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Project Summary

SWEETHY will develop an advanced technology for direct seawater electrolysis that will be able to
produce H> and O under intermittent conditions, accounting for the coupling to renewable power
sources (especially wind, PV). The electrolyser will be based on an anion exchange membrane (AEM)
operating in natural or alkaline seawater, and the SWEETHY technology will be developed along three
dimensions:

a) Materials optimisation. To meet the specific requirement of the seawater environment, the project
will focus on corrosion resistance and selective PGM-free electrocatalysts for hydrogen and oxygen
evolution reactions, on AEM with high selectivity for transporting hydroxide anions and anti-fouling
properties, as well as on novel anti-corrosion coatings for bipolar plates and porous transport layers
prepared by plasma spraying and electrodeposition.

b) Electrolyser stack prototyping. The project will exploit a novel stack architecture, which uses
hydraulic cell compression to host the advanced materials and to produce H; at high pressure. The
beneficial functions of the targeted unique stack are related to scalability and maintainability that will
be tremendously improved in comparison to conventional AEMWE stacks.

¢) Sustainability analysis. The project will conduct studies (life-cycle assessment (LCA), techno-
economic analysis (TEA)) to evaluate the circularity of the electrolyser system and its integration into
renewable-power systems and to explore an efficient by-product utilisation way through industrial
symbioses. These studies will feed back to materials optimisation and stack development.
Complementing LCA, social LCA, and techno-economic analyses/optimisation by qualitative work
ensures both environmental, economic, and social sustainability.

Combining these three dimensions, SWEETHY will utilise Mediterranean seawater from the coast of
Messina, Italy, to test its electrolyser with the goal withstand more than 2000 h of operation to produce
20 gn2/h with a degradation rate lower than 1%/100h. In addition, SWEETHY will demonstrate how the
operation of the electrolyser can ensure an optimised revenue concerning by-products and grid services.
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Public Deliverable Summary

Deliverable 5.1 reports the assessment of corrosion behavior of potential bipolar plates (BPP) and
porous transport layers (PTL) materials without protective coatings for AEM-based direct seawater
electrolysis.

In this work, the corrosion of flat nickel, titanium, stainless steel (316L), and nickel-based alloys (Monel
400, Inconel 600, Inconel 625, C22) plates was investigated in KOH and in alkaline artificial seawater
(ASW) at pH ~ 14 at 50°C for 2 days and 7 days under potentiostatic anodic and cathodic polarization.
The surface state of the samples before and after polarization was compared using scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Raman microscopy, and profilometry
to evaluate corrosion damage. The activities were mainly focused on the anodic polarization that leads
to the most significant corrosion damage.

The main results are:

- Three main kinds of degradation were observed: pitting corrosion (seen as severe degradation) and
formation of oxide/hydroxide layers (seen as mild degradation), whose thickness depends on the testing
conditions (potential, electrolyte composition, and time), and absence of degradation (sometimes
associated with surface discoloration but without significant oxide/hydroxide development
concentration on the surface (below EDX detection limit).

- In KOH electrolyte (in the absence of chlorides) under anodic polarization: Pure nickel and Ni-based
alloys (Monel 400, Inconel 600, Inconel 625, C22) are stable but develop an oxide/hydroxide layer
whose thickness depends on the applied potential and duration. Titanium and 316L are not stable for
long durations due to metal dissolution and leaching, respectively.

- In ASW (in the presence of chlorides) under anodic polarization: Nickel, titanium, 316L, as well as
molybdenum-free Monel 400 and Inconel 600 heavily corrode (pitting corrosion) while the nickel-based
alloys containing molybdenum and a higher amount of chromium (Inconel 625, C22) develop an
oxide/hydroxide layer whose thickness increases with time and with increasingly anodic potentials. The
thickest coatings exhibit cracks and, in some cases, fragments of them peel off the surface.

- In ASW (in the presence of chlorides) under cathodic polarization: Titanium is stable (no pitting or
metal dissolution) but develops an oxide/hydroxide layer on the surface, whose thickness depends on
the applied potential and duration. 316L and Ni-based alloys (Monel 400, Inconel 600, Inconel 625) are
stable for long durations with no formation of oxide/hydroxide on the surface.

D5.1. — Corrosion of uncoated BPP and PTL materials 4/34



GA N° 101192342

Contents
1 INEFOTUCTION ..ttt bbbttt b ettt b b 10
2 EXPEIIMENTAL ..ttt na e 10
2.1 IMIBENOUS ...ttt 10
SUDSLrAE IMALETTAIS ...ttt sttt nes 10
Tt 0] YT RRSRR 10
Electrochemical characterization of SUDSIFALES ...........coeverierieiiieieeseseseeeeeee e 11
Physicochemical characterization of SUDSIFAtES ...........cvecvieieviirieeceeeeesee e 11
2.2 ANOUIC POIAIIZATION ....eviieeiieiieiieieeiere ettt 12
2.2 1 INHCKEE (N} vttt ettt 12
IN LM KOH (DH ~ 14 oo ses s esesee s 12
In Alkaline Artificial Seawater (PH ~ 14) ..ccueovioieeeeeceee ettt 12
2.2.2  THANTUM (TH) toteetiiterteteiei ettt ettt ettt et eb e bbbt n et e e e s e neebeneennas 13
I LM KOH (DH = 14) covooeeeeeereeeeeeeeeeeeeeeeeeeseseese s seseses s seses s sese s es s s sessesesesesseesseseseeesssesesenes 13
In Alkaline Artificial SeaWater (PH ~14) ....cc.oierieieieieeeeresteee et 15
2.2.3  StaiNIess STEEI (BLOL) ....eciiciieeeiiceeeseee ettt ettt e re s 17
I LM KOH (DH ~ 14) oo seees s s es s ees e se s eeseees e seseesseseeesenes 17
In Alkaline Artificial Seawater (PH ~ 14) ..ocueovioieeeeeceeeceees e 18
2.2.4  MONEI400...... oottt 19
In 1M KOH + 0.6 M NaCl solIUtion (PH ~ 14) .....ecvieeeeeeeeeeeeee et 19
2.25  INCONEI BO0 ...ttt 19
I LM KOH (DH = 14) covooeeeeeereeeeeeeeeeeeeeeeeseseseese s sesese s seses s se s eeseses s seseesesesesessesseneseseerseseneses 19
In Alkaline Artificial Seawater (PH ~ 14) ..ocueoouieieeeeceeeceee et 21
2.2.6  INCONEI B25 ...ttt sttt 21
I LM KOH (DH ~ 14) oo eeee e eee s s es s s es e se s eeseees s seseeesseseeesenes 21
In Alkaline Artificial Seawater (PH ~ 14) ..c..oooioieeeeeee et 22
N A O A\ | [ ) SRR 23
I IM KOH (DH ~ 14) oo ee e see s es s ees e eeeeeeee s sen e 23
In Alkaline Artificial Seawater (PH ~ 14) ..cc.ooovieieeeeeeeeeseeese et 24
2.3 CathodiC POIANZALIONS .......coueriiiieieiecteee et 26
0 TSt 1 - 1 110 o 0 (1) ISP 26
In Alkaline Artificial Seawater (PH ~ 14) ..c..oooioieeeeee e e e 26

D5.1. — Corrosion of uncoated BPP and PTL materials 5/34



GA N° 101192342

o o AW

2.3.2  SEAINIESS STEEI (BLOL) ettt 27
In Alkaline Artificial Seawater (PH ~ 14) ...cueoovioieeeeeceeeceeeseetee e 27
2.3.3  MONEIA00........eoeeeeteeeeee ettt ettt nas 28
In Alkaline Artificial Seawater (PH ~ 14) ..ccueoovioeeeeeceee et s 28
2.3.4  INCONEI B0 ......oovieeeeceee ettt ettt a ettt naenes 29
In Alkaline Artificial Seawater (PH ~ 14) ..ocueooviirieeeeceeeceese et 29
2.3.5  INCONEEB25 ...ttt 29
In Alkaline Artificial Seawater (PH ~ 14) ..ccuoovioieeeeeeeee et s 29
Contribution to Project SPeCifiCc ODJECHIVES .....c..coveiiieiirireieeeee s 30
Contribution to major project exploitable reSUlt ............coviieeeiicieeceeeeee e 30
Conclusions and RECOMMENAALIONS........cc.eviruererieieieierierieste ettt sre e nnes 31
ACKNOWIBAGEIMENT.......oiitieieie ettt ettt ettt e s te b e be s as e b e sbeesaesteersenbesteensensessnenes 34

D5.1. — Corrosion of uncoated BPP and PTL materials 6/34



GA N° 101192342

List of Figures

Figure 1: (a) Photograph of Ni substrate polarized for 2 days at 1.6V at 50 °C in 1M KOH. The
exposed surface is the round-shaped area in the centre. The rest of the sample was not exposed to the
electrolyte. SEM images of the Ni substrate in (b) the pristine state, and (c) after polarization........... 12
Figure 2: (a) Photograph of Ni substrate polarized in alkaline ASW for 45 mins at 1.6V at 50 °C. The
exposed surface is the round-shaped area in the centre (barely visible in this picture). The rest of the
sample was not exposed to the electrolyte. (b) The electrolyte solution after polarization. SEM images
of the Ni substrate in (b) the pristine state, and (c) after polarization. ...........c.ccocevveveneieinininenenene 13
Figure 3: (a-e) Polarization of Ti substrate at 1.6V at 50 °C in 1M KOH. Photographs of the Ti
substrate polarized for (a) 2 days and (b) 7 days. The exposed surface is the round-shaped area in the
centre. SEM images in (c) pristine state, (d) after polarization for 2 days, and (e) after polarization for

Figure 5: (a-e) Polarization for 2days at 50 °C in alkaline ASW. Photographs of the Ti substrate
polarized at (a) 1.6V and (b) 2.2V. The exposed surface is the round-shaped area in the centre. SEM
images in (c) pristine state, (d) after polarization at 1.6V, and (e) after polarization at 2.2V................ 15
Figure 6: Raman spectra of Ti substrates polarized in alkaline artificial seawater at 50 °C for 7 days at
an applied potential of () 1.6V and () 2.2V .....uecueiiececececeeteeeee et 16
Figure 7: Profilometry line scan along the diameter of the exposed surface area for the Ti substrates
polarized for 7 days at 2.2V in (a) alkaline ASW and (b) 1M KOH. .......ccccceimininineneeieeeescneeen 17
Figure 8: (a) Photograph of 316L substrate polarized for 7 days at 1.6V at 50 °C in 1M KOH. The
exposed surface is the round-shaped area in the centre. The white marks along the side of the samples
are remnants of the silicon gasket. SEM images of 316L substrate in (b) pristine state and (c) after
polarization. (d) Photograph of the “yellow-brownish” electrolyte after polarization. ............ccocceeuee 18
Figure 9: (a) Photograph of 316L substrate polarized for 2 days in alkaline artificial seawater at 1.6V
at 50 °C. The exposed surface is the round-shaped area in the centre. (b) Photograph of the reddish
electrolyte after polarization. SEM images of 316L substrate in (c) pristine condition and (d & e) after

[S10] F= U122 [ o U 18
Figure 10: Photographs of Monel 400 substrates polarized at 50 °C for 2 days at an applied potential
of (a) 1.7V and (b) 1.9V. The exposed surface is the round-shaped area in the centre..........c.cccccveuee. 19

Figure 11: (a-c) Polarization at 1.8V at 50 °C in 1M KOH. (a) Photograph of Inconel 600 substrate
polarized for 2 days. The exposed surface is the round-shaped area in the centre. SEM images of (b)
pristine state, and (C) after POIAriZatioN. ...........c.oooieiiriere e e 20
Figure 12: Photographs of Inconel 600 substrates polarized at 50 °C in alkaline artificial seawater for
2 days at (a) 1.8V, (b) 2V, and (c) 2.2V. The exposed surface is the round-shaped area in the centre. 21
Figure 13: (a-c) Polarization at 1.8V at 50 °C in 1M KOH. (a) Photograph of Inconel 625 substrate
polarized for 2 days. The exposed surface is the round-shaped area in the centre. SEM images of (b)
pristine Inconel 625 and (C) after POIArization. ...........ccoceieeene e 22
Figure 14: (a-c) Polarization at 1.8V at 50 °C in alkaline ASW. (a) Photograph of Inconel 625
substrate polarized for 2 days. The exposed surface is the round-shaped area in the centre. SEM
images of (b) pristine Inconel 625 and () after Polarization. ............ccceceevevereneneneniereeeesese e 23

D5.1. — Corrosion of uncoated BPP and PTL materials 7134



GA N° 101192342

Figure 15: (a) Photograph of C22 substrate polarized in 1M KOH for 7 days at 1.6V at 50 °C. The
exposed surface is the round-shaped area in the centre. SEM images in (b) the pristine state, and (c)

E (=T g0 L0] P 4= L (o] o PR SRPSRRSR 24
Figure 16: (a-c) Polarization at 1.6V at 50 °C in alkaline ASW. (a) Photograph of C22 substrate
polarized for 7 days. The exposed surface is the round-shaped area in the centre. SEM images of C22
in (b) pristine state, (C) after POIAriZAtION. ..........cceecveiieieeceee e 25
Figure 17: Profilometry line scan along the diameter of the exposed surface area for the C22
substrates polarized for 7 days in alkaline ASW at (a) 1.8V and (b) 2V. The large noise at both ends of
the line scan (a) is due to gasket pieces sticking to the substrate after cell dismantling. ...................... 26
Figure 18: Photographs of Ti substrates polarized in alkaline ASW at 50 °C for 7 days at a potential
of'(a) —0.3V and (b) —0.2V. The exposed surface is the round-shaped area in the centre. SEM images
of Ti substrates in (c) pristine state, and after 7 days of polarization at (d) —0.3V and (e) —0.2V........ 27
Figure 19: Photographs of 316L substrates polarized in alkaline ASW at 50 °C for 7 days at (a) —0.3V
and (b) —0.2V. The exposed surface is the round-shaped area in the centre. SEM images of 316L
substrates in (c) the pristine state and after 7 days of polarization at (d) —0.3V and (e) —0.2V............ 27
Figure 20: (a) Photograph of Monel 400 substrate polarized in alkaline ASW for 2 days at an applied
potential of —0.3V. The exposed surface is the round-shaped area in the centre. The SEM images of (b)
the pristine Monel 400, and (C) after POIarization. ...........ccceeceieieereceeece e 28
Figure 21: (a) Photograph of Inconel 600 substrate polarized in alkaline ASW for 2 days at an applied
potential of -0.3V. The exposed surface is the round-shaped area in the centre. SEM images of (b) the
pristine Inconel 600 and (C) after POIAriZatioN. ..........cc.eveiieeieieceee e e 29
Figure 22: (a) Photograph of polarized Inconel 625 substrate in alkaline ASW for 2 days at an applied
potential of —0.3V. The exposed surface is the round-shaped area in the centre. The SEM images of

the (b) pristine state, and (C) after POIAriZatioN............cccveviiiecieiiceeeee e 30
Figure 23: (a) Sketch of the two types of degradation of uncoated substrates in the present study and
(b) their possible consequences on the durability of a subsequently applied coating. ..........ccccevurnenne. 32

D5.1. — Corrosion of uncoated BPP and PTL materials 8/34



List of Tables

Table 1: Elemental composition of the different alloys (in WE%0) .......cccvvveeeeiiiiciicieeeceee e 10
Table 2: Chemical composition of artificial seawater (mixed salts in 0.8L DI water)............ccccevennee. 11
Table 3: Elemental analysis (SEM-EDX) of Ni substrate polarized in 1M KOH at 1.6V at 50 °C for 2
(02U 12
Table 4: Elemental analysis (SEM-EDX) of Ti substrate polarized in 1M KOH at 1.6V and 2.2V at 50
CC TON 2 ANT 7 QAYS .ttt ettt b bt b e s b e b et et e e e eseenenbeseenen 14
Table 5: Elemental analysis (SEM-EDX) of Ti substrate polarized in alkaline artificial seawater
polarized for 2days and 7 days at an applied potential of 1.6V and 2.2V ........c.ccoceveveveveinenencnenen 16
Table 6: Interfacial contact resistance (ICR) values of Ti substrates polarized at 1.6V and 2.2V for 2
ANO 7 GAYS .eeutetieteeitiete ettt te sttt et e et e b e st e b e s te et e te st e essesbeesaesseesaessesseessesteeseensesteessenseeseensesreensesteeneans 17
Table 7: Elemental analysis using SEM-EDX of 316L substrate polarized in 1M KOH at 1.6V at 50 °C
FOT 7 TAYS ..ttt h b bt a bt h bt bbbttt et ae bt et b e 18
Table 8: Elemental analysis (SEM-EDX) of Inconel 600 substrate polarized in 1M KOH for 2 days at
an applied potential of 1.8V, 2V, AN 2.2V ......cooiiiiieieieisesereteee ettt 20
Table 9: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in 1M KOH for 2 days at
an applied potential of 1.8V, 2V, @NA 2.2V ......ocuo ittt ettt 22
Table 10: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in alkaline artificial
seawater for 2 days at an applied potential of 1.8V, 2V, and 2.2V at 50 °C........cccecvrvecvevvreecerennns 23
Table 11: Elemental analysis using SEM-EDX of C22 substrate polarized in 1M KOH at 1.6V at 50
CC TOF 7 Y.ttt ettt ettt sttt e a bbb bt et et e st e st e bt e bt se et et et et eneebe e b ebeneenen 24
Table 12: Elemental analysis (SEM-EDX) of C22 substrate polarized in alkaline ASW for 7 days at
an applied potential of 1.6V, 1.8V, QN0 2V ..ottt sttt eanens 26
Table 13: Elemental analysis using SEM-EDX of Ti substrate polarized in alkaline ASW for 7 days at
an applied potential of —0.3V and —0.2V .....ccceiiiiiiiiiiie e 27
Table 14: Elemental analysis using SEM-EDX of 316L substrate polarized in alkaline artificial
seawater polarized for 7 days at an applied potential of —0.3V and —0.2V........ccevvrvvvninninncirnnnnnn, 28
Table 15: Elemental analysis (SEM-EDX) of Monel 400 substrate and polarized in alkaline ASW for
2 days at an applied potential of —0.3V compared to the pristing state.........ccccceeveereerieeniierienieeneene. 28
Table 16: Elemental analysis (SEM-EDX) of Inconel 600 substrate polarized in alkaline ASW for 2
days at an applied potential of —0.3V compared to the Pristine State.........cocevveereerieerieeriierneeseeneennns 29
Table 17: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in alkaline ASW for 2
days at an applied potential 0f —0.3V ....cciiiiiiiiiieie e e s 30

Table 18: Summary of both anodic and cathodic polarization reactions at 50 °C in 1M KOH and ASW



GA N° 101192342

1 Introduction

Deliverable 5.1 “Corrosion of uncoated BPP and PTL materials” reports the results achieved within
Work Task 5.1 (WT5.1) on the investigation of the ex situ corrosion testing of different uncoated
substrates using three-electrode cells for a large matrix of experimental parameters: type of electrolyte
(artificial and natural seawater), pH, potential (anodic and cathodic), temperature, etc. The activities
presented in this deliverable cover the corrosion study of the bare metal substrates used to produce
bipolar plates (BPP) and porous transport layers (PTL) of an AEM-based seawater electrolyser. This
report summarises the corrosion investigation (up to one week) of the metals and alloy substrates in
KOH as well as near-neutral and alkalinized seawater conditions at 50-60°C using electrochemical and
spectroscopic techniques.

2 Experimental

2.1 Methods

Substrate Materials

To determine the potential substrate material stable under corrosive seawater conditions, different metals
and alloys were polarized anodically and cathodically. For the metallic substrate, pure nickel (Ni) and
titanium (Ti) were used as received. For the potential metal alloys, some Ni-based and Fe-based alloys
were used. The list of alloys with their compositions is tabulated in Table 1.

Alloy Ni Cr Mo Fe W Mn Cu Co Nb+Ta Ti
Inconel600  >72 14 -17 6-10 <1 <0.5 0-2 <1 <0.5
Inconel625 58 20-23 08-10 <5 0.50 <1 315-415 <04
Monel400 >63 <25 <2 28-34

C-22 Bal. 20-225 125-145 2-6 25-35 <05 <2.5

316L 10-14 16-18 02-03 Bal. <2

Electrolytes

The electrolyte solutions used during the polarization reactions were KOH solutions with and without
NaCl salt, and an alkaline artificial seawater (ASW) solution, prepared in the laboratory, mimicking the
salt concentrations of natural seawater. The ASW is based on ASTM D1141-98(2021) standard,
excluding any ions with concentrations lower than 0.1 g/L. As such, this doesn’t include any form of
heavy metal ions. The key ionic components are the CI- (seen as the main corrosive agent), Br-, as well
as Mg?* and Ca?*, which will form insoluble precipitates (in highly alkaline solutions), and COs%, which
may affect the conductivity of the membrane by disrupting the Grotthus mechanism of transport (likely
more of anissue in AEM fuel cells). Na* and K* are present as the main cationic components of seawater.
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For the preparation of 1M KOH in seawater (alkaline ASW), salts with weights according to Table 2
were dissolved in 0.8 L of deionized (DI) water. To this solution, 0.2 L of 5M KOH in water was slowly
added under stirring. After 1 hour of stirring, the solution was filtered to ensure that no solid remained
in the filtrate.

Compound Molecular Weight (g/mol)
NaCl 24.53
MgCl..6H.0 11.10
Na,SQO, (anhydrous) 4.09
CaCl; (anhydrous) 1.16
KCI 0.695
NaHCO; 0.201
KBr 0.101

Electrochemical characterization of substrates

The stability test of metal substrates was performed in a Teflon cell using a three-electrode setup.
Preliminary experiments in glass cells revealed glass corrosion and sample contamination by a large
amount of Si (not shown in this report). The substrates were placed at the bottom of the Teflon cell, and
a polymer gasket was placed between the substrate and the cell to ensure no leakage of the electrolyte.
The metal substrate served as the working electrode, the reversible hydrogen electrode (RHE) (or
Hg/HgO (1M KOHR)) as the reference electrode, and a mixed-metal oxide coated titanium mesh (or Pt
mesh) as the counter electrode. All potentials reported in this deliverable are measured versus the RHE.

For the electrolyte solution, 1M KOH, 1M KOH with 0.6M CI- ion concentrations (0.6M NaCl), or
alkaline artificial seawater (ASW) was used. The stability tests were conducted by applying a fixed
potential of either 1.6V to 2.2V vs RHE at an operating temperature of 50 °C. Potentiostats (GAMRY
Interface 1100E and BioLogic VSP-300) were utilized for the electrochemical analysis, and a thermal
bath regulator (LAUDA) for maintaining the operating temperature. Initially, the open-circuit potential
(OCP) is measured to stabilize the system. Then, chronoamperometry (CA) at a fixed potential was
performed for a long duration.

Physicochemical characterization of substrates

The metal substrates were analysed both before and after the corrosion test to determine the stability in
the electrolyte solution. The interfacial contact resistance (ICR) was measured with a copper contact
pad at an applied clamping pressure of 1.5 MPa before and after the corrosion test (to be compared to
the reference value of 10 mQ-cm?), notably for evidencing a possible oxidation of the surface. Scanning
electron microscopy (SEM) (HITACHI SU3500) was used to record top-view images for analysing the
surface morphology of the substrate. For some samples, the corrosion products formed on the surface
were identified using Raman spectroscopy (HORIBA XploRA PLUS) with a 533 nm laser. Energy
dispersion X-ray spectroscopy (EDS) enabled the assessment of the chemical composition of the
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substrate after the corrosion experiment, in particular to identify the growth of oxide layers. To
determine the type of corrosion, if observed, and the extent of the surface damage, the polarized area
was analyzed using a Profilometer (Wyko NT1100).

2.2 Anodic Polarization

All the metal substrates were anodically polarized in 1M KOH with and without chlorides at 50 °C. The
applied potential was varied between 1.6V and 2.2V. The duration of the experiment was varied between
a few hours and 7 days, based on the visible stability of the substrate in the electrolyte solution.

2.2.1  Nickel (Ni)

In 1M KOH (pH ~ 14)

Figure 1a shows the image of the Ni substrate after polarization in 1M KOH at 1.6V for 2 days. There
is no visible damage to the surface of the Ni substrate, although the exposed surface was oxidized,
leading to the discoloration of the surface. The SEM images of Ni (Figures 1b and 1c) reveal that the
polarization does not cause any damage to the surface. More likely, there are some oxide (or hydroxide)
products formed on the surface, as confirmed by EDX (Table 3). The ICR value of the polarized
substrate was found to be similar to that of the pristine state, around 1 mQ-cm?.

(a)

1cm

Atom% Ni @)
Pristine Ni 96.3 -
Polarized at 1.6V for 2 days 86.6 54

In Alkaline Artificial Seawater (pH ~ 14)

The alkaline ASW was prepared as described in Section 2.1 with pH ~14. The Ni substrates were
polarized in ASW at 1.6V. The substrates were found to corrode within an hour of polarization, as the
electrolyte solution was found to turn pale green after 45 minutes (Figure 2b). Figure 2a shows an image
of the Ni substrate polarized for 45 mins in alkaline ASW, with no visible surface damage or corrosion
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of the substrate. However, the SEM images (Figure 2c and 2d) reveal that polarization in ASW results
in nickel dissolution due to the presence of the aggressive Cl- ions. Those results show that, without
being protected, Ni quickly degrades in the presence of chloride ions under anodic conditions.

(a)

1cm

(b)

2.2.2 Titanium (Ti)

In 1M KOH (pH ~ 14)

Figure 3a shows the image of the Ti substrate after polarization in 1M KOH at 1.6V for 2 days. Post-
mortem naked-eye observation reveals no visible damage besides a discoloration associated with the
oxidation (or hydroxylation) of the surface (as in the case of Ni). The SEM image of the Ti substrate
shows no damage to the surface after polarization (Figure 3d, to be compared with Figure 3c of the
pristine state). As the EDX could not detect any oxygen (Table 4), it is likely that the oxide/hydroxide
layer responsible for the discoloration is very thin (< 100 nm). The ICR value was found to be similar
to that of the pristine state (Table 6). For 7 days of polarization at 1.6V (Figure 3b), the oxide/hydroxide
layer is sufficiently thick to be detected by EDX (Table 4), which probably relates to the slight increase
in ICR value (Table 6). Yet, SEM micrographs do not show a significant change in the surface
morphology (Figure 3e).
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Figure 4: Raman spectra of Ti substrate polarized in 1M KOH at 2.2V at 50 °C for 7 days.

In Alkaline Artificial Seawater (pH ~14)

When tested in alkaline ASW, the titanium substrate behaved more or less the same way as in KOH
(from a general and qualitative viewpoint). After 2 days of polarization at 1.6 VV and 2.2 V, the surface
did not exhibit significant damage (Figure 5a-¢€), oxygen is not detectable by EDX (Table 5), and ICR
values (Table 6) remain low. After 7 days (Figures 5f and 5g), the oxide/hydroxide layers obtained at
both potentials are thick, observable by SEM with the presence of cracks and spallation of layer
fragments (Figures 5i and 5j). The presence of oxygen in the oxide/hydroxide layers is unambiguously
evidenced by EDX (Table 5). The ICR is significantly higher (compared to their values after 2 days)
(Table 6). This can be explained by the fragments of the oxide/hydroxide layer that peel off the
substrates (or are loosely attached to them), which is detrimental for this type of measurement.

1cm

(b)

(f)

(s)

Tcm 300 47 0v

Figure 5: (a-e) Polarization for 2days at 50 °C in alkaline ASW. Photographs of the Ti substrate polarized at (a) 1.6V and
(b) 2.2V. The exposed surface is the round-shaped area in the centre. SEM images in (c) pristine state, (d) after polarization
at 1.6V, and (e) after polarization at 2.2V.

(f-i) Polarization for 7days at 50 °C in alkaline ASW. Photographs of the Ti substrate polarized at (f) 1.6V and (g) 2.2V. The
exposed surface is the round-shaped area in the centre. SEM images in (h) pristine state, (i) after polarization at 1.6V, and (j)
after polarization at 2.2V.
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The thick layers obtained after 7 days were further analyzed using Raman spectroscopy (Figures 6a and
6b). In contrast to the results obtained in KOH, the Raman spectra show here the characteristic peaks of
the anatase phase of TiO; (instead of rutile), confirming thereby the formation of an oxide layer on the
surface of the Ti substrate when subjected to anodic polarization.

Atom% Ti O
Pristine Ti 99.2 -
Polarized at 1.6V for 2 days 96.9 -
Polarized at 1.6V for 7 days 21.7 61.1
Polarized at 2.2V for 2 days 98.8 -
Polarized at 2.2V for 7 days 41.9 45.7

The Ti substrates polarized for 7 days at 2.2V in alkaline ASW (Figure 5g) were subsequently analyzed
by profilometry to better understand the type of corrosion of the substrate. The line scan unambiguously
reveals the formation of several pits (depth range: 20-40 pm) on the surface (Figure 7a). Thus, Ti
undergoes pitting corrosion along with the formation of an oxide layer at highly anodic potential in
alkaline ASW. For comparison, the profilometry line scan profile of the Ti substrate polarized at the
same voltage and duration in 1M KOH suggests homogeneous metal dissolution and formation of a
concave surface (max. depth ~ 15 um, Figure 7b). The dissolution of the metal may be due to the release
of TiOs* or HTiO4*~ anions. Further investigations are, however, needed to confirm or reject this
assumption.
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(a) (b)

mm um

Exposed Area Exposed Area
Sample Electrolyte Potential Duration ICR (mQ-cm?)
Pristine Ti - - - 1-2
2 days 1-2
1.6V
7 days 4-5
Polarized Ti 1M KOH
2 days 1-2
2.2V
7 days 6-7
2 days 1-2
1.6V
7 days 58-62
Polarized Ti Alkaline ASW
2 days 1-2
2.2V
7 days 38-42

2.2.3 Stainless Steel (316L)

In 1M KOH (pH ~ 14)

The 316L was polarized in 1M KOH at 1.6V for 7 days at 50 °C. The polarized substrate is shown in
Figure 8a. After 7 days of polarization, the electrolyte solution turned “yellow-brownish” (Figure 8d).
The top-view SEM micrographs in pristine and polarized states are shown in Figures 8b and 8c,
respectively. They show no significant damage, while EDX (Table 7) confirms the formation of oxides
(and/or hydroxide) at the surface. Those findings suggest that during the oxidation/hydroxylation of the
surface, leaching of 316L constituents (Fe, Cr, Ni) into the electrolyte solution occurs. Such leaching
can be seen as a minor form of substrate corrosion, which still requires a coating on the 316L surface to
be suppressed. Furthermore, the surface oxidation/hydroxylation leads to the ICR value increasing from
1 mQ-cm?to 12 mQ-cm?.
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Figure 8: (a) Photograph of 316L substrate polarized for 7 days at 1.6V at 50 °C in 1M KOH. The exposed surface is the
round-shaped area in the centre. The white marks along the side of the samples are remnants of the silicon gasket. SEM images
of 316L substrate in (b) pristine state and (c) after polarization. (d) Photograph of the “yellow-brownish” electrolyte after

polarization.

Table 7: Elemental analysis using SEM-EDX of 316L substrate polarized in 1M KOH at 1.6V at 50 °C for 7 days
Atom% Fe Cr Ni @) Mo
Pristine 316L 65.6 17.6 9.3 - 11

Polarized in 1M KOH 61.6 171 8.1 6.6 1.1

In Alkaline Artificial Seawater (pH ~ 14)

The bare 316L was also polarized at 1.6V at 50 °C in alkaline ASW. After 2 days of polarization, the
colour of the electrolyte was observed to be reddish (Figure 9b), associated with the release of iron
cations into the electrolyte and commonly observed for severe 316L corrosion. Pitting corrosion was
evidenced by SEM imaging in the middle of the exposed area (Figure 9d and 9e, to be compared to the
pristine state of Figure 9c). At the same time, one large crevice was observed under the gasket of the
cell, leading to a small leakage of the electrolyte outside the cell, visible in Figure 9a. 316L is known to
corrode in the presence of chloride in acidic and near-neutral solutions. The present findings show that
this is also the case at pH around 14.

BU3S00 21.0kY 10.3mm X500'5E _‘ 2 ‘ . U SE SUIS00 210 m.u.rx.-»-sé‘

Figure 9: (a) Photograph of 316L substrate polarized for 2 days in alkaline artificial seawater at 1.6V at 50 °C. The exposed
surface is the round-shaped area in the centre. (b) Photograph of the reddish electrolyte after polarization. SEM images of
316L substrate in (c) pristine condition and (d & e) after polarization.
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2.2.4 Monel 400

In 1M KOH + 0.6 M NaCl solution (pH ~ 14)

Monel 400 was the first nickel-based alloy investigated in this study. Unlike the other nickel-based
alloys reported in Table 1, it does not contain any chromium, which is a key-element for forming a
(protective) passive layer. In 1M KOH + 0.6 M NaCl solution (mimicking the chloride concentration of
seawater) at 50 °C for 2 days, the alloy was stable at a polarization of 1.7V with no sign of significant
degradation (Figure 10a), but was heavily corroded at 1.9V with the presence of large pits (Figure 10b).
It was decided not to pursue investigations with alloy and focus attention on chromium-containing
nickel-based alloys (see below).

(a) (b)

2.2.5 Inconel 600

In 1M KOH (pH ~ 14)

Inconel 600 was tested in 1 M KOH at 50 °C for 2 days at potentials of 1.8V, 2V, and 2.2V. Figures
114, 11d, and 11g show the polarized substrates with the corresponding SEM images (Figures 11c, 11f,
and 11i). When compared to the SEM images of their pristine states (Figures 11b, 11e, and 11h), no
signs of degradation were observed at all the potentials. The EDX analysis (Table 8) reveals the absence
of oxygen for all substrates, indicating that the substrates did not undergo significant
oxidation/hydroxylation during anodic polarization. The decrease of Ni, Cr, and Fe content of the
polarized substrates (compared to the pristine state values) is an artefact explained by carbon
contamination (ca. 17-20 atom%) before or during EDX analysis. These findings confirm the stability
of the Inconel 600 under anodic polarization in 1M KOH at 50 °C.
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Figure 11: (a-c) Polarization at 1.8V at 50 °C in 1M KOH. (a) Photograph of Inconel 600 substrate polarized for 2 days. The
exposed surface is the round-shaped area in the centre. SEM images of (b) pristine state, and (c) after polarization.

(d-f) Polarization at 2V at 50 °C in 1M KOH. (d) Photograph of Inconel 600 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. SEM images of (e) pristine state, and (f) after polarization.

(g-i) Polarization at 2.2V at 50 °C in 1M KOH. (g) Photograph of Inconel 600 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. SEM images of (h) pristine state, and (i) after polarization.

Table 8: Elemental analysis (SEM-EDX) of Inconel 600 substrate polarized in 1M KOH for 2 days at an applied potential of

1.8V, 2V, and 2.2V

Atom% Ni
Pristine Inconel 600 70.90
Polarized at 1.8V 59.68
Polarized at 2V 58.41
Polarized at 2.2V 57.95

D5.1. — Corrosion of uncoated BPP and PTL materials

Cr

15.70

14.26

13.74

13.45

O] Fe

- 8.0

- 7.92

- 7.61

- 7.55

C

5.40

17.60

19.72

20.34
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Figure 13: (a-c) Polarization at 1.8V at 50 °C in 1M KOH. (a) Photograph of Inconel 625 substrate polarized for 2 days. The
exposed surface is the round-shaped area in the centre. SEM images of (b) pristine Inconel 625 and (c) after polarization.
(d-e) Polarization at 2V at 50 °C in 1M KOH. (d) Photograph of Inconel 625 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. (e) SEM image after polarization.

(f-g) Polarization at 2.2V at 50 °C in 1M KOH. (f) Photograph of Inconel 625 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. (g) SEM image after polarization.

Table 9: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in 1M KOH for 2 days at an applied potential of
1.8V, 2V, and 2.2V

Atom% Ni Cr Mo O Fe Nb
Pristine Inconel 625 61.43 25.05 5.49 - 4.13 2.23
Polarized at 1.8V 54.14 21.72 4.69 13.07 3.57 1.82
Polarized at 2V 53.16 21.3 4.61 14.27 3.49 1.71
Polarized at 2.2V 38.14 13.92 2.85 39.89 2.35 131

In Alkaline Artificial Seawater (pH ~ 14)

The Inconel 625 substrates were exposed to alkaline ASW at 50 °C and polarized at 1.8V, 2V, and 2.2V
for 2 days. All three substrates showed the formation of dark deposited layers on the surface after the
polarization tests, as observed in Figures 14a, 14d, and 14f. The corresponding SEM images (Figures
14c, 14e, and 14g) show the presence of the thick oxide (or hydroxide) layers on the polarized surfaces
when compared to their pristine state (Figure 14b). To confirm the surface oxidation, EDX analysis was
performed, and the results are summarized in Table 10. The results also show the presence of a
significant amount of Ca on the surface (5-15 atom%) that might have been incorporated during the
building of the oxide/hydroxide layer. Further investigations are needed to clarify this point.
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Figure 14: (a-c) Polarization at 1.8V at 50 °C in alkaline ASW. (a) Photograph of Inconel 625 substrate polarized for 2 days.
The exposed surface is the round-shaped area in the centre. SEM images of (b) pristine Inconel 625 and (c) after polarization.
(d-e) Polarization at 2V at 50 °C in alkaline ASW. (d) Photograph of Inconel 625 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. (¢) SEM image after polarization.
(f-g) Polarization at 2.2V at 50 °C in alkaline ASW. (f) Photograph of Inconel 625 substrate polarized for 2 days. The exposed
surface is the round-shaped area in the centre. (f) SEM images after polarization.

Table 10: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in alkaline artificial seawater for 2 days at an
applied potential of 1.8V, 2V, and 2.2V at 50 °C

Atom% Ni Cr Mo O Fe Ca
Pristine Inconel 625 61.21 25.04 5.49 - 4.13 -
Polarized at 1.8V 30.69 10.98 2.22 46.85 1.86 451
Polarized at 2V 13.95 0.77 0.16 66.71 0.58 16.51
Polarized at 2.2V 13.6 1.25 0.26 68.42 0.6 14.89

This suggests that Inconel 625, unlike Inconel 600, does not corrode heavily in the presence of chloride
ions, but there is the formation of a thick oxide (or hydroxide) layer on the surface when polarized
anodically.

2.2.7 C22 Alloy

In 1M KOH (pH ~ 14)

The C22 alloy was polarized in 1M KOH at 1.6V for 7 days. The C22 substrates had to be polished
(down to P1200 paper) to remove an adhesive film present in the as-received state. Figure 15a shows
the image of the polarized C22 substrate exhibiting a surface discoloration. The SEM images of the
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surface in pristine and post-mortem states are shown in Figure 15b and 15c. They evidence the absence
of significant corrosion damages while the EDX analysis (Table 11) reveals the presence of oxygen
atoms on the surface, which is associated with oxidation/hydroxylation. The latter is believed to be the
cause of the significant increase in the ICR from 1 mQ-cm? (pristine state) to 14 mQ-cm? (after
polarization).

(a)

1cm

SU3500 20 0V 10 3rnm X500 SE

Figure 15: (a) Photograph of C22 substrate polarized in 1M KOH for 7 days at 1.6V at 50 °C. The exposed surface is the
round-shaped area in the centre. SEM images in (b) the pristine state, and (c) after polarization.

Table 11: Elemental analysis using SEM-EDX of C22 substrate polarized in 1M KOH at 1.6V at 50 °C for 7 days

Atom% Ni Cr Fe @) Co Mo w
Pristine C22 56.6 21.8 3.9 - 1.2 7.7 1.3
Polarized C22 535 13.0 3.7 8.9 11 8.0 11

In Alkaline Artificial Seawater (pH ~ 14)

The C22 alloy was polarized in alkaline ASW at a potential of 1.6V, 1.8V, and 2V at 50 °C for 7 days.
As can be seen from Figure 16a, the surface of the C22 is not affected in alkaline ASW under anodic
polarization at 1.6V. The ICR value was found to be low (~3 mQ-cm?) and comparable to the pristine
state (~1 mQ-cm?). The SEM images (Figures 16b & 16c¢) also confirm the stability of the C22 alloy
under polarization in alkaline ASW at 1.6V, as there was no visible damage to the surface. At a higher
polarization potential of 1.8V and 2V in alkaline ASW for 7 days, the C22 substrates seem to have
corroded (Figures 16d and 16f). There was a thick oxide (or hydroxide) layer formation on the surface,
as can be seen in the SEM images (Figures 16e and 16g). Thus, C22 is only stable at a lower potential
of 1.6V for 7 days in alkaline ASW. The visible damage around the exposed area at the centre of the
C22 substrates polarized at 1.8V and 2V (Figures 16d & 16f) is due to the crevice corrosion under the
confined region of the gasket, which led to the pale green colouration of the electrolyte solution.
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EDX analysis was performed on the polarized C22 substrate to detect the extent of oxidation of the
surface after 7 days of anodic polarization. Table 12 shows the elemental composition of the C22
substrate in the pristine state and after polarization in ASW for 7 days at 1.6V, 1.8V, and 2V. EDX
results show the presence of oxygen atoms on the C22 surface due to the anodic polarization in ASW.
At 1.6V, the oxide (or hydroxide) layer may be too thin to be seen under SEM and has minimal influence
on the ICR value. But at 1.8V and 2V, the oxide (or hydroxide) layer is thick enough to be seen under
SEM and drastically increases the ICR. The ICR was found to increase drastically to >100 mQ-cm? due
to the oxide (or hydroxide) layer formation on the surface of both C22 substrates.

The C22 substrates polarized for 7 days at 1.8V and 2V in alkaline ASW (Figures 16d and 16f) were
analyzed using a Profilometer to determine the type of corrosion of the substrate. The profilometry line
profile (Figure 17a) of the C22 substrate polarized at 1.8V confirms the absence of any pits and
formation of an oxide (or hydroxide) layer. The profilometry line profile (Figure 17b) of the C22
substrate polarized at 2V confirms the outward growth of the oxide (or hydroxide) layer. The average
thickness of the oxide (or hydroxide) layer is ~9 um. The depths at the extremities of the line scan
correspond to the crevice corrosion under the gasket. This aspect is not developed in this deliverable,
but will be the one topic of in-depth investigations in WT5.4.
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Atom% Ni Cr Fe @) Co Mo W
Pristine C22 57.0 19.0 4.2 - 1.2 7.8 3.0
Polarized at 1.6V 51.7 16.2 3.4 11.2 11 7.5 14
Polarized at 1.8V 24.1 11.2 15 48.4 0.6 2.6 15
Polarized at 2V 20.0 7.9 0.9 60.5 0.4 0.2 0.3
@, ® .
Exposed Area Exposed Area

Crevice

Corrosion Crevice
Corrosion

mm mm

2.3 Cathodic Polarizations

The cathodic stability test of the metallic and alloy substrates and metal alloys was performed similarly
to the anodic polarization tests in alkaline ASW at 50 °C. The applied potential was either —0.3V or
—0.2V for 2 to 7 days.

2.3.1 Titanium (Ti)

In Alkaline Artificial Seawater (pH ~ 14)

The Ti substrate was polarized at both —0.3V and —0.2V for 7 days at 50 °C. In both cases, a discoloration
of the substrate was clearly visible with naked-eye observation (Figures 18a and 18b). The SEM analysis
shows no significant damage to the substrates, such as pitting or dissolution (Figure 18d and 18e, to be
compared with the pristine state (Figure 18c)). The EDX analysis (Table 13) of both samples indicates
a large amount of oxygen on the surface, which is in line with the oxide/hydroxide layer formation seen
in Figures 18a and 18b. This layer formation is associated with a drastic increase in ICR from 1 mQ-cm?
for the pristine sample to 22-24 mQ-cm? for the polarized ones. This suggests that an appropriate
protective coating would be needed to keep ICR at low levels.

D5.1. — Corrosion of uncoated BPP and PTL materials 26 /34



GA N° 101192342

(a)

1cm

(b)

Figure 18: Photographs of Ti substrates polarized in alkaline ASW at 50 °C for 7 days at a potential of (a) —0.3V and (b)
—0.2V. The exposed surface is the round-shaped area in the centre. SEM images of Ti substrates in (c) pristine state, and after
7 days of polarization at (d) —0.3V and (e) —0.2V.

Table 13: Elemental analysis using SEM-EDX of Ti substrate polarized in alkaline ASW for 7 days at an applied potential of
0.3V and —0.2V

Atom% Ti @] Mg Ca
Pristine Ti 98.6 - - -
Polarized at —0.3V 47.7 36.1 0.1 0.4
Polarized at —0.2V 44.3 43.9 0.4 0.2

2.3.2 Stainless Steel (316L)

In Alkaline Artificial Seawater (pH ~ 14)

The stainless steel (316L) was polarized in alkaline ASW at an applied potential of —0.3V and —-0.2V
for 7 days at 50 °C. From Figures 19a & 19b, it was observed that the 316L substrate was not affected
in alkaline ASW under cathodic conditions at both potentials. The SEM images (Figure 19c-e) also
confirm the stability of the substrate under the cathodic polarization for 7 days with no deposits of
cathodic products. The ICR values of the polarized substrates (Figures 19a & 19b) were found to be 4
mQ-cm? and 3 mQ-cm?, respectively.

Figure 19: Photographs of 316L substrates polarized in alkaline ASW at 50 °C for 7 days at (a) —0.3V and (b) —0.2V. The
exposed surface is the round-shaped area in the centre. SEM images of 316L substrates in (c) the pristine state and after 7
days of polarization at (d) —0.3V and (e) —0.2V.

The EDX analysis of the polarized 316L substrates is tabulated in Table 14. It shows that the elemental
compositions of the substrates were found to be similar to those of the pristine 316L substrate. This
further confirms the stability of the 316L substrate in alkaline ASW under cathodic conditions.
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Table 14: Elemental analysis using SEM-EDX of 316L substrate polarized in alkaline artificial seawater polarized for 7 days
at an applied potential of —0.3V and —0.2V

Atom% Fe Cr O Mn Ni
Pristine 316L 59.3 15.9 2.9 11 7.8
Polarized at —0.3V 56.4 15.1 9.7 0.9 7.5

Polarized at —0.2V 57.0 15.2 9.6 1.0 7.5

2.3.3 Monel 400

In Alkaline Artificial Seawater (pH ~ 14)

Monel 400 was cathodically polarized at —0.3V for 2 days at 50 °C. As shown in Figure 20a, the
substrates show no degradation or deposition of any cathodic products. The SEM image (Figure 20c)
shows a clean surface with no deposits, when compared to its pristine state (Figure 20b). This confirms
the stability of the Monel 400 under such experimental conditions. The stability of the polarized
substrate has been confirmed using EDX. Table 15 shows the minimal presence of oxygen atoms after
the polarization reaction.

(a) (b) (c)

1cm

Figure 20: (a) Photograph of Monel 400 substrate polarized in alkaline ASW for 2 days at an applied potential of —0.3V. The
exposed surface is the round-shaped area in the centre. The SEM images of (b) the pristine Monel 400, and (c) after
polarization.

Table 15: Elemental analysis (SEM-EDX) of Monel 400 substrate and polarized in alkaline ASW for 2 days at an applied
potential of —0.3V compared to the pristine state

Atom % Ni Cu O Fe
Pristine Monel 400 64.7 31.2 1.4 2.0
Polarized at —0.3V 62.9 31.9 2.8 15
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2.3.4 Inconel 600

In Alkaline Artificial Seawater (pH ~ 14)

Inconel 600 substrate was polarized in alkaline ASW at a potential of —0.3V for 2 days at 50 °C. From
Figure 21a, the exposed area exhibits a whitish discoloration, indicating the growth of oxide (or
hydroxide) on the surface. The SEM image of the polarized substrate (Figure 21c), compared to the
pristine state (Figure 21Db), reveals the presence of multiple islands of deposits that may be the nucleation
sites of oxides/hydroxides. EDX analysis did not reveal any incorporation of seawater elements (Mg,
Ca, Na, Cl, etc.) in those deposits (Table 16).

(a) (b) (c)

1cm

Similarly, as earlier, the presence of oxygen on the surface has been confirmed using EDX analysis.
Table 16 shows the presence of oxygen on the surface of the Inconel 600 after the cathodic polarization.

Atom % Ni Cr O Fe
Pristine Inconel 600 68.00 16.60 - 9.0
Polarized at —0.3V 50.29 12.20 8.75 6.73

2.3.5 Inconel 625

In Alkaline Artificial Seawater (pH ~ 14)

The stability of Inconel 625 alloys was evaluated at —0.3V at 50 °C for 2 days. Post-mortem naked-eye
observation revealed no significant damage and no discoloration of the surface (Figure 22a). Yet, the
EDX analysis (Table 17) shows the presence of a large amount of oxygen. The SEM image of the
polarized substrate (Figure 22c), compared to the pristine state (Figure 22b), suggests that oxygen is
concentrated in the homogeneously distributed light-contrast dots that may be nucleation sites of the
oxide/hydroxide layer.
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(a) (b) (c)
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Figure 22: (a) Photograph of polarized Inconel 625 substrate in alkaline ASW for 2 days at an applied potential of —0.3V. The
exposed surface is the round-shaped area in the centre. The SEM images of the (b) pristine state, and (c) after polarization.

Table 17: Elemental analysis (SEM-EDX) of Inconel 625 substrate polarized in alkaline ASW for 2 days at an applied potential
of —0.3V

Atom % Ni Cr @] Fe
Pristine Inconel 625 61.73 25.15 - 413
Polarized at —0.3V 53.12 21.21 22.08 3.59

3 Contribution to Project Specific Objectives

The reported results make a contribution to the specific objective #1 (SO1): Develop high-performance,
cost-effective, and durable materials for direct seawater AEMWE components.

The activities reported in this deliverable report directly address the topic of the durability of potential
BPP and PTL materials that could be implemented in the direct seawater electrolyzer prototype. This
contribution will be completed by the development and durability testing of innovative coatings in
WT5.2, 5.3, and 5.4.

4 Contribution to major project exploitable result

As such and in view of the experimental results showing that most of the metals and alloys degrade
under direct seawater electrolysis-mimicking conditions, the present deliverable does not contribute
directly to a major exploitable result of the project. The main conclusion is that metallic elements, such
as BPP or PTL, must be carefully selected and protected to be durable when implemented in the
electrolyzer prototype. However, as planned in the work programme of the project, this deliverable
provides a foundation for the next steps of the research activities, notably those dedicated to the
development of novel protective coatings with an optimized trade-off between cost, sustainability, and
durability of substrates (BPP, PTL) and coatings (WT5.2, WT 5.3, and WT5.4). The main exploitation
perspectives are foreseen when combining the results of this deliverable (uncoated substrates) with the
results of the BPP and PTL materials protected by the upcoming coatings.
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5 Conclusions and Recommendations

This study shows that, in most cases, the metal and alloys in KOH solution (used in freshwater AEM
electrolysis) in the absence of chlorides are stable. For instance, under such conditions, Ni is a suitable
material. However, in the presence of chlorides (with a concentration of 0.6 M), most of the tested
materials corrode under anodic conditions and therefore require a protective coating. Under cathodic
conditions, the corrosion conditions are less severe (though still existing). The corrosion behavior of the
different metals and alloys is summarized in Table 17.

Anodic Polarization Cathodic Polarization
(1.6V to 2.2V; 50 °C; 1hr - 7days)  (-0.3V to -0.2V; 50 °C; 2 - 7days)
In 1M KOH In alkaline ASW In alkaline ASW

Ni Stable Pitting corrosion -

Metal dissolution + Pitting corrosion

Ti Oxide/hydroxide layer + oxide layer Oxide/hydroxide layer formation
formation formation™*
316L Metal leaching Pitting corrosion* Stable
Stable
Monel 400 (short-duration results only: 3 Pitting corrosion* Stable
hours, not shown in the report)
Inconel 600 Stable Pitting corrosion Stable
Stable or
Oxide/hydroxide Layer oy ide/h ;
ydroxide
| i .
nconel 625 fgrma“on | layer formation Stable
(depending on the applied
potential)
C22 Stable Oxide/hydroxide i

layer formation***
* Crevice corrosion was observed at the (peripheral) gasket area.

** |_arge increase of ICR (>> 10 mQ-cm?) after polarization.

It is possible to distinguish two classes of substrates depending on how they degrade, as schematically
depicted in Figure 23:

- Type | substrates exhibit the most severe degradation, such as pitting and homogeneous dissolution of
the metals/alloys, with damages ranging from several tens of micrometers of depth to several millimeters
(for long-duration testing), leading to perforation of the substrates. The direction of the degradation is
“inward” (towards the bulk of the substrate). When a coating is applied to such substrates, the (almost
unavoidable) defects of the coatings (e.g., pinholes) allow the aggressive agents of the electrolyte (such
as chlorides) to attack the surface of the substrate below the coating and to form “blisters” that detach
the protective layer and eventually rupture it. This has already been observed in the field of the PEM
water electrolysis project “PROTIS” (coordinated by the French Corrosion Institute), as shown in Figure
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23 for the case of 316L substrates. Developing durable coatings (at least, in thin-film form) for Type |
substrate is quite challenging. In the SWEETHY project, Ni, Ti, 316L, Monel 400, and Inconel 600 can
be considered as Type | substrates under anodic conditions.

- Type Il substrates develop an oxide/hydroxide layer, whose direction of growth is “outward”. In
general, oxide/hydroxide layers build up by dissolution of the outermost layer of the metal/alloys that
reacts, very close to its surface, with the electrolyte to redeposit in the form of a more or less porous
film that can be more or less protective. The thickness of the layers increases (to a certain level) with
increasing applied potential, duration, and can be enhanced by the presence of chlorides. In the present
study, molybdenum-containing alloys with a high content of chromium, namely Inconel 625 and C22,
can be considered as Type Il substrates under anodic conditions. When a coating is deposited onto such
substrates, the non-protected areas (from defect coatings) are likely to undergo oxidation/hydroxylation,
which would probably not affect the adherence of the coating (in contrast to a Type | substrate). It could
also have a self-healing effect by clogging the coating defect. Hence, for the continuation of the
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SWEETHY project, it is recommended to apply the coatings developed in WT5.2 on such Type Il
substrates as a priority.

The recommendation described above mainly concerns protection based on thin films (such as those
produced by physical vapor deposition (PVD), chemical vapor deposition (CVD), electrodeposition,
etc.) that contain defects giving aggressive species (such as chlorides) relatively easy access to the
underlying metallic substrate. It might be that, when a thick-film approach is followed (e.g., by using
plasma-spray techniques), this recommendation might differ, and that substrates of Type | may also be
considered.
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