25°C pPHgn T=25°C
[ppb] [ppbl [ppb] [ppbl [ppbl [ppb] [ppbl
1 36 0.3 5 0.01 38 6 0.01 9.59 6.86
2 42 3 41 0.01 315 0.5 5 10.54 7.20
3 113 15.5 21.2 0.36 246 5.3 18.0 10.72 9
4 68 3.6 14.4 0.1 296 1.91 7.71 10.82 9.32
5 50.0 1.43 1.63 0.05 144.4 6.72 11.64 10.91 9.33
6 20.0 2.68 6.26 0.05 180.2 5.12 14.85 10.62 9.48
7 20.0 3.71 5.18 0.06 206.0 1.61 4.81 10.65 9.40
Table 5
Corrosion rates.
Test Material Corrosion Rate w/o Corrosion rate with
N. pickling treatment pickling treatment
[um/y] (HCI + HMTA)
[um/y] ”
1 EUROFER97 3.0 =32 7.6 —i
SS316L 0.1 +0.2 1 ! > v
2 EUROFER97 1.9+ 2.6 5.1 ,‘-(’C';} S .
SS316L 0304 1 :Q}.;:: N
3 EUROFER97 0.0992 + 0.1045 0.2325 + 0.2625 x_:" > g ye s
4 EUROFER97 0.0058 = 0.069 0.0464 = 0.1598 ‘*;."“; e
SS316L 0.0086 + 0.0201 0.023
5 EUROFER97 0.1336 + 0.1689 0.2497 + 0.3081
SS316L 0.0057 =+ 0.0171 0.0228 = 0.0229
6 EUROFER97 0.0148 + 0.1035 0.0148 = 0.1568
SS316L 0.0059 + 0.0266 0.0059 =+ 0.0266
7 EUROFER 0.1000 -+ 0.4000 51+7.9
SS316L 0.1000 =+ 0.4000 0.7000

corrosion rate evaluation is documented in Table 5. Notably, the
corrosion rate post-pickling treatment exceeds that observed prior to
treatment. This suggests that the formation of a magnetite layer occurs,
serving as a protective barrier for the EUROFER alloy. The data pre-
sented in Table 5 are affected by an error related to the weight loss
measurement. Specifically, this error is + 1.67E-05 for EUROFER97 and
+ 1.645E-05 for SS316L.

Of particular interest is test 6, which displayed a significantly smaller
variation in corrosion rate compared to other tests. This could be
attributed to one of two factors: either the absence of oxides prevented
effective pickling, leaving the base metal vulnerable, or the pickling
process was not sufficiently prolonged.

Furthermore, test 7 exhibited a higher corrosion rate, attributable to
localized corrosion during the experiment’s time span.

Following the assessment of corrosion rates, the oxide scale under-
went characterization via SEM and EDS analysis. The SEM results are

18 45 EEC

Fig. 5. Test 3 in surface view.

presented in both sectional and surface views, particularly utilizing
Backscattered Electron Images (BEC or BEI) and Secondary Electron
Images (SEI). BEC provides a morphological depiction, with brightness
correlating to material density, while SEI offers topographical images
[17]. Figs. 4-13 display the EUROFER97 oxide scale with sectional and
surface views of the specimens, respectively, with associated chemical
conditions of the solutions.

During the EDS analysis, the adherent corrosion layer thickness has
been measured. Findings are reported in Table 6.

Table 6 presents information related to the thickness of the oxide.
The compositions of the oxide layers are delineated in Table 8 and
Table 9, detailing both the layer adherent to the base metal and the layer
above, which is not adherent to the base metal.

Upon comparison of Table 8 and Table 9, it is observed that for test 3,
there exists a nearly identical composition. This occurrence may be

700w
1 0Bym

Fig. 4. Test 3 in section view.

1mm

Fig. 6. Test 4 in section view.
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Fig. 7. Test 4 in surface view.

Fig. 8. Test 5 in section view.
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Fig. 11. Test 6 in surface view.

EHT = 15.00 kV Mag = WD = 10.5 mm Signal A= CZ BSD

Fig. 9. Test 5 in surface view.

attributed to the predominant presence of the non-adhesive corrosion
layer, posing challenges in pinpointing a distinct area within the
adherent corrosion layer during SEM analysis.

Localized corrosion phenomena were absent in the post-test analysis
until test 6. However, in test 7, two pits were identified on separate
EUROFER97 specimens. A 3D digital analysis was conducted on these
specimens to ascertain the characteristic dimensions of each pit.

Fig. 12. Test 7 in section view.

For the first specimen, 3D images of the pits, along with colored bars
indicating pit depth, are depicted in Fig. 14 and Fig. 15. These visuals
suggest that pit 2 (Fig. 15) is deeper than pit 1 (Fig. 14). Nonetheless,
quantitative insights can be gleaned from Fig. 16 and Fig. 17, as well as
from Fig. 18 and Fig. 19, via profile analysis of pit 1 and pit 2. The profile
analysis of the characteristic dimensions of the two pits is detailed in
Table 9.
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Fig. 13. Test 7 in surface view. . . . . .
Fig. 14. 3D pit analysis — pit 1 of specimen 1.
Table 6
Corrosion layer thickness.
Test N. Thickness
[um] pm
3 1.24 +- 1.96
4 0.70 = 1.06 22.5
5 0.560 + 1.20
6 1.346 + 2.078 20
17.5
Table 7
Adherent corrosion layer composition (wt %). 15
Test N. Composition (wt%) 125
Fe Cr o]
10
3 86.28 1.48 11.67
4 72 14 12.6 75
5 68.8 19.8 13.8 :
6 66.8 18.11 14.06 5
-
3
Table 8 25
Not adherent corrosion layer composition (wt %). 0
Test N. Composition (wWt%)
Fe Cr o]
3 90.01 1.71 7.62
4 79 2 17
5 85 3.8 9.76
6 79.6 2.04 16.23
Table 9
Characteristics dimensions of pits.
Pit n. Max. Depth Width
[um] [um]
Pit 1 Specimen 1 18.5 26.6
Pit 2 Specimen 1 23.3 27.5
Pit 1 Specimen 2 28.2 18.2

From the second specimen, illustrated in Fig. 203D images of the pits
are presented, accompanied by a colored bar offering qualitative and
somewhat quantitative insights into pit depth. It is discernible that pit 1,
situated on the left side, exhibits greater depth than pit 2, positioned on
the right side. For these pits, quantitative data can be inferred from
Fig. 21 and Fig. 22 through profile analysis of pit 1. The profile analysis
of the characteristic dimensions of the two pits is delineated in Table 9.

Fig. 16. 3D pit analysis — identification point for profile analysis (pit 1 of
specimen 1).
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Fig. 17. 3D pit analysis — pit profile (pit 1 of specimen 1).

Fig. 18. 3D pit analysis — identification point for profile analysis (pit 2 spec-
imen 1).

Notably, only one profile analysis is conducted for this specimen due to
the significant disparity in pit depth already depicted in Fig. 20.

Discussion

The seven tests’ results highlighted results that were in line with
what was expected. Based on the chemical analysis results, there is an
increase in KOH concentration until test 3. For the pH stability, it can be
said that the aim has been achieved using a KOH concentration of 52
ppm. Indeed a pH between 9.0 and 9.5 entails a near-neutral pH when
the fluid reaches 300 °C.

Considering what is reported in Table 4, it can be concluded that as
the concentration of KOH increases, so does the release of Fe, Cr, Co, Mo,
and W into the solution. However, the same trend is not observed for
other species, as their correlation with KOH concentration does not
show a consistent increase or decrease. Nevertheless, there is a general
rise in Ni releases into the solution. Furthermore, with a stable KOH
content and increasing oxygen concentration, there is a decrease in Fe
release, coupled with an increase in W, Cu, and Co releases into the
solution, despite the absence of a clear correlation between rising KOH
concentration and increasing release. This variation in tendency, which
starts from test 3, is correlated with the corrosion rate shown in Table 5.

About the experimented general corrosion, from Table 5, the

— km
F30

F27.5
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225
F20
F17.5
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12.5
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wi

. w

‘.
A,/ - - -

Fig. 21. 3D pit analysis — identification point for profile analysis (pit 1 spec-
imen 2).
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Fig. 19. 3D pit analysis — pit profile (pit 2 of specimen 1).
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Fig. 22. 3D pit analysis — pit profile (pit 1 specimen 2).

corrosion rate follows an expected trend; thus, there is a decrease in
corrosion rate until test 3 due to the increase in KOH concentration, so
with a decrease in the pH stability of the solution. Moreover, from SEM
analysis and EDS results, it has been observed and confirmed that the
oxide scale comprises chromium-based and iron-based oxide in all
specimens analyzed. Chromium oxide, known as chromite, constitutes
the initial layer on the material surface. Conversely, iron oxide, termed
magnetite, forms a secondary layer above the chromite layer, serving as
protection for the non-stainless metal, particularly formed below 100 °C,
as detailed in [16]. The distinction between the two layers is more
discernible in Fig. 5 and Fig. 7, in the sectional view, and Fig. 10 and
Fig. 11, in the surface view. It has to be noted that results from test 5 are
similar to what can be obtained from a pickled specimen. This may have
two different explanations: it is possible that before undergoing SEM and
EDS analysis, the specimen has been pickled, or there is an effect coming
from the procedure to prepare the specimen for the SEM and EDS ana-
lyses. The first explanation has been excluded, since the specimens fol-
lows a different path already from the collection time, at the autoclave
opening. The second explanation is still being studied.

Moreover, outcomes from Table 7 need to be clarified. The cited
results should be semi-quantitative since different effects could be
considered when using an instrument such as SEM. Firstly, the electrons
used with SEM are not in transmission; this means that the results come
from a certain volume within the specimens. As a consequence, there is a
limitation of the instrumentation because the oxide thickness values are
close to the limiting operating range evaluable, which results in eventual
contamination of the results by the composition of the base material
matrix. From Table 7, it can be noted that it is mostly an enrichment of
the adherent oxide layer in chromium.

From Table 6, an observation can be made regarding the effect of
increasing oxygen concentration from test 3 to test 4, where a reduction
in the disparity between maximum and minimum thickness is noted.
Conversely, with a continued increase in oxygen concentration from test
4 to test 5, there is an escalation in this difference. Finally, in test 6, the
difference between maximum and minimum thickness returns to the
same value as observed in test 3. The last test presented in Table 6 re-
veals a thicker corrosion layer than the other two, suggesting that the
pickling treatment of the specimens could be extended for a longer
duration.

Doing a step foreword for localized corrosion phenomena, the aim
pursued starting with test 3 has been achieved with test 7. Table 9 shows
the characteristic dimensions of the four pits identified, and a compar-
ison can be made between the different pits. From specimen 1, pit 2
seems the most alarming; however, comparing the results the pit 1 from
specimen 2 is the deepest and the narrowest. This last configuration
entails a potential material perforation in case of comparable di-
mensions between pit depth and material thickness. Pit propagation
could be anticipated in experimental campaigns comprising longer tests
than those outlined in Table 3.

In addition, the presence of pitting may be alarming because of the
eventual superposition effect of Environmentally Assisting Cracking
(EAC). A structural material exposed to an environment that enhances
the effect of Stress Corrosion Cracking (SCC), Hydrogen Embrittlement
(HC), or Liquid Metal Embrittlement (LME) may suffer from the pres-
ence of pitting corrosion because there can be a higher crack advance
rate [18].

Conclusions

The presented experimental study serves to scrutinize the corrosion
dynamics of iron-based alloys within the confines of a FPP. Despite the
limitations associated with the apparatus, such as the slight variation
from the main thermal-hydraulic conditions, these investigations were
meticulously tailored for applications in DEMO BB, driven by the
imperative to curtail the generation of ACP, thereby mitigating its
propagation within a cooling loop.

The exploration of water chemistry’s influence on corrosion and
release phenomena unfolded through two distinct analytical avenues.
Firstly, meticulous efforts were made to uphold stable pH levels by
continuous monitoring, not only at test onset and conclusion but also
intermittently throughout the testing phase. Secondly, the quest to un-
earth localized corrosion phenomena involved augmenting oxygen
concentrations in the water solution.

Fine-tuning the KOH concentration in the water solution aimed to
establish a more consistent pH trend. However, heightened KOH levels
engendered enhanced pH stability at the expense of heightened
byproduct accumulation until test 3. This poses potential safety ramifi-
cations concerning radioactive contamination, necessitating strategic
planning for decommissioning in a nuclear power plant’s cooling circuit.

Tests, with and without pickling treatment, unveiled marked dis-
parities in corrosion rates as KOH concentration surged to 52 ppm. Tests
1 and 2 evinced near-neutral pH levels at 25 °C, heating to 300 °C
induced acidity. Hence, the 52 ppm KOH concentration was selected for
oxygen control, premised on the alkaline pH observed at 25 °C in test 3.

Following the implementation of oxygen control, corrosion rates
were reported in Table 5, illustrating a decline with escalating KOH
concentration post-pickling treatment. This accords with expectations,
given the typically positive correlation between acidity and corrosion
rates.

Furthermore, oxygen control tried to identify a threshold above
which localized phenomena manifest under specific environmental
conditions. Test 7 revealed such occurrences when oxygen concentra-
tions reached 400 ppb in the water solution, posing concerns over po-
tential material piping perforation within a nuclear power plant’s
cooling circuit.

The investigations that were conducted encompassed a range of
implications. Firstly, achieving consistent pH levels has allowed for a
mitigation of the influence of water chemistry on the corrosion rate of
alloys, particularly in terms of generalized corrosion. Furthermore, ex-
aminations into the critical oxygen concentration within the solution
have revealed that beyond a specific threshold, an increased presence of
ACPs associated with higher corrosion rates in specimens can be
observed even after 1000 h of exposure. Although this scenario deviates
significantly from the design conditions of the cooling loop, instances
such as imperfect seals in connection systems (e.g., flanges) can facilitate
the ingress of external ambient air into the piping, thereby promoting
coolant oxygenation.

In localized corrosion cases, the material’s structural integrity be-
comes a concern, as the re-passivation of the pitted surface is not an
immediate outcome but a process contingent upon the chromium con-
tent within the material. EUROFER97, being in this study the alloy prone
to pitting, contains chromium among its alloying constituents at levels
below 10 % by weight, rendering it non-stainless and thus uncertain in
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terms of re-passivation.

Failure to achieve re-passivation of the pipe material over extended
periods exceeding 1000 h can lead to material cracking if the pit attains
dimensions comparable to the pipe thickness. This eventuality would
result in the loss of primary refrigerant, precipitating a Loss of Coolant
Accident (LOCA), consequently allowing more air to infiltrate the
circuit.

Future inquiries will delve into dissecting the impact of oxygen
concentration on EUROFER alloy specimens graded by the EUROFusion
consortium. These endeavors will leverage a larger HPHT loop appa-
ratus equipped with mechanical stirring, obviating the need for a loop as
stirring speeds of 5 m/s can be attained between specimens and the
fluid. Additionally, investigations into pit propagation and re-
passivation phenomena will ensue to address localized corrosion
concerns.
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